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Abstract

Embryonic stem cells (ESCs) are pluripotent cells that represent a potentially
unlimited supply of specialised cells for drug testing and cell therapy. However, a
more robust, reproducible and efficient process is required for successful expansion
and differentiation of these cells. One variable that exhibits a large effect on ESC
culture is the growth substrate. Modifications to the currently accepted standard
culture system have been made and a novel feeder layer system for human (h) ESC
maintenance has been created in the research presented here. Standard hESC culture
involves maintenance on supportive feeder layers of mitotically inactivated mouse
embryonic fibroblasts (mEFs). The presence of these cocultured cells in pluripotent
hESC cultures and during differentiation does pose technical challenges to large-scale
production, thus there is a need for biphasic scalable coculture systems. Here, alginate
modified with the RGD peptide sequence (commonly utilised for stimulated cell
adhesion onto synthetic surfaces) has been used to immobilise mEFs into a biphasic
culture system as a possible replacement to the traditional feeder layer. Analysis of
proliferation, viability and ECM production of mEFs within alginate is described in
this project, as well as results from both short- and long-term maintenance of hESCs
on the modified layer. Apart from the choice of substrate, there are other variables
within the culture system that affect ESC growth and lineage specification. Upon
characterisation of the Young’s modulus (E) of an elastically tuneable glutaraldehyde
cross-linked gelatin culture system, mouse (m) ESCs have been cultured on surfaces
exhibiting varying degrees of stiffness. Investigations into the effect of E on the
expression of pluripotency markers, regulation of spontaneous differentiation and
efficiency of directed neuronal differentiation have been carried out. The results
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strongly suggest that adequate control of E may be critical in order to increase the
yield of stem cell bioprocesses.
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1. Introduction

Since embryonic stem cells were first discovered, a great deal of research has been
undertaken into utilising these cells for both viable therapeutic functions and in the
enhancement of current understanding of disease. In this chapter, the developments in
stem cell research since their discovery is briefly introduced, including more detail on
specific areas regarding the investigations presented in this report.

1.1 Mouse Embryonic Stem Cells

Mouse embryonic stem cells (mESCs) are pluripotent cells derived from mouse
blastocysts, which have the ability to continuously self-renew, as well as differentiate
into any somatic cell in the mouse embryo. The cells were first directly isolated from
mouse blastocysts and established in tissue culture in 1981 (Evans and Kaufman).
Other success in obtaining pluripotent cell cultures was also demonstrated around this
time but only after teratocarcinoma formation in vivo, resulting in the formation of
embryonal carcinoma (EC) cell lines (Martin, 1981). Evans and Kaufman (1981)
predicted that there is a key development stage of embryo development that would
successfully result in a pluripotent mESC line. For this initial derivation, the cells
harvested from the blastocysts developing in vitro were trypsinised and subcultured
onto pre-gelatinised Petri dishes of mitotically inactivated feeder cells. It was not yet
clear why the feeder cells maintained the mESC pluripotency, but subculturing
without feeder cells resulted in the formation of embryoid bodies, natural aggregates
arising from the spontaneous differentiation of pluripotent cells.
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Investigations into the necessity of feeders came to a head six years later,
when it was discovered that using medium pre-conditioned by Buffalo rat liver (BRL)
cells, undifferentiated mESCs could be maintained feeder-free (Smith and Hooper,
1987). The reason was attributed to the presence of a polypeptide factor named
differentiation inhibitory activity (DIA) secreted by the BRL cells. One year later DIA
was purified from BRL-conditioned medium and it was reported that the molecule
was similar in structure and function to leukaemia inhibitory factor (LIF), thus the
latter was proposed as an alternative regulatory factor for ES cell systems (Smith et
al., 1988). LIF had been successfully cloned, sequenced and expressed already
(Gearing et al., 1987).
The pathway by which LIF maintains mESC pluripotency is one that has been
extensively studied and characterised, in order to understand the chemical signals that
are occurring in the maintenance and differentiation of the embryonic stem cell state.
After LIF was proposed as a vital mESC regulatory factor, it was discovered that the
factor was acting through a receptor complex containing the signal transducer gp130
(Gearing et al., 1991). This was possible only after it’s structural similarity to
interleukin-6 had been concluded, of which the receptor had already been
characterised as the same signal transducing subunit (Taga et al., 1989). A critical role
for the latent transcription factor STAT3, a member of a family of proteins that
activate target gene transcription downstream of the LIF receptor (LIF-R)/gp130
complex, was soon established in mESC self-renewal (Niwa et al., 1998).
Considerations into the effects of serum on the maintenance of pluripotency resulted
in bone morphogenetic proteins (BMPs) being found to act in combination with LIF
to sustain self-renewal, by inducing the expression of inhibitor of differentiation (Id)
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genes via a pathway involving Smad transcription factors downstream of the BMP
receptors (Ying et al., 2003a).
Recently, further investigations into the pluripotency pathway have revealed
the capability of RE1-silencing transcription factor (REST) to maintain mES selfrenewal, a factor highlighted to play a key role in the repression of neuronal
differentiation (Singh et al., 2008). The actual importance of cytokine induced mESC
self-renewal has also been debated. The extrinsic stimuli acted upon by the cytokines
has been shown to be dispensible, with self-renewal instead being enabled by
eliminating signalling from mitogen-activated protein kinases (MAPKs), a pathway
involved in fibroblast growth factor-4 (FGF4) stimulated differentiation (Ying et al.,
2008). Not all MAPK signalling has been found to be involved in promoting
differentiation however, with epidermal growth factor (EGF) induced activation of a
gap junction protein Connexin (Cx), mediated by a MAPK pathway, partially
contributing to mESC proliferation (Park et al., 2008).
Investigations into the pluripotency pathways could not have been possible
without the ability to characterise the undifferentiated state, thus a large number of
genes that are typically expressed in such cells have been characterised. Up-regulation
of the Oct4 gene, which encodes for a POU transciption factor present in the embryo,
OCT-4, was found to be strongly associated with the embryonic state, upon
consideration of its role in the totipotency cycle of germline cells (Scholer, 1991;
Yeom et al., 1996). Further investigations into the role of OCT-4 have established the
factor as a master regulator of pluripotency, not only controlling self-renewal but also
lineage commitment during differentiation (Niwa et al., 2000). The homeodomain
protein Nanog is another vital transcription factor, found to be capable of maintaining
mESC self-renewal independently of the LIF/STAT3 pathway mentioned above and
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also playing a central role as a pluripotency regulating transcription factor (Mitsui et
al., 2003; Chambers et al., 2003).
Nanog is thought to function in conjunction with the Oct4 gene, and both
genes thought to work in combination with SOX-2, another transciption factor found
to be essential in the pluripotent lineage of the early mouse embryo (Wang et al.,
2006; Avilion et al., 2003). Telomerase, a protein essential for maintaining the length
of telomers (regions at the end of chromosomes to offer protection from mutation
during replication) exhibits high activity in mESCs, thus the gene human telomerase
reverse transcriptase (hTERT) encoding for the protein is a common target for
characterisation (Sharma et al., 1995). An additional cofactor, undifferentiated
embryonic cell transcription factor (UTF-1) was found to be present at the blastocyst
stage of a developing mouse embryo and is swiftly down-regulated upon
differentiation, thus is another significant factor to analyse for pluripotency
quantification (Okuda et al., 1998).
Whilst mESCs have been extensively characterised themselves, this is
commonly with the aim of gaining further understanding of the processes occurring in
the equivalent human cells. However, whilst similarities are certainly present, not all
fully characterised protocols can be directly translated from one species to the other,
with differences in proliferation, self-renewal and differentiation between cell lines
from the two species evident (Grigorian and Krugliakov, 2009). Hence the validity of
research is often improved when analysing cell lines from both species independently,
so as to avoid problems arising if extrapolating data across.
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1.2 Human Embyronic Stem Cells

Human embryonic stem cells (hESCs) are pluripotent cells derived from human
blastocysts. They have a vast potential for use in regenerative medicine, since their
ability to differentiate into cells in any of the three germ layers of an embryo, means
they can potentially provide an unlimited supply of any cell type for therapeutic use.
Their immortality means that hESCs also have the ability to be maintained and
expanded for extended periods of time in culture as populations of undifferentiated
cells.
Human EC cells were derived soon after their mouse equivalents (Andrews et
al., 1984), however the first attempts to isolate hESCs were not reported until ten
years later, when inner cell mass (ICM) cells from human blastocysts were isolated
and cultured on human tubal epithelial feeder layers, in the presence of human LIF
(Bongso et al., 1994). However, the cells could only be maintained for two
subcultures before differentiating or apoptosing, despite the presence of serum and the
choice of feeder cell due to efficacy previously seen in blastocyst culture. Four years
later, five hESC lines were successfully derived instead on supportive feeder layers of
mitotically inactivated mouse embryonic fibroblasts (mEFs), in fetal calf serumcontaining medium (Thomson et al., 1998). Subsequently, the same research group
who had reported the earlier unsuccessful derivation of hESCs, two years later
confirmed the ability to derive hESC lines from human blastocysts on mEF feeder
layers, proving their previous failings to be due to a lack of embryonic feeder cell
support (Reubinoff et al., 2000).
The successful derivation in 1998 reported isolating human ICMs from
developing embryos at the day 6-8 stage of embryogenesis; figure 1.1 shows a
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Figure 1.1 A schematic of the embryogenesis pathway, from a fertilised egg up to
a 6-day blastocyst. Human embryonic stem cells are isolated from the inner cell mass
(ICM; arrow B) after the blastocyst has hatched. The ICM comprises 70-100 cells and
gives rise to all the cells of the body, whilst the outer layer of cells in the blastocyst,
the trophoblast (arrow A), develops into the placenta.
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schematic of the pathway from fertilisation up to this stage. Once the egg has been
fertilised by the sperm at day 0 and forms a zygote, cleavage occurs until the day 4
stage, at which point the cells start to lose their totipotency and compact to form a
morula (Wolpert et al., 2006). At day 5 the embryo develops into a blastocyst and
usually within a day the glycoprotein membrane surrounding the embryo, the zona
pellucida, degenerates to release the developing blastocyst for future implantation into
the uterus. The blastocyst is composed of outer trophoblastic cells (arrow A in figure),
which go on to form the placenta during normal embryogensis, and ICM cells (arrow
B in figure), a clump of 70 – 100 cells that gives rise to all the cells present in the
embryo. At this stage the cells have lost totipotency; the ICM cells have become
pluripotent, losing their ability to form any part of the placenta, whilst the outer
trophoblast cells have lost their ability to form any part of the embryo. In normal
embryogensis, the hatched blastocyst will go on to attach to the uterus. It is at this
stage, or soon after, that the ICM will be harvested and cultured, if the blastocyst is to
be used for derivation of hESCs (Wobus and Boheler, 2005).
Alike to mESCs, extensive characterisation of the pluripotency pathway has
been carried out in hESCs, with the aim of understanding the mechanisms of hESC
self-renewal. However, a key difference distinguishing the signalling mechanisms
between the species is in the lack of ability of LIF to maintain feeder-free cultures of
hESCs in an undifferendiated state, despite both the presence of gp130 and the ability
for human LIF to induce STAT3 phosphorylation (Thomson et al., 1998; Reubinoff et
al., 2000; Daheron et al., 2004). Consideration into other signalling cascades
highlighted a prominent role for TGFβ in early cell fate decisions during
embryogensis and activation of the TGFβ/activin/nodal branch by these ligands has
since been found to be vital in the maintenance of the undifferentiated state of hESCs,

25

via the activation of the intracellular signalling mediator protein SMAD2/3 (Harland
and Gerhart, 1997; James et al., 2005). In the latter study, addition of exogenous
Activin A to the culture medium was able to promote hESC self-renewal via
maintaining the SMAD2/3 in an activated phosphorylated state, whilst a separate
pathway including the WNT signalling molecule was shown to act in a combinatorial
manner with TGFβ in also activating the intracellular protein (James et al., 2005). The
Wnt signaling pathway had previously been evaluated as critical in regulating the selfrenewal of hESCs as well as in mESCs, via inactivation of glycogen synthase kinase3 (GSK-3) and thus allowing for the nuclear accumulation of the protein β-catenin,
which in turn results in the activation of the transcription of Wnt target genes (Sato et
al., 2004; Moon et al., 2002).
Investigations into the importance of TGFβ have extended past solely being
active in the hESC self-renewal cycle. In one study, mEF feeders purposely
immortalised with oncogenes were found to lack the ability to support hESCs,
however were able to have their detrimental behaviour reversed upon the addition of
recombinant TGFβ to the culture medium (Chen et al., 2006). Indeed, results from the
analysis of fibroblast growth factor 2 (FGF2), a factor secreted by mEFs vital for
hESC self-renewal, suggested it to be an upstream regulator of TGFβ signalling in
hESCs (Greber et al., 2007). This further demonstrates the interconnecting
relationships between the various components of this complex culture system.
Clear similarities to mESC pluripotency marker expression are evident in
hESCs, with demonstration of OCT-4 expression in pluripotent hESCs and downregulation upon spontaneous differentiation of the cells, soon apparent upon the initial
derivation of the human cell lines (Reubinoff et al., 2000). The transcriptional
regulator SOX-2 acts in conjunction with the Oct4 protein and the synergistic action
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of the complex formed promotes transcriptional regulation downstream of the FGF4
signaling molecule (Yuan et al., 1995). Further similarity between characterisation of
embryonic stem cells (ESCs) from the two species is evident in expression of UTF-1,
hTERT and Nanog in the human cells (Ginis et al., 2004; Darr et al., 2006; Tan et al.,
2007).
Other than transcriptional factors, cell-surface antigens, especially stagespecific embryonic antigens (SSEA), which demonstrate a high degree of regulation
during early embryogenesis, are widely used as markers to characterise human ES and
EC cells as well as their murine counterparts, although significant differences in
expression patterns between the two species are evident (Henderson et al., 2002).
After their initial indentification in human EC cells, SSEA-3 and SSEA-4 are
commonly used glycolipids for characterisation of undifferentiated hESCs, along with
related proteoglycans including TRA-1-60 and TRA-1-81 (Andrews et al., 1984;
Thomson et al., 1998; Reubinoff et al., 2000; Draper et al., 2004a). In contrast to the
expression in mouse ES cells, human EC and ES cells only express SSEA-1 upon
differentiation, despite the specific epitope related to the SSEA-1 antigen being
present within the cells in their pluripotent state (Silver et al., 1983; Wright and
Andrews, 2009).

1.3 Regenerative Medicine

Since the first derivation, the vast potential of stem cells for use in regenerative
medicine has been greatly considered. Regenerative medicine is a branch of medicine
that specifically looks at mechanisms the body has to repair itself and ways of
harnessing this power to treat various diseases (Mason and Dunnill, 2008). Other than
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the use of hESCs in this medicine, adult stem cells, such as that which are found in
the bone-marrow and the limbal region of the eye, and adult somatic cells, such as
fibroblasts and epithelial cells, have both been utilised for therapeutics (Limb et al.,
2006; Kellar et al., 2001). Whilst these former two cell types represent less scientific
challenges in the harvesting and processing, they also represent less potential for
therapy, since their lack of potency reduces the scope of their application in the clinic.
Valuable applications for both of these cell types have nonetheless been derived and
have helped to expand the field of regenerative medicine significantly.
There are two main aspects of this field of medicine. One encompasses cell
therapy, which can be defined as the process of introducing new cells, either
autologous (derived from the patient’s own body) or allogeneic (derived from an
alternative individual), into a tissue in the body in order to treat a disease. Advantages
and disadvantages are associated with both protocols, involving feasibility, cost and
contamination issues (Mason and Dunnill, 2009). Currently, therapies are being
investigated for a wide range of therapeutic applications including Parkinson’s
disease, type 1 diabetes and heart disease (Arias-Carrion and Yuan, 2009; Haller et
al., 2008; Yeo and Mathur, 2009). The swift growth of the field can be demonstrated
by the fact that the first hESC-derived cell therapy has already been approved for
clinical trials in humans. Geron Corporation (USA) are undergoing the first clinical
trial investigating the application of oligodendrocyte progenitor cells in the repair of
injured spinal cords, based on research showing the cells to have great success in
animal models (Keirstead et al., 2005).
Tissue engineering is the other main aspect of this field. This is investigated
with a view of creating bio-engineered alternative tissue constructs for use in the
body, using an arrangement of human cells, a scaffold for the cells to grow either on
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or around and a combination of factors to maintain the cells at their desired state.
ApligrafTM, which is a bilayered construct consisting of one layer of human
keratinocytes and another of human fibroblasts dispersed in a collagen matrix, has
been used to treat chronic wounds in patients for over a decade, after research showed
it to be over 60 % more effective in achieving wound closure than the control
standard compression therapy normally utilised for such cases (Falanga and
Sabolinski, 1999). Clinical trials have been completed to investigate replacing
dynsfunctional bladders with a tissue-engineered construct fabricated with autologous
urothelial and muscle cells in patients with both spina bifida and spinal cord injury,
with the trials replicating the success previously seen with the use of the construct
(Atala et al., 2006).
The potential use of hESCs for regenerative medicine purposes is highly
advantageous; their extended culture possibilities and pluripotency mean that hESCs
can potentially be derived, differentiated and cultured to form the exact cell that the
treatment of the disease requires. However, extended characterisation and
qualification of differentiation protocols and bioprocessing investigations are required
before the cells can be put to use. If regenerative medicine is to succeed, large-scale
production of undifferentiated hESCs will be required and the technical challenges
that this idea presents have certainly promoted the swift expansion in understanding
hESC culture.

1.4 Developments in the maintenance of pluripotency

As described in section 1.2, unlike mESCs, LIF is unable to support feeder-free
culture of hESCs. This discovery paved the way for a significant amount of research
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into the role the feeders play in the culture. Whilst the coculture system is fully
efficient at maintaining hESC pluripotency, the relative degree of complexity within
fabrication creates problems in its use.
The mono-layer of mEF feeder cells normally begin to detach after around
five to seven days of culture and hence new feeder layers have to be constructed
frequently, as well as demonstrating a decrease in its ability to support hESC selfrenewal and evidence of an up-regulation of apoptosis genes after one week from
fabrication (Villa-Diaz et al., 2009). Adding further to the cost and the construction
process itself, the mEFs have to have their proliferative ability arrested pre-seeding in
order to stop the cells from growing faster than the hESCs and taking over the
cultures. This inactivation is carried out by causing significant damage to the nucleic
acids in the cell’s DNA. It can be carried out via exposing the cells to ionising
radiation, which causes DNA damage such as double-strand breaks and can result in a
variety of cellular responses (Tachiiri et al., 2006). Also, commonly used for
inactivation is the aziridine-containing chemotherapy agent mitomycin-C, which
covalently cross-links two complementary strands of DNA, thus preventing the
strands from separating during cell replication (Tachiiri et al., 2006; Bizanek et al.,
1992; Nieto et al., 2007). These necessary steps add additional cost and labour in the
construction process of feeder layers, whilst also introducing more variables during
fabrication, thus bringing reproducibility further away from a uniform culture system.
Further problems associated with regards to culturing hESCs for regenerative
medicine purposes circle around the exposure of hESCs to xeno-products such as
animal sera or proteins derived from the mEFs themselves. Culturing human cells in
conjunction with murine cells and serum from yet another species (e.g. bovine) means
there is a possibility of transfer of any zoonotic pathogens or undefined retroviruses to
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the human cells, rendering them unsuitable for human cell therapy. All in all, feeder
layer-free and serum-free conditions are highly desirable for hESC culture, to
minimise all of these problems described.

1.4.1

Developing the use of feeders in hESC culture

Ahead of a fully chemically defined environment optimised for hESC culture,
significant developments into modifying the actual feeder cell have vastly improved
the forecast for therapeutically viable hESCs. With it being highly unlikely that any
therapeutic processes involving the murine cells would be approved for clinical use,
the ability for qualified human feeder cells to be used in an equivalent coculture
system is highly desirable and fortunately technologically possible (Stacey et al.,
2006).
Human fetal muscle, fetal skin and adult fallopian tube epithelial cells,
originally used in the early attempts to isolate hESCs in the presence of hLIF, have all
been shown to support undifferentiated growth of hESCs for over twenty subcultures,
allowing between seven and nine days between subcultures (Richards et al., 2002).
Though the colonies grown on the human feeder cells displayed a larger surface area
and appeared thinner and flatter, the individual cells’ displayed similar morphology to
that on mEF feeder cells (small, round cells with prominent nucleoli), maintaining a
normal karyotype and maintained pluripotency marker expression. A more prolonged
hESC culture of over seventy subcultures has been demonstrated on feeder layers
derived from newborn babies’ foreskin tissue; human serum and serum replacement
(SR; a defined formulation consistent in quality) were also incorporated into the
study, bringing the culture system into the animal-free realm (Amit et al., 2003).
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However, not all human feeder cells support hESC growth in a similar
manner, let alone to a comparable degree as mEF cells and this, along with the aim of
eliminating any ethical concerns regarding human feeder cell source, has led to the
development of autogeneous coculture systems (Richards et al., 2003). In one study,
fibroblast-like cells that were harvested from 1 week-old cultures of spontaneously
differentiated hESCs were used as feeder cells to support the growth and maintain the
pluripotency of the very same hESCs they originated from (Stojkovic et al., 2005b).
Two hESC lines were investigated, with results indicating maintenace of pluripotency
of each hESC culture on feeder cells derived both autogeneically from the same line
or allogeneically from the other line. A separate study published soon after further
demonstrated the ability of hESC-derived feeders to maintai hESC pluripotency, as
they supported not only undifferentiated growth for over thirty subcultures, but also
the derivation of hESC lines from the initial stage of ICM isolation from the
blastocyst (Wang et al., 2005b).

1.4.2

Understanding the role of the ECM in hESC cultures

Full characterisation of the feeder cell environment is essential for the ability to
mimic the niche artificially. Other than providing nutrients, feeder cells produce a
physical substrate and organisational framework for hESCs via the extracellular
matrix (ECM), which is an intricate network of macromolecules assembled by the
cells residing within (Ilic, 2006). ECMs provide cues for cell proliferation and
differentiation, store growth factors and cytokines, and provide support and
scaffolding for tissues and cells (Kleinman et al., 2003). Fibroblast-like cells
synthesise several types of fibrous and amorphous macromolecules that comprise the
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ECM in which they live, whilst maintaining the same morphology at all times, thus
not indicating the various roles being carried out by the cells (Doljanski, 2004).
Collagens are the most abundant of the groups of structural glycoproteins that
constitute the critical component of the ECM, whilst fibronectin contributes to the
organisation and cell-ECM attachment (Ilic, 2006). Collagen is the major fibrous
protein in the ECM and is secreted by fibroblasts in connective tissue; mostly present
are types I, II and III, which form structures of long fibrils, but type IV can also be
present, which forms a two-dimensional network (Lodish, 2000). The protein has a
stabilised triple-helix quaternary structure consisting of three left-hand helix
polypeptide chains twisted together; over thirty different peptide sequences of each
left-hand helix chain have been sequenced, all made up of a repeating motif of a
tripeptide sequence beginning with glycine (Aumailley and Gayraud, 1998).
Whilst fibronectin regulates the shape of cells and the organisation of the
cytoskeleton, its primary role is as an adhesion protein as it acts, along with laminin,
to link the ECM with the internal cytoskeleton via integrin dependent junctions
(Daley et al., 2008). Early fluorescence microscopy experiments with epithelial cells
were able to characterise how the cells’ actin cytoskeleton attaches to fibers of
fibronectin (Duband et al., 1988). Separate studies on epithelial cells with synthetic
peptides highlighted that one of the distinct cell surface receptors for fibronectin
involves binding the cells to an arginine-glycine-aspartic acid (RGD) peptide
sequence within the protein (Duband et al., 1988; Saunders and Bernfield, 1988). Full
analysis of the nature of RGD attachment highlighted it to be the α5β1 integrin that
fibronectin is the binding ligand for (Ruoslahti, 1988; Skorstengaard et al., 1986). Its
composition had been characterised previously as a dimer of two polypeptides
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consisting each of a number of repeats, of which there are only three types
(Skorstengaard et al., 1986).
Laminin is another important multiadhesive matrix protein and is the most
abundant glycoprotein in basement membranes (Martin and Timpl, 1987). After
collagen, it is the most prevalent constituent of basal laminae, the thin sheet-like
network of ECM components upon which most epithelial and endothelial cells rest
(Lodish, 2000). The protein is bound by a large number of integrins and helps to
mediate many of the interactions of cells with basement membranes, with differing
isoforms of both the integrins and the protein itself existing to result in differing
binding specificities and affinities (Nishiuchi et al., 2006). The structure of laminin is
characterised as a disulfide-bonded complex of three polypeptide chains, with some
similarities evident in the peptide sequence between the three chains (Cooper et al.,
1981).
These three constituents, along with other protetoglycans and adhesive factors,
are the main constituents of the ECM that the mEFs secrete from the mEF feeder
layer. It is most likely that a combination of direct contact between the hESCs and the
mEFs, transfer of specific factors from the mEFs themselves and absorption of
harmful factors in the culture media by the mEFs all act alongside the ECM structure
to maintain hESC pluripotency; the closer the mimic to this complex system, the more
successful it is in maintaining stem cell self-renewal.

1.4.3

Developing feeder-free hESC culture

The first stages in developing feeder-free hESC cultures involved moving towards
more unified culture conditions with human components, via the use of SR and mEF-
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CM. Early reports of clonal derivation of hESC lines reported the use of
KnockOutSRTM (KO-SR) with human recombinant basic FGF2 in maintaining hESC
pluripotency, observing an increase in cloning efficiency using the SR-containing
medium (Amit et al., 2000). The use of SR in hESC culture medium provides more
standardised culture conditions compared to FCS and certainly reports of poor
maintenance of hESC with other xeno-free serum replacements have highlighted KOSR to be the only valid alternative to FCS manufactured to date (Rajala et al., 2007).
However, the constituent still contains certain animal-derived products and thus does
not represent a completely xeno-free environment.
Numerous reports regarding the use of FGF2 in feeder-free culture show the
factor to be vital in maintaining pluripotency and along with SR and CM, it has been
shown to be a key component for hESC self-renewal (Xu et al., 2005a; Wang et al.,
2005a; Ding et al., 2006; Levenstein et al., 2006). FGF2 has been shown to act in
conjunction with noggin, a BMP antagonist, to repress BMP signaling and sustain
feeder-free hESC growth; studies highlighted BMP signalling to be highly active
within spontaneously differentiating hESC cultures and thus the presence of an
antagonist to such signalling is highly desirable (Xu et al., 2005b). However,
supplementing medium with FGF2 does have problems associated with it, including
variability between batches, along with levels of FGF2 receptors differing between
hESC lines and even within the same line, depending on its extent of subculture (Ilic,
2006).
Harnessing the role of the ECM within hESC culture has led to the use of vital
constituents in feeder-free systems for successful maintenance of pluripotency. A
recent report highlights just how vital the matrix is, in describing the maintenance of
undifferentiated hESCs for over 6 months on an ECM prepared by early passage
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mitotically inactivated (mito) mEFs (Klimanskaya et al., 2005). MitomEF layers were
formed, cultured for 1-3 weeks and consequently the mEFs removed, via solubilising
most of the cellular material. The hESCs were then cultured on top of the remaining
matrix, with subsequent enzymatic or mechanical subculturing. This proposed method
was able to reduce, however not eliminate, the risk of xeno-component transfer. An
early report of successful feeder-free hESC culture used a MatrigelTM coating and
mEF-conditioned medium (-CM) to maintain hESC pluripotency for up to 180 days of
subculturing (Xu et al., 2001). The mEF-CM contains any soluble factors that the
mEFs secrete to help maintain pluripotency, whilst MatrigelTM contains a complex
mixture of ECM components including laminin, collagen IV and enactin, In the same
study, when the individual components were used as coatings for culture it was clear
that collagen IV or fibronectin coated surfaces resulted in a higher differentiation rate
of hESCs than cultures on a laminin coating.
Early demonstration of successful expansion of feeder-free undifferentiated
mESCs on MatrigelTM as on gelatin has led to routine use of the substrate as a coating
for feeder-free culture and it has been used in many studies to demonstrate successful
maintenance of hESC self-renewal (Greenlee et al., 2005; Mohr et al., 2006; Ludwig
et al., 2006a). However, use of MatrigelTM does not result in an animal-free
environment, since the material is derived from mouse tumor. Thus problems arising
from batch-to-batch variability and the need for a more defined culture substrate (i.e.
without murine constituents) has led significant developments in feeder-free culture
away from using the costly substrate and instead towards integrating specific ECM
components into culture (Ludwig et al., 2006b).
Various reports highlight the success of using laminin alone as a culture
substrate in supporting feeder-free ESC growth and self-renewal (Li et al., 2005;
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Miyazaki et al., 2008; Domogatskaya et al., 2008). One study demonstrated the ability
to maintain hESCs feeder-free on the substrate for over twenty subcultures, using SRcontatining medium supplemented with Activin A, keratinocyte growth factor and
nicotinamide (Beattie et al., 2005). These three growth factors were found to be vital
in maintaining stem cell self-renewal after narrowing down a large number known to
modulate cell growth, whilst Activin A was in fact found to be secreted by the mEF
feeders themselves. However when bone morphogenetic protein-4 (BMP-4; a fellow
member of the TGF-β superfamily known to maintain pluripotency in mESCs) was
used in replacement for Activin A in the feeder-free culture, the hESCs lost
expression of Nanog and OCT-4 after only one week (Ying et al., 2003a; Beattie et
al., 2005). A separate study showed successful maintenance of hESC pluripotency
using TGF-β1 supplemented media, also containing SR and other growth factor
combinations including both FGF2 and LIF, whilst on a fibronectin matrix (Amit et
al., 2004). This different effect between BMP-4 and TGF-β1 can be accounted for due
to their respective signalling pathways. Though these particular ligands bind to the
same type I kinase receptor to activate intracellular Smad proteins, there are two
different types of Smad protein specifically activated (Miyazawa et al., 2002). These
encompass the activin/TGF-β specific AR-Smads and the BMP specific BR-Smads,
the latter interacting with other proteins and transcription factors less efficiently than
the former. Another report regarding the use of Activin A describes its ability, when
used in conjuction with FGF2 and a human fibronectin matrix, to maintain hESC selfrenewal for over ten passages, further highlighting the important role the growth
factor supplement can play in maintaining pluripotency (Baxter et al., 2009).
With the aim of further establishing culture conditions based entirely on
recombinant and synthetic substrates, a relatively recent study analysed the integrin
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and ECM protein expression profiles of three independent hESC lines, before
culturing the cells with defined media supplements and ECM proteins (Braam et al.,
2008). After a minimal difference in expression profiles between the hESC lines was
quantified, culture in the presence of specific ECM protein receptor blocking
antibodies highlighted vitronectin to be a suitable alternative to Matrigel and human
recombinant vitronectin supported feeder-free growth of hESC in defined, non mEFCM media for up to twelve subcultures. This defined system presented for long-term
self-renewal of hESC is based entirely on human components, a key step towards
eliminating any cross-species issues that could arise, as described previously.
Alike to the autologous feeder-cell systems for hESCs, further movement is
evident towards creating a genotypically consistent feeder-free culture system suitable
for hESC expansion. Fibroblast-like cells obtained by differentiating hESCs and
immortalised via enhancing the expression of hTERT, have been used to provide CM
capable of supporting growth of hESC in feeder-free conditions on Matrigel (Xu et
al., 2004). The same report mentioned in section 1.4.1 describing the use of fibroblastlike cells harvested from spontaneously differentiated hESCs as feeder cells to
support hESCs, also describes how CM obtained from the fibroblast cells also
supported feeder-free growth of hESCs on Matrigel for up to fourteen subcultures
(Stojkovic et al., 2005b). Despite the CM evidently containing undefined levels of
growth factors and exhibiting degrees of variability, the use of human cells instead of
mouse is certainly favourable with respect to cross-contamination issues, especially if
originating from the cell line itself (Mallon et al., 2006). Finally, FGF2 has been used
in conjunction with SR and culture surfaces coated with human serum derived from
clotted blood to support undifferentiated growth of hESCs for nearly thirty
subcultures (Stojkovic et al., 2005a).
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The long-term stability of hESC lines is a vital aspect of feeder-free culture
and demonstration of maintenance of pluripotency and highly importantly, karyotypic
stability, has been demonstrated in hESC after two years in feeder-free culture
conditions reported previously (Rosler et al., 2004; Xu et al., 2001). This long-term
approach for testing alternative culture protocols is vital; chromosomal abnormalities
have been demonstrated to result in feeder-free cultures of hESCs after only twentyfive subcultures on MatrigelTM and such karyotypic changes could potentially result
from cells adapting from standard mEF feeder culture to the harsher feeder-free
conditions (Draper et al., 2004b).

1.5 Differentiation of hESC

Other than the ability to self-renew indefinitely, a further key characteristic of ESCs is
the ability to differentiate into somatic cells from any tissue or organ in the entire
human or mouse body. Spontaneous differentiation of ESCs will readily occur when
one or any number of factors regarding the culture environment are altered beyond the
normal range that the cells are able to cope with. Directed differentiation of ESCs
towards specific lineages is undertaken through control of the stem cell niche and
understanding of chemical modulators of differentiation.
Allowing ESCs to spontaneously differentiate has been part of the
characterisation of the stem-cell state since their discovery. Included in the first
reports of successful derivation of hESC lines were experiments regarding their
ability to differentiate towards known cell types both in vitro and in vivo (Thomson et
al., 1998; Reubinoff et al., 2000). In the in vivo testing in these reports, hESCs were
injected into severe combined immunodeficient (SCID) mice to form teratomas,
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which were then examined histologically between five and eight weeks after injection
and demonstrated to contain derivatives from all three embryonic germ layers.
The three germ layers refer to the very early stages of lineage specification
that occur during embryogenesis, as the cells within the ICM begin to lose their
pluripotency. The layers are referred to as the endoderm, mesoderm and ectoderm,
each containing multipotent cells that, amongst other cell types, specify down
lineages towards cells present in the lung and pancreas, in blood and cardiac muscle,
and in the brain and skin, respectively. In many of the papers reporting on hESC
characterisation since 1998, differentiatation of the cells towards all three germ layers
has been used as a vital indicator of pluripotency. Other than formation of the three
germ layers, it has also been shown that hESCs can form the extra-embryonic tissues
that differentiate from the embryo before gastrulation. BMP-4 was added to hESCs
cultured on Matrigel with mEF-conditioned medium to induce differentiation to
flattened, enlarged cells that expressed genes related to the development of the
trophoblast (Xu et al., 2002). In agreement with the description of their signalling
pathways as described in section 1.4.3, in this particular study, TGF-β1 and Activin A
did not induce the same morphologically visible changes in the hESCs as addition of
BMP-4 did.
The methods of differentiation reported normally fall into two categories, the
first being via formation of cell aggregates specifically named embryoid bodies (EBs).
Differentiation of hESCs into EBs and formation of derivatives from all three of the
germ layers has been demonstrated by transferring hESC to plastic Petri dishes
(Itskovitz-Eldor et al., 2000). Here, the hESCs were harvested via enzymatic
treatment with either trypsin or collagenase and consequently cultured in medium
without FGF2 or LIF, two factors used in their growth medium prior to differentiation.
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Chemical modulators can also be used to act on these three-dimensional (3D)
aggregates to specify differentiation pathways. In another study from the same
authors, the effects of a large number of growth factors on the specification of EBs
was quantified (Schuldiner et al., 2000). Amongst others, Activin A and TGF-β1 were
highlighted to induce mainly mesodermal cells, whilst retinoic acid, BMP-4 and FGF2
induced ectodermal, as well as mesodermal, specification. Formation of functional
cardiomyocytes has been widely reported and commonly occurs in protocols
involving EB formation for both mouse and human ESCs, with the cells of
mesodermal origin appearing after 4–8 days of culture in mouse EBs and after 10
days of culture in human EBs (Hescheler et al., 1997; He et al., 2003). Lineage
specification occurs promptly upon EB formation; evidence of the early mesodermal
marker Brachury T, along with the neuroectodermal marker PAX-6, has been shown
in EBs after only 1–2 days of culture (Rohwedel et al., 1998).
EB formation and quantified presence of the three germ layers is commonly
used as an ESC characterisation protocol. The 3D nature of the induced
microenvironment associated with the spontaneous differentiation makes externally
induced lineage specification hard to control. The degree of spontaneity is debatable,
as studies on the Wnt signalling pathway known to be active within the primitive
streak formation (one of the first signs of gastrulation in the embryo) in EBs have
shown the aggregates to display a high degree of self-organisation (ten Berge et al.,
2008). A lack of a basement membrane (thin sheets of ECM) within a developing EB
formed from mESCs, has been found to result in accelerated mesodermal
differentiation (Fujiwara et al., 2007). This highlights that the complexity soon gained
within the 3D aggregate indeed plays a key role in the fate of the cells, alongside
addition of any exogenous factor. Certainly though, producing the pure populations of
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somatic cells required for therapeutic use does present large technical challenges to
this method, as a lack of access to the bulk of the EB makes it hard to characterise the
cells within and thus deduce purity.
In contrast to EB formation, another commonly used protocol for
differentiation involves inducing a monolayer of ESCs towards specific lineages via
coculture with other somatic cells or chemical induction. Homogeneous
differentiation of hepatic progenitor cells has been achieved via coculture of mESCs
in hepatocyte culture medium on top of a collagen layer containing primary rat
hepatocytes, resulting in a 95 % pure, endoderm-like cell population (Cho et al.,
2008). After a 10-day endoderm induction on the hepatocyte layer, maturation of the
hepatic lineage of the mESC-derived cells was carried out for 20 days on either
collagen alone or feeder layers made from fibroblasts; the initial hepatocyte/collagen
coculture was only carried out to induce the first stages of endodermal differentiation.
As a member of the TGF-β superfamily and harnessing its key role in cell signaling,
Activin A has been used as a factor to induce monolayers of hESCs towards definitive
endoderm in low serum conditions, quantified with up-regulation of the endodermal
markers SOX-17 and FOXA2 (D'Amour et al., 2005). Along with its distinct role in
the pluripotency pathways of hESCs as described in section 1.2, Activin A was used
in this study as a mimic of Nodal, which has previously been shown to be essential for
specification of endoderm during gastrulation in mice (Lowe et al., 2001). Indeed, in a
more recent report, inhibition of the Activin/Nodal signalling pathway in EBs resulted
in no endoderm formation, quantified by a negative expression for SOX-17, with
specification towards neuroectoderm evident instead, via an abundance of neural
rosette structures and βIII-tubulin positive neurons (Smith et al., 2008).
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Building on the mesodermal and endodermal differentiation mentioned above,
ectodermal formation, specifically highly clinically relevant formation of functionally
active neurons, has been widely reported. In a key movement away from protocols
requiring EB formation, mESCs were efficiently induced to a neuronal fate in an
adherent monoculture by treatment with retinoic acid (RA) in media supplemented
with insulin, transferrin, selenium and fibronectin (ITSF) (Pachernik et al., 2002). A
subsequent report of adherent monoculture described the neuronal differentiation of
mESCs in medium without LIF or serum, with additional supplements of N2 and B27
to increase the population of cells commiting to the neuronal lineage (Ying et al.,
2003b). The ability to determine immediate presence of neuronal stem cell
commitment was enabled by the use of a Sox1-GFP mESC line, fabricated due to the
prior detection of SOX-1, a transcription factor related to the gene Sry, present early
in the neuroectoderm of a developing mouse embryo (Collignon et al., 1996; Wood
and Episkopou, 1999). Other than expression of SOX-1, positive staining for the early
neuronal markers Nestin, βIII-tubulin and GABA, along with more specific types
present later in the differentiation process such as markers for astrocytes and
oligodendryocytes, highlighted by GFAP and CNPase respectively, demonstrated the
success of the neuronal differentiation medium (Ying et al., 2003b). Addition of the
factors FGF8 and sonic hedgehog increased the numbers of neurons exhibiting a
marker of dopaminergic fate, tyrosine hydroxylase (TH), two factors that had
previously been shown to increase the yield of TH positive neurons from mESCs (Lee
et al., 2000).
Regarding the differentiation of hESCs, there have been extensive reports of
neuronal specification, with regards to selection of both early neural progenitor cells,
as well as functional, somatic neurons for eventual use in therapeutic solutions for
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Parkinson’s disease, spinal cord injury or other motor neuron-related disorders
(Sonntag et al., 2007; Pomp et al., 2005; Erceg et al., 2009). The ability to induce
neuroectodermal differentiation from hESCs was included in the report from one of
the first derivations of hESC lines; after three weeks of differentiation, cells
expressing the neural cell adhesion molecule (N-CAM) and glutamate decarboxylase65 (GAD65), an enzyme important in the neurotransmitter γ-aminobutyric acid
(GABA) biosynthesis encoded by the gene Gad2, were both evident (Reubinoff et al.,
2000). An enriched population of neuronal cells was achieved from adherent cultures
of the stem cells in serum-free medium supplemented with FGF2 and retinoic acid
(RA), with more than 90 % expressing neuron-specific antigens βIII-tubulin and
MAP-II (Baharvand et al., 2007). Nonetheless, here careful mechanical isolation of
morphologically distinct neuronal populations was required at a number of stages to
result in a suitably enriched population, adding to the complexity of the differentiation
process and thus reducing its capability for scale-up. The yield and purity of
functional dopaminergic neurons derived from hESCs, again quantified via TH
expression, has been shown to be dramatically increased via coculture with
immortalised human astrocytes, highly suggesting the success in utilising knowledge
of the somatic cell niche desired in the derivation of functional neurons from ESCs
(Roy et al., 2006). Other extrinsic factors, such as control of oxygen tension, have
also been incorporated into differentiation protocols to aid selection of the neuronal
fate, with an over 50-fold increase in yield of viable cells expressing neuronal markers
resulting from culture in hypoxic conditions (Mondragon-Teran et al., 2009).
Further characterisation of the stem cell niche has highlighted the roles that
many other variables in the culture environment can play on differentiation. Certainly,
matrix elasticity has a key effect on a cell’s phenotype, unsuprising when considering
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the changes in physical plasticity of both the whole cell and the nucleus that occur
during differentiation of ESCs (Pajerowski et al., 2007; Chowdhury et al., 2010). This
is discussed in more detail later in section 1.9, with respect to the role it plays in both
ESC pluripotency and differentiation.

1.6 Bioprocessing

As described in section 1.3, if the full potential of human embryonic stem cells are to
be realised for viable therapeutic use, large-scale production of the pluripotent cells
must be possible. Thus, a key addition to the developments of workable feeder- and
xeno-free culture conditions, as well as greater understanding of the stem cell niche, is
the successful translation of laboratory-based research into practical bioprocessing
solutions. A greater understanding of the stem cell niche through research will help to
prioritise the necessary requirements at each stage of the process, from harvest of the
initial stem cells to delivery of the final product.
Following on from section 1.5, one of the main issues surrounding the use of
hESCs for cell therapies is the need for 100 % pure and fully differentiated somatic
cells arising from efficient differentiation protocols. The danger of retaining even a
minute population of stem cells within a ‘fully differentiated’ product can be easily
understood when considering teratoma formation during their characterisation; reports
of tumor formation from stem-cell treatments have shown the cells can undergo
detrimental uncontrolled growth once implanted in vivo, a highly undesirable outcome
from a therapeutic treatment (Fujikawa et al., 2005; Cao et al., 2006). Justifying that
full differentiation has occurred is carried out by functional measurements of the
somatic cells depending on their desired utility i.e. in a report of the derivation of
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GABA-producing neurons from mESCs, immunostaining with anti-GABA, GAD65
and whole cell patch clamping to quantify the electrophysiological properties, was
able to characterise a population of GABAergic neurons, incidently lacking the
electrophysical characteristics of mature neurons (Chatzi et al., 2009).
Qualification of the end-stage purity of such cells can be carried out by
following such immunostaining using fluoresence-activated cell sorting, other flow
cytometry methods and also image analysis software, whilst the numbers of stem cells
remaining can be quantified in the same manner using pluripotency markers. However
other methods more competent at sorting the cells in a sterile manner are required so
as to result in a population with the ability to be either re-cultured or directly
harvested. Separation via exploitation of differential magnetic attachment in
chromatographic separation techniques, as well as methods utilising density gradient
separation with centrifugation, are reported as having success in purifying populations
of stem cells from mixed cell suspensions (Odabas et al., 2008; Fong et al., 2009).
By the end of the processing stages, even if a highly enriched population of
active cells for transplantation is available, further difficulty remains in ensuring the
cells’ survival once placed in vivo, in directing the cells to the desired location and
also ensuring a fully functional graft to the site. For example in a report regarding the
application of myoblasts to treat cardiac disease, few cells that managed to make it to
the desired coronary artery actually engrafted and the method for, and location of,
injection induced variable results (Wollert and Drexler, 2005; Siminiak et al., 2005).
Alongside optimising differentiation and delivery protocols, the ability to
achieve the large numbers of cells that are required for this branch of medicine can be
predicted as nearly impossible, given the current culture techniques. Culturing cells
on tissue culture plastic is relatively difficult to scale-up; whilst industrial scale Cell
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Factories (Nunc, Thermo Fisher Scientific) and CellStacksTM (Corning, Intl) offer a
temporary solution for the expansion of adherent cells, culture with these devices
requires a great deal of manual labour, is not cost effective, is complicated with
regards to concentration gradients of pH and O2, and still is unable to produce the vast
quantities of cells required to realise the full potential of ESCs. Microcarriers offer
one solution for the expansion of adherent cells, acting as substrates for cell
attachment whilst cultured in spinner flasks or roller bottles. The demonstration of
successful expansion of mESCs on such particles in stirred culture systems is a
positive step towards their large-scale use (Fernandes et al., 2007; Abranches et al.,
2007). The use of large-scale bioreactors for the expansion of cells as cell aggregates
offers a standardised method for the production of unlimited quantities of cells,
however, a report demonstrating the reduced differentiation capability of mESCs in
stirred bioreactors highlights the large challenges in successful translation of culture
techniques, as well as showing just how sensitive these immature cells are to the
mechanical environment (Baghbaderani et al., 2008; Taiani et al., 2009).
One other key aspect regarding the scale-up production of hESCs concerns the
use of automation in culture. Inherent variations in manual handling procedures acted
upon the cells by the various handling stages have been shown to have a detrimental
effect on the expansion and differentiation of mESCs, highlighting the need for
controlled culture systems incorporating a high degree of reproducibility (Veraitch et
al., 2008). Successful semi-automated mechanical passaging of hESCs has been
reported using a McIlwain tissue chopper (Mickle Engineering, Surrey, UK) and the
stem cells were maintained in an undifferentiated state for over 100 days using the
technique (Joannides et al., 2006). The CompacT SelecT (The Automation
Partnership, Cambridge, UK), Cell-IQ (Chip-Man Technologies Ltd, Finland), and
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Cellerity and Freedom EVO (both Tecan, Switzerland) are automated culture
platforms that have demonstrated capabilities in efficient culture and expansion of
either fibroblasts or hESCs, highlighting that integrating technological advances with
both advanced engineering and a deep understanding of the cell culture process is able
to produce viable alternatives to manual culture (Narkilahti et al., 2007; Thomas et al.,
2009; Durner et al., 2005; Muller and Graf-Hausner, 2006).
Another development in the bioprocessing of hESCs is the transferring of
culture conditions from allogeneic to autologous, key to reducing risks from negative
immune response actions towards the cells, as well as from any animal component
present. Other than the use of feeders derived from the hESCs themselves, as
mentioned in section 1.4, a more recent development towards a genotypically constant
hESC culture is the discovery of the ability to reprogram somatic cells to become
pluripotent stem-cell like cells (Takahashi et al., 2007; Takahashi and Yamanaka,
2006). This was reported not long after the equivalent success was found in mESCs
(Takahashi and Yamanaka, 2006).

In the report regarding human cells, four

transcription factors (OCT-4, SOX-2, c-MYC and KLF-4) were transfected into adult
human dermal fibroblasts using retroviruses, giving rise to induced pluripotent stem
(iPS) cells equivalent to hESCs in morphology, expression of pluripotency markers
and differentiation capabilities. Since this discovery, iPS cell derivation protocols
have been enhanced with the aim of making the cells more viable for clinical use,
including eliminating contact with both oncogenes and viral delivery systems, whilst
the ability of the cells to then differentiate, but following alternative lineage
specifications to their original source, has also been investigated (Huangfu et al.,
2008; Silva et al., 2009; Dimos et al., 2008; Wernig et al., 2008). Use of patient-
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specific cells ultimately has the potential to eliminate any immune rejection from the
use of a therapeutic, thus increasing the chances of success of the cell therapy.

1.7 Alginate

One specific solution to the issues surrounding the scale-up of ESC culture is
utilisation of a polymer to support the growth of the undifferentiated stem cells; a
material suitable for supporting stem cell renewal and able to be successfully
manipulated into large-scale vessels. Alginate is one such polymer, with properties
making it viable for use in many biological applications for regenerative medicine. It
is inert to cells that are placed on or within it and undergoes a reversible cross-linking
process to form a solid gel, making it easy to handle both in this gelated state and as a
liquid. The polymer is widely used for cell immobilisation and encapsulation,
alongside other general uses including as a thickening agent for drinks and ice-cream,
as waterproofing and fireproofing fabrics, and in antacid medicines e.g. Gaviscon®.
Alginate is a linear, unbranched polysaccharide chain, sourced from brown
seaweeds, marine algae and produced by bacteria. The two repeating units that make
up the polymer are β-(1,4)-linked D-mannuronic acid (M) and α-(1,4)-linked
L-guluronic

acid (G) arranged in a block-wise, non-regular order along the chain; the

two units are epimers i.e. they differ only in the arrangement of atoms about the chiral
centre C-5 (Loredo et al., 1996). The structure was first elucidated via an isolation of
alginic acid; sodium alginate is the sodium salt of the alginic acid residue, where the
sodium ions replace the hydrogen atoms on the carboxylic acid groups from both
units (Hirst et al., 1939). Figure 1.2 shows the structure of GGMM alginate.
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Figure 1.2 Structure of alginate. Two G residues linked by an α-1,4-glycosidic link,
followed in the chain by two M residues linked by a β-1,4-glycosidic link, thus
overall demonstrating the structure of a MMGG sequence of alginate. The lines at
either end of the diagram represent the continuing chain.

Figure 1.31 Representation of the structure formed when divalent cations bind to
alginate. Carbon atoms are shown in light blue, oxygen atoms in red, hydrogen atoms
in white and the cation i.e. Ca2+ shown in dark blue. Cross-linking of the calcium ions
with oxygen atoms in the alginate chain results in gelation and the polymer
strengthens.

1

http://www.lsbu.ac.uk/water/hyalg.html

50

Alginate possesses a unique process leading to gel formation; when a
monovalent cation, such as Na+, is present in the polymer, this binds to the carboxylic
acid groups on the residues to form the sodium salt, as mentioned above. However,
the sodium salt can be replaced by another cation and if this happens to be divalent, as
is Ca2+, then this cation possesses the ability to cross-link between various carboxylic
acid functional groups from more than one residue, and thus changing the alginate
from a liquid to a solid gel. This immobilisation technique can be reversed, simply by
replacing the divalent Ca2+ cations with monovalent Na+ ions again. Figure 1.3 shows
a representation of the structure formed when divalent cations cross-link residues
within the polymer to form a gel-network.
The ratio and combination of the G and M units throughout the polymer
affects its properties with regards to binding to divalent cations and thus its strength as
a polymer. The specific binding of divalent cations to the polysaccharide is a process
that predominantly involves consecutive G residues and the complexation is explained
in terms of an ‘egg-box’ model, however strictly alternative MG sequences have also
been found to have a direct involvement in the gel network (Grant et al., 1973; Donati
et al., 2005). Sodium alginate solutions high in G residues are more viscous than
solutions made from alginate high in M residues, which are more elongated along the
chain.
The porous structure of alginate, its inertness to cells and reversible single-step
immobilisation procedure, make it the ideal material to use as a scaffold for tissue
engineering and regenerative medicine purposes. Various types of cells have
previously been encapsulated in alginate and characterisation of mechanical and
biological properties of the cells and gels, along with investigations into the suitability
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of resultant constructs for implant models, has been carried out (Li et al., 2006a;
Mitchell and Blanshard, 1976; Bhattarai et al., 2006; Sakai et al., 2005).
Alginate has also been reported for use with stem cells. A 3D porous scaffold
consisting of alginate combined with chitosan, a linear polysaccharide consisting of
glucosamine and acetyl-glucosamine, was recently shown to maintain hESCs for 21
days in vitro (Li et al., 2010). The cells fully infiltrated the structure and maintained
their viability and pluripotency, proving the biocompatibility of the combined
polymers. Longer periods of culture time have been examined; feeder-free alginate
encapsulation of hESCs resulted in maintenance of pluripotency and no germ-layer
formation after an extensive 260-day culture (Siti-Ismail et al., 2008). However, a
decrease in expression of a combination of the pluripotency genes was evident by the
end stage of this particular culture period, some to the point of no detection at all.
Data presented regarding the effect of alginate encapsulation on mouse and human
ESCs for transplantation in vivo suggested a drop in cell number and viability after
culture periods varying between one week and three months, combined with a
decrease to around 60 % viability of encapsulated hESCs cultured for 2 weeks in vitro
(Dean et al., 2006). The suggestion that the loss of viability in vivo was due to
ischemia resulting from competition for limited nutrients implies that the alginate
encapsulation was having somewhat of a toxic effect on the cells, which was
ultimately resulting in cell death. Alginate encapsulation has also proved successful in
supporting directed differentiation protocols. One report describes how mESCs
encapsulated within alginate were successfully differentiated towards insulinproducing cells over a 14-day culture period, with extensive diffusion studies proving
successful penetration of growth factors and supplements into the alginate/cell beads
(Wang et al., 2009a).
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Many reports describing successful encapsulation and growth of cells with
alginate also report on the inclusion of a peptide containing the RGD sequence,
consisting of arginine, R (side chain = CH2-CH2-CH2-NH-C(NH2)2), followed by
glycine, G (side chain = H), followed by aspartic acid, D (side chain CH2-CO2H).
Figure 1.4 shows the sequence included in a pentapeptide with a subsequent glycine at
the N-terminal side of the peptide and a tyrosine residue, Y (side chain = CH2-C6H4OH) ending the pentapeptide at the C-terminal side. Since RGD peptides were found
to promote cell adhesion, the RGD sequence has been significantly utilised as the
most effective peptide sequence for stimulated cell adhesion on synthetic surfaces,
based upon its considerable biological impact on cell anchoring, behaviour and
survival (Pierschbacher and Ruoslahti, 1984; Hersel et al., 2003). The RGD sequence
is part of the cell attachment domain of fibronectin, alongside being the attachment
site of a large range of other adhesive extracellular matrix, cell surface and blood
proteins, including vitronectin, fibrinogen and laminin, and the sequence is recognised
by nearly half of the over 20 known integrins in their adhesion protein ligands
(Ruoslahti, 1996). Integrins are the most common cell adhesion receptors mediating
cell-cell interactions and cell-ECM interactions and consist of two non-covalently
associated subunits, α and β, the particular combination of which determines the
ligand specificity of the integrin (Hersel et al., 2003). Integrin α5β1 is a widely
distributed cell surface receptor for the extracellular matrix glycoprotein fibronectin
and the major binding site for this integrin is the RGD sequence (Mould et al., 1998).
It is also suggested that the αvβ3 integrin is involved in the binding of the peptide
sequence, an integrin expressed on smooth muscle cells and a receptor for fibrinogen,
amongst other proteins (Ikari et al., 2000).
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Figure 1.4 Chemical formula of the GRGDY peptide sequence. From left to right,
the N-terminus, glycine (G), arginine (R), another G, aspartic acid (D), tyrosine (Y)
and the C-terminus. The side chains corresponding to each amino acid are labelled
within the figure.
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Through the derivation of alginate via the free carboxylic acid group on the
repeating units of the polymer, peptides containing the RGD sequence have been
attached and the resultant effects on cell culture have been investigated. In major
work from a group with wide reports of using the derivatised polymer, mouse skeletal
myoblasts were seeded onto GRGDY-coupled alginate hydrogels and observed to
attach and spread on the surface during 24 hours, with extensive proliferation evident
after 3 days, compared to little seen on non-derivatised alginate surfaces (Rowley et
al., 1999). Around the same time a separate report described injecting gels of the
derivatised polymer containing suspended fibroblasts into rats, with the volume of the
construct shown to be fairly well maintained in contrast to gels made without the
RGD inclusion and without fibroblasts, thus highlighting the derivatised polymer’s
potential for use as a tissue engineering scaffold (Marler et al., 2000). However, when
the construct was visualised histologically after use in vivo, whilst the fibroblasts that
had been suspended in the gels were certainly still evident, none had extended
processes or contributed to new tissue formation. In a later report, increasing the Gcontent of alginate increased the proliferation of mouse skeletal myoblasts on top of
RGD-derivatised polymer, whilst an increased proportion of cellular fusion was also
visible following a directed differentiation protocol (Rowley and Mooney, 2002). In
the same study, myoblast proliferation and differentiation was observed to be also
dependant on RGD-ligand density, with the greatest rates of each process found on
alginate surfaces with the highest ligand density.
Previous work in the department of Biochemical Engineering, UCL, by Julia
Markusen and coworkers used the same carbodiimide chemistry described in the
reports mentioned above to prepare alginate derivatised with the peptide GRGDY, for
use as a biodegradable polymer tissue engineering construct (Markusen et al., 2006).
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Successful encapsulation of human mesenchymal stem cells (hMSCs) within the
derivatised alginate was demonstrated, with the cells maintaining high viability. It
was also shown that the alginate-GRGDY derivative encouraged cell attachment and
elongation to form a dense network of cells, certainly necessary for a successful tissue
substitute. However, minimal proliferation was evident within the polymer beads,
whether or not the peptide was included, possibly from restricted nutrient transfer to
the tightly packed cells. Attempts to combine the derivatised polymer with hESC
culture were not made.

1.8 Alternatives to Alginate

Whilst there is certainly a vast amount of reports of alternative polymers for use with
many different cell types, reports concerning the use of polymers for ESC culture are
slightly fewer in number. Finely tuning the novel systems to maintain stem cell
phenotype requires a great deal of complexity and the highly sensitive nature of stem
cells makes the transition into novel feeder-, serum- and animal-free culture
challenging.
One of the first reports of successful maintenance of hESC self-renewal on a
polymer system described the use of a complex system composed of semiinterpenetrating polymer networks (sIPNs) cross-linked with acylated peptide
molecules, further modified with peptide functionalised linear chains at varying
concentrations (Li et al., 2006b). The hESCs were maintained feeder-free for 5 days
in SR-containing mEF-CM, which was a positive step towards removing the xeno
contaminants. The following year, hyaluronic acid (HA) was proposed as an
alternative hydrogel, with properties making it viable for use in hESC self-renewal
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and expansion after being identified as a biologically active molecule secreted by
mEF feeder cells (Gerecht et al., 2007a). A photoinitiator was used to crosslink
methacrylated HA containing suspended hESCs and the construct cultured in mEFCM for a 20-30 day period, with the hESCs maintaining their pluripotency, along
with their ability to differentiate once decapsulated. Incidently, HA is a linear
polysaccharide of glucuronic acid and acetyl-glucosamine, therefore very similar in
structure to alginate.
A complex porous membrane technique using a transwell insert to separate
mEF feeders from hESCs demonstrated success in maintaining the hESCs in their
undifferentiated state for up to 10 subcultures, by incorporating a mechanical isolation
subculturing technique (Kim et al., 2007). In this system feeder cell/hESC interaction
was maintained and comparable proliferation of hESC colonies, as in normal culture
methods, was evident. Interestingly, scanning electron microscopy revealed the two
cell types interacting with each other through the 3 µm pores of the insert,
highlighting in this particular system the necessity of direct interaction between the
cells for successful hESC attachment and proliferation.
Many advances into alternative culture systems have also been employed for
applications in ESC differentiation. Acquiring a 3D culture system is a highly
desirable aspect for many differentiation methodologies and although the step-up in
complexity presents significant challenges in the formulation, the ability to more
closely mimic the in vivo niche compared with a 2D tissue culture plastic surface can
result in great success. An early report of the differentiation of hESCs on 3D
constructs fabricated from a combination of poly(lactic-co-glycolic acid) (PLGA) and
poly(L-lactic acid) (PLLA) showed that combining appropriate physical support with
the correct chemical cues was able to support proliferation, differentiation and
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organisation of hESCs into 3D structures (Levenberg et al., 2003). These two
biocompatible materials have since been used in a number of applications for
enhancing stem cell attachment and 3D differentiation (Alvarez-Barreto et al., 2007;
Lees et al., 2007; Inanc et al., 2008; Schofer et al., 2009). Indeed, PLGA microspheres
have been embedded with alginate hydrogels to create a suitable microenvironment
for neural stem cell transplantation, with the inclusion of alginate lyase to allow for
controlled enzymatic degradation of the hydrogel and thus able to support the
proliferation of NSC neurospheres (Ashton et al., 2007). Another porous 3D scaffold
fabricated via photopolymerisation of a poly(glycerol-co-sebacate)-acrylate (PGSA)
elastomer has been used to encapsulate hESCs and supported cell proliferation and
spontaneous differentiation into all three lineages (Gerecht et al., 2007b). The
bioelastomeric material is proposed as a suitable alternative to biodegradable
polymers, with the structural integrity providing essential support to the cells
distributed uniformly within.
Primate ESCs have been cultured on top of a 3D collagen matrix and induced
to differentiate via inclusion of human neonatal foreskin fibroblasts within the matrix,
with the cells successfully differentiating into multiple lineages, as well as
successfully secreting an ECM highlighted by the presence of laminin and fibronectin
(Michelini et al., 2006). Type 1 collagen is the most abundant collagen in the body,
thus its use as a 3D differentiation matrix is highly viable; in a collagen-carbon
nanotube composite, hESCs exhibited enhanced differentiation capacities on the
substrates, with especially increased stimulation towards the ectodermal lineage
evident (Sridharan et al., 2009). In this report, a pure collagen growth substrate also
specified the ectodermal lineage of the differentiating hESCs, but around 3 days later
than the composite, most likely due to the difference in microstructure and stiffness
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between the two culture conditions. Another recent report highlighting the suitability
of carbon nanotubes for ESC differentiation demonstrated that the substrates (without
the collagen coating) are able to selectively differentiate hESCs into viable neuronal
cells (Chao et al., 2009).
Gelatin is a partially hydrolysed form of collagen and is routinely used in
culture as a coating on tissue culture plastic to aid cell attachment. It is composed of
polypeptide chains that are largely made up from glycine, however also contains a
large amount of proline and 4-hydroxyproline residues. Gelatin scaffolds have been
constructed using glutaraldehyde as a cross-linker and in combination with agar, with
the aim of use in tissue engineering applications (Verma et al., 2007). The scaffolds
constructed with an equal ratio of gelatin to agar supported attachment of mouse
fibroblast cells via the presence of RGD sequences within the gelatin peptide chains,
whilst the semi-interpenetrating network-like structure fabricated from adding
glutaraldehyde after the mixing of the two polymers ensured even entrapment of the
gelatin occurred. This particular cross-linking agent has been used in other
applications to reduce degradation whilst enhancing the material strength of
constructs and also within enzyme immobilisation; proposed reaction mechanisms
involve the aldehyde groups present on the molecule reacting with several of the
functional groups in reactive amino acid side chains within the material under
investigation (Fabela-Sanchez et al., 2009; Weetall, 1974; Migneault et al., 2004).

1.9 Matrix Elasticity

It is obvious from the topics discussed above that the surrounding environment plays
a very important role on the stem cells’ behaviour, greatly affecting proliferation,
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organisation and differentiation. The high sensitivity of the cells to the local
environment makes them acutely responsive to any slight changes around them, thus
finely-tuned control of temperature, oxygen concentration and presence of chemical
modulators is necessary in order to keep the cells maintained in the desired state.
Recently it has come to light that mechanical forces also play a key role in the
regulation of cellular functions, often translated by integrins providing the mechanical
link between ECM adhesion sites and the cell’s cytoskeleton (Clark et al., 2007). Thus
matrix elasticity or the rigidity of a culture surface is an important variable within the
culture environment that can be seen to influence a cell’s behaviour hugely.
One can classify the rigidity of the culture surface using a constant known as
the Young’s Modulus (E) defined as the ratio between the rate of change of stress and
strain. To date, various techniques have been used to characterise the constant.
Rheological studies can be used to measure the deformation or ‘strain’ exhibited by a
material after a load or ‘stress’ is exerted onto it (Mitchell, 1980). The tensile
properties of alginate hydrogels have been characterised rheologically and high G-unit
containing alginates have been shown to form stronger, more ductile hydrogels than
high M-unit containing alginates (Drury et al., 2004). The formation of alginates with
varying E values were thus achieved by gelation of either higher G- or higher M-unit
containing alginates. A separate novel protocol describes the central indentation of a
clamped material using a ball of known weight and measurement of the corresponding
displacement, proposed as a technique to characterise the viscoelastic properties of
alginate constructs and the effects of seeded cells inside (Ahearne et al., 2005).
E can also be determined using atomic force microscopy (AFM), a highresolution type of scanning probe microscope, which can measure various forces
exhibited by the material under investigation. The microscope has a small probe

60

attached to a spring-loaded cantilever held in contact with the surface of the sample;
as the probe is moved slowly across the surface, the tracking force between the tip and
the surface is monitored (Daintith, 1996). Analysis of force versus tip motion curves
after performing AFM on specific substrates has been evaluated in order to deduce the
local elastic properties of that substrate and specifically the local E deduced, once the
elastic deformations of the tip have been accounted for (Heuberger et al., 1995). In
setting up suitable experimental parameters, the authors defined the range of E for
medium substrates, i.e., polymers, to be between 0.1 and 10 x 109 Pa, and the range
for soft substrates, i.e., biomaterials, to be between 0.1 and 100 x 106 Pa. One value of
E for alginate, though deduced using stress/strain calculations and not via AFM, has
been calculated at 36.3 + 5.4 kPa, thus located in the middle of the accepted range for
soft substrates (Yamaoka et al., 2006).
One of the first reports highlighting the importance of this area of research
described how mechanical strain, applied to a deformable elastic substratum upon
which hESCs were cultured in mEF-CM, was found to inhibit the rate of spontaneous
differentiation and promote self-renewal of the cells (Saha et al., 2006). It was clear
that a direct relationship between the hESCs’ behaviour and mechanical stimuli was
occurring, since no change in secretion of chemical factors in the media was evident.
Importantly however, when the cells were cultured in normal media, not mEF-CM,
there was no visible difference in the rate of differentiation whether mechanical forces
were applied upon the cells or not, thus highlighting the synergistic role these forces
must play along with chemical signals delivered from mEF-CM. Following this, the
authors later reported on the mechanism by which the mechanical strain is able to
repress

differentiation,

highlighting

a

significant

involvement

of

the

TGFβ/Activin/Nodal signalling pathway, known to be highly important to the
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maintenance of pluripotency (see section 1.2) (Saha et al., 2008b). Through assessing
changes in expression of TGFβ ligands, in the presence of mechanical strain, Smad2/3
(a modulator involved with the TGFβ superfamily) was found to be phosphorylated,
whilst TGFβ1, Activin A and, to a lesser extent, Nodal, were all found to be
upregulated, highlighting the importance of signalling through these ligands for
mechanically-induced repression of hESC differentiation.
The sensitivity of cells to ECM stiffness was highlighted in a key report
describing mesenchymal stem cells (MSCs) specifying towards lineages depending on
the rigidity of the culture surface they were cultured on (Engler et al., 2006). The
MSCs differentiated towards neurons, myoblasts and osteoblasts on soft (0.1 – 1 kPa),
medium (8 – 17 kPa) and stiffer (25 – 40) polyacrylamide gels respectively. The
range of elasticities were selected in agreement with the range of E that solid tissues
within the body demonstrate; brain tissue has an E of around 1 kPa, muscle around 10
kPa and collagenous bone around 100 kPa. An upregulation of genes corresponding to
the correct lineage in the MSCs cultured on each of the surfaces proved the selective
capabilities of the cells, based purely on mechanical force stimulus. Similar results
were recently reported regarding MSCs cultured in 3D polyethylene glycol-silica gels
of varying rheological properties (Pek et al., 2010). A few months later,
micropatterning techniques were used to investigate the mechanical sensing by MSCs
and further highlighted the important role mechanical strain plays in differentiation,
with heterogeneous responses in gene regulation dependant upon the direction of
uniaxial strain (Kurpinski et al., 2006). Understanding the response of cells to uniaxial
strain could thus be harnessed in tissue engineering for specific structures where the
organisation of the cells is key to the final use of the construct.
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Whilst there is evidence of a loss in nuclear plasticity during stem cell
differentiation, one can certainly not rule out the continued role that the
mechanotransduction pathways play in the specification of cells from embryonic
towards somatic state (Pajerowski et al., 2007). Indeed, there is clearly a differential
response to mechanical cues depending on what stage of commitment originally
pluripotent cells are exhibiting (Hsiong et al., 2008). Nonetheless, somatic cell
populations do exhibit a degree of sensitivity to their mechanical surroundings.
Isolated embryonic cardiomyocytes were found to beat optimally on a matrix of
similar elasticity to the heart; unsurprising since the nature of the cells within the heart
requires the cells to attach to the ECM, which in turn must display sufficient
compliancy for the actomyosin forces to pump the heart (Engler et al., 2008).
Incorporating

mechanical

compression

in

hydrogel-based

chondrogenic

differentiation of mesenchymal progenitor cells influenced the differentiation capacity
of the cells, with increased gene expression of cartilage-based markers upon exposure
to the mechanical compression (Terraciano et al., 2007). In this particular case,
direction towards the chondrogenic lineage was only encouraged once the essential
chemical factor for the specific differentiation had been added in, again highlighting
the synergistic role between mechanical and chemical cues.
Neuronal populations of cells have also shown particular sensitivity to the
surrounding elasticity and studies similar to those reported above have highlighted
just this. Variable moduli interpenetrating polymer networks were used to culture
adult neural stem cells (NSCs) over a range of 10 Pa to 10 kPa, with a peak level of
the neuronal marker βIII-tubulin visible in NSCs cultured in serum-free neuronal
differentiation medium on hydrogels with an E of around 0.5 kPa (Saha et al., 2008a).
In varied differentiation conditions, mixed populations of neurons were favoured; a
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promotion of either neuronal or glial structure formation (quantified via GFAP
staining) was found whether cultured on softer or harder gels respectively. In another
study, NSCs were found to proliferate optimally on substrates with low E values and
full neuronal differentiation, including oligodendrocyte maturation and astrocyte
formation, favoured on the softest surfaces below 1 kPa (Leipzig and Shoichet, 2009).
In agreement with non-neuronal cell studies, mapping the forces generated by NSCs
has further demonstrated the loss of cell-generated forces in the transition from selfrenewal to differentiation, with a loss of forces produced by the cells exhibited in
parallel with an increase of phenotypic neuronal differentiation markers (Shi et al.,
2009).
The nature of the cells’ morphology is also dependant on the elasticity of the
material on which it is attached to. Studies performed on fibroblasts cultured on
regions of varying local elasticity have shown the cells are able to spread more on
harder substrates and, using chemical modulators to interfere with actin filament and
microtubule formation, showed that disrupting the cytoskeleton altered the projected
cell area (Chou et al., 2009). Recent investigations into cell spreading have shown that
mESCs have a smaller projected cell area than their differentiated counterparts (the
latter formed from a 5-6 day culture in medium without LIF, but containing retinoic
acid), along with exhibiting minimal sensitivity in projected area to changes in E
(Chowdhury et al., 2010). Here, the mESCs spread optimally on a 0.6 kPa substrate,
however still exhibited a 2 fold decrease in cell area on this optimal substrate
compared to the differentiated cells. These, in contrast, were found to increase their
projected cell area with substrates of increasing E, whilst also failing to spread in
response to external stress, unlike the pluripotent mESCs.
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Further studies with fibroblasts and hMSCs have shown both cell types to be
acutely responsive to the mechanical properties of the subsrate, contracting fibrin gels
and increasing the local stiffness so as to achieve optimal spreading (Winer et al.,
2009). As previously mentioned, cells attach to the ECM via their transmembrane
receptors (integrins), which have their cytoplasmic domains anchored to the
underlying actomyosin cytoskeleton (Clark et al., 2007). These integrins determine
the levels of tensional forces in the cells cytoskeleton and the forces can in turn affect
the expression of signalling proteins in the cells (Sridharan et al., 2009). Myosin II is
the major motor protein regulating contractility in muscle and non-muscle cells via
generating tension within the actin cytoskeleton and is activated by integrin
engagement (Krendel and Mooseker, 2005). Cadherins are other transmembrane
adhesion proteins that also mediate the signal from the ECM; epithelial-cadherin (Ecadherin) is a key member of the protein family that has an intracellular domain
binding β-catenin, in turn a protein with key roles in embryonic morphogensis,
neurogenesis and in regulating actin filamanent formation in the cytoskeleton (Aberle
et al., 1996; Otero et al., 2004).
The mechanosensing pathways by which cells are able to sense the E of the
ECM involve the translation of forces through focal adhesions connecting the
integrins to the cytoskeleton (Baker and Zaman, 2010). The cytoskeleton becomes
more stiff depending on the E of the ECM and analysing the cytoskeletal stiffness
required to deform the ECM in turn results in an appropriate biochemical response
from the cell. The mechanotransduction of forces applied at the surface of a cell
through to the nucleus occurs though a complex chain of integrins, cytoskeletal
filament networks and nuclear scaffolds (Wang et al., 2009b). Specifically, once the
force signal has been channeled onto the actin cytoskeleton via the focal adhesions, it

65

is then translated via the outer nuclear membrane proteins, nesprins, through to the
inner nuclear membrane proteins, SUNs. This particular complex of proteins is
termed the linker of nucleoskeleton and cytoskeleton (LINC) complex (Crisp et al.,
2006). These proteins are connected to nuclear lamin proteins that form the nuclear
scaffold, which in turn attaches to chromatin and DNA.
All these signal mediators, ligands and receptors act together in conjunction
with growth factors and matrix environment to influence stem cell behaviour,
phenotype and genotype. Recent reports have highlighted the importance of
characterised mechanics within the cell culture environment and careful control of
this variable is key towards efficient ESC maintenance and differentiation.

1.10

Aims of the research

The aim of the first part of the research was to investigate the construction of a
modified biphasic culture system and explore the potential of this system for both
replacing the traditional feeder layer procedure for hESC culture and in analysing
specific components of the feeder layer that are important in maintaining successful
hESC culture. Fabricating a successful alternative culture system for hESC
maintenance remains a complex and challenging process. Whilst alternative hESC
culture systems have been explored, the long-term suitability of such novel systems
for specific expansion of these pluripotent cells has not been reported on. Repeated
subculturing of hESCs on synthetic polymers with proof of maintenance of
pluripotent marker expression has not previously been described.
The construction and characterisation of a modified 3D biphasic feeder cell
system is presented here, using mEF cells immobilised in calcium alginate
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(CaAlg/mEF). Figure 1.5 shows a model of the novel system. The construct involves
keeping the mouse and human phases separate, allowing for potentially less
complicated hESC colony harvest, and is a system that allows for scalable production
of undifferentiated hESCs. Also, minimising the changes from the accepted culture
system towards the novel alginate layer was intended through use of the same mEF
cells within the novel system as those used in normal feeder layers for hESCs.
The mEF cells are immobilised in a layer of calcium alginate, formed by the
cross-linking of sodium alginate with divalent calcium ions. The polymer is inert with
regards to the cells, can be easily manipulated using the reversible gelation process, is
manufactured to a high degree of sterility and was investigated to see if it could play a
role in keeping the proliferation of the fibroblast cells successfully arrested, thus
eliminating the need for preliminary use of mitomycin or γ-irradiation. The
CaAlg/mEF layer also potentially allows for research into the specific factors that are
secreted from the mEF cells, especially with respect to the ECM, and the role these
have on hESC culture and pluripotency. Immobilising the mEFs in calcium alginate
may allow for longer survival of the cells, and hence extend the culture period of
hESCs when compared to culturing on inactivated mEF feeder cells, which start to
detach after 5-7 days. The work presented in Chapter 3 describes the results found
regarding the success of the novel feeder layer.
The second part of the research was carried out to investigate the effect of E
on the expansion, pluripotency and early differentiation of mESCs. Whilst there have
been a number of reports recently regarding the ability of ESCs to sense the E within
their culture environment during differentiation, there has not been extensive
investigations into the effects of this variable on the pluripotent cells themselves. Also
not vastly reported on is the sensitivity to E during the early stages of lineage
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transwell
media
hESC
CaAlg/mEF layer

Figure 1.5 Diagram of model for novel biphasic 3D CaAlg/mEF feeder layer
system. Mouse embryonic fibroblast cells are immobilised in an even distribution
throughout a layer of alginate, on top of which, human embryonic stem cells are
cultured. The whole layer is cast inside a transwell, which sits in the well of a 24-well
plate and allows the media on top and in the surrounding well to diffuse through.

media
mESCs
GXG layer

Figure 1.6 Diagram of model for elastically tuneable system for culture of
mESCs. The 3D layer consists of gelatin cross-linked with glutaraldehyde (GXG), on
top of which mESCs are seeded. The whole layer is set within a 6cm dish or 6-well
plate.
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specification by ESCs. Understanding these early responses to mechanical cues would
help towards perfecting the ESC microenviroment in vitro, as well as in the
exploitation for enhancing ESC differerentiation protocols.
Both of these factors were investigated using mESCs cultured on a
mechanically tuneable system. Investigations using the mouse cells instead of their
human counterparts were carried out for these experiments, due to the feasibility of
achieving the high cell numbers (in feeder-free conditions) required for the
experiments. Another novel culture system is proposed, consisting of an elastically
tuneable 3D layer of gelatin cross-linked with glutaraldehyde (see Figure 1.6).
Fabrication of the culture substrates using different concentrations of gelatin solutions
results in layers with varying E values. Investigations into the ability of mESCs to
attach and proliferate on the layer were carried out. This was followed by experiments
into the effect the various E values had on the mESCs with regards to maintenance of
pluripotency and ability to spontaneously differentiate, along with the effect on
specific neuronal differentiation. The results from these experiments are presented
within Chapter 4.
In summary, the aims of this project were as follows:
•

Investigate the feasibility of constructing a novel CaAlg/mEF layer, with
homogeneous distribution of mEFs.

•

Quantify any toxic effects from the alginate to the mEF cells immobilised within,
with respect to viability, proliferation and ECM protein expression.

•

Investigate the success of the novel layer in maintaining hESC pluripotency, both
in the short and long term.

•

Achieve reproducible construction of mechanically tuneable cross-linked gelatin
substrates and demonstrate successful maintenance of mESCs cultured on top.

•

Investigate the effects of E on the expression of pluripotency markers during
maintenance of pluripotency, spontaneous differentiation and directed neuronal
differentiation of the mESCs.
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2. Materials and Methods

In this chapter, the methodology involved with culturing all the cell types investigated
is presented, along with the analysis techniques used for the cells. This is followed by
the protocols involved in both construction of the novel biphasic feeder system using
calcium alginate and in fabricating the mechanically tuneable cross-linked gelatin
culture substrates. All work was carried out in a Walker Class II Safety Cabinet
(Manchester, UK) with gloves and lab coat worn at all times. Any item introduced
into the safety cabinet was wiped clean with 70 % ethanol and all solutions and
materials were sterilised to avoid contamination. All solutions used for cell culture
were warmed in a 37 °C water bath, prior to contact with the cells, unless otherwise
stated. Where use of Dulbecco’s Phosphate Buffered Saline (DPBS) has been noted,
this corresponds to a 1 x solution of DPBS containing no calcium or magnesium,
unless otherwise specified. Cells were incubated at 37 °C in 5 % CO2 in air in a
Heraeus HERAcell incubator (Thermo Fischer Scientific Inc., Waltham, MA, USA)
and cultured in Nunclon (Thermo Fischer Scientific Inc.) tissue culture flasks and
plates.

2.1 Culture of cells

This section describes how the cells were cultured, with a description of thawing,
subculturing and banking protocols for each cell type investigated. Further detail is
included regarding the description of ESC culture, with a thorough description of
mESC maintenance and differentiation, as well as for the maintenance of hESCs and
preparation of feeders for these cells.

70

2.1.1 Culture of neonatal fibroblasts

One vial of human neonatal fibroblasts (NNF) (sourced from Karocell Tissue
Engineering AB, Stockholm, Sweden, isolated from human neonatal foreskin,
catalogue number F0514, batch number 133:2) was thawed and expanded to make a
working cell bank. The cells were cultured in Iscove's Modified Dulbecco's Medium
(IMDM; Gibco Invitrogen, Paisley, UK), supplied by the manufacturer with added
GlutaMAX (a stabilised form of L-glutamine manufactured by Gibco Invitrogen)
and 25 mM HEPES buffer system and supplemented with 10 % heat-inactivated FCS
(Invitrogen). The FCS had been previously heat-inactivated by submerging in a water
bath set at 57 °C for thirty minutes.
The cells were thawed according to the following protocol. One vial was taken
from the master bank and immediately placed into a 37 °C water bath, until the liquid
had completely thawed. The contents were carefully transferred to a 25 ml centrifuge
tube (Sarstedt AG & Co, Nümbrecht, Germany), to which 20 ml of room temperature
media was then added in drops over two minutes. The contents were centrifuged at
1200 rpm for three minutes, the supernatant removed and the pellet re-suspended in
fresh media. The cells were then transferred to a T-25 flask and incubated at 5 % CO2
/ 37 °C until confluent. A sample would often be taken for counting with a
haemocytometer, after the cells were re-suspended in fresh media and before seeding
into the T-25 flask.
Once the cells reached full confluency, which normally occurs after two to
three days, they were subcultured. The cells were washed with 5 ml 1 x DPBS
(BioWhittaker, Walkersville, MD, USA) and 5 ml of 0.25 % Trypsin-EDTA (T-E;
Sigma-Aldrich, St. Louis, MO, USA) was then added to the flask, which was
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subsequently incubated at 5 % CO2 / 37 °C for three to four minutes. The flask was
tapped and a phase-contrast microscope was used to check that all the cells had
detached from the surface. If the cells had indeed detached, then 10 ml of fresh media
was added to quench the T-E reaction; if not, then the flask was placed back into the
incubator for a further minute or two and was closely monitored until the cells had
successfully detached. The cells were rarely left with the T-E solution for longer than
six minutes in total. The suspension was transferred to a 25 ml centrifuge tube and
centrifuged for three minutes at 1200 rpm, after a sample was taken for counting. The
supernatant was removed and the pellet re-suspended in a known volume of fresh
media. The cell suspension was then split 1:3 into three new T-75 flasks, recording
the subculture number. The cells were monitored until they achieved confluency, at
which point they were subcultured once more.
Once a sufficient amount of cells had been expanded from the original vial,
they were cryopreserved in order to create a working cell bank. The same protocol
was followed as for subculturing, however this time the cell pellet was re-suspended
in freezing media, consisting of 90% normal media and 10% dimethyl sulfoxide
(DMSO; VWR International, LLC, West Chester, PA, USA). 1 ml aliquots were
dispensed into fully labelled Nalgene cryovials (VWR International), which were
subsequently transferred into a ‘Mr Frosty’ to allow for gradual freezing. This was
placed into an –80 °C freezer overnight, after which the vials were transferred to
permanent storage in liquid nitrogen.
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2.1.2 Culture of mouse embryonic fibroblasts

MEFs were obtained from the UK Stem Cell Bank (NIBSC, Hertfordshire, UK) at P0.
Subsequently, banks of mEFs were isolated from 10-day mouse embryos in
collaboration with Ludmila Ruban, Diana Hernandez and Minal Patel at UCL. A large
cell bank was created following the same protocol as that for the NNFs (see section
2.1.1) and stored under liquid N2. These cells were used both for making mitotically
inactivated feeders for the hESCs (see section 2.1.4.1) and to create the immortalised
mEF cell line (see below).
Primary mEFs were thawed and subcultured using the same protocol as that
for the NNFs. However their culture medium differed in that it consisted of
Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco Invitrogen), also
supplemented with 10 % heat-inactivated FCS. A sample from one T-25 flask of
mEFs at P1 was analysed on the Cedex HiRes (Innovatis, Germany) cell counter.
To create the cell line, primary mEFs were expanded and subcultured past the
stage of normal senescence (around P7-10) by carefully monitoring their growth and
respective re-seeding at suitable densities. The cells were generally used up to P40,
but two cultures were taken up to around subculture number 60 and banked at various
stages along the way, again following the same protocol as that for the mEFs and
NNFs. These cells were given the name mEF-E1 and mEF-E2 (two cell lines were
established, with slightly differing morphology).
These cells were cultured with the same base media used for the mEFs,
however extra supplements included 1 % non-essential amino acids (NEAA) and 1 %
penicillin-streptomycin (P-S; both Invitrogen).
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2.1.3 Culture of mouse embryonic stem cells

2.1.3.1 Maintenance of pluripotency

Mouse embryonic stem cells (mESCs) were kindly donated by Stem Cell Sciences
(Cambridge, UK). Three different cell lines were cultured across the period of
experiments. The first mESC line cultured was the parental E14Tg2a cell line.
The cells were thawed following the same protocol as used for NNFs into a
T-25 culture flask, which was pre-coated this time with 0.1% gelatin. 0.1% gelatin
was made by dissolving 500 mg porcine gelatin (Sigma) into 500 ml DPBS and
sterilised via autoclaving. The T-25 flask was gelatinised by covering the surface area
with the 0.1 % gelatin and leaving for a minimum of thirty minutes at room
temperature; the solution was removed from the flask just before cell seeding.
Occasionally, if the recovery of viable cells was low, a duplicate vial was
thawed into pre-gelatinised 6-well plates or even 24-well plates. The medium used to
culture the cells was Glasgow’s Minimum Essential Medium (GMEM; SigmaAldrich) containing 10% FCS (SLI Ltd, Crawley, UK), 1% each of NEAA, LGlutamine and Pyruvate (all Invitrogen), 500 µl of 0.1 M β−mercaptoethanol (VWR
International) and 5x105 U Leukeima inhibitory factor (LIF) (Millipore, Billerica,
MA, USA). The pre-coating of gelatin onto the culture surface and the inclusion of
LIF within the media helped to maintain the undifferentiated ESC state in the feederfree culture.
Once the thawed cells had reached confluency with small to medium sized
colonies covering around 80 % of the culture surface, they were subcultured into new
pre-gelatinised flasks, or corresponding plates, if smaller culture surfaces were used.
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The cells were first rinsed with DPBS and 0.5 ml mESC trypsin was then
added. The mESC trypsin was fabricated by dissolving 2.5 g porcine trypsin, 0.4 g
EDTA, 7 g NaCl, 0.3 g Na2HPO4.12H2O, 0.24 g KH2PO4, 0.37 g KCl, 1 g D-Glucose,
3 g tris buffer and 1 ml phenol red in 1 L water. This solution was then adjusted to a
pH of 7.6 using concentrated HCl and then filter sterilised, aliquoted and frozen at
-20°C. (In essence this corresponds to a 0.25 % strength trypsin solution made up in a
Tris-buffered Hanks Buffered Salt Solution (HBSS; Invitrogen). This protects the
cells from any detrimental effects from a change in osmolarity or sugar content
between incubation with media and trypsin, whilst the inclusion of the tris-buffer
helps to regulate the pH in the culture environment.
The flask was incubated at 5 % CO2 / 37 °C for three minutes, after which
time it was removed from the incubator and tapped to facilitate detachment of the
cells from the surface of the flask. Around 4 ml of medium was added to the flask to
quench the trypsin and the whole cell suspension was pipetted up and down a few
times, vigorously enough so as to achieve a single cell suspension. The cell
suspension was transferred into a centrifuge tube and centrifuged at 1200 rpm for
three minutes, the supernatant removed and the pellet re-suspended in fresh medium.
The equilibrating gelatin solution was removed from the fresh T-25 flasks and the cell
suspension was then split at the appropriate seeding density into the new flasks. The
flasks were topped up with fresh medium to around 5 ml total volume and placed in
the incubator.
The cells were visualised using a Nikon Eclipse TE2000-U upright
fluorescence microscope regularly throughout their culture, to monitor morphology
and green fluorescence protein (GFP) expression. They were subcultured every two to
three days, with daily media changes to ensure the pluripotency was maintained as
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high as possible. Cell banks were constructed with the expanded mESCs and the cells
were frozen following the same protocol as that used for the NNFs and mEFs. The
freezing media was modified however to a solution consisting of 90% complete media
and 10% DMSO. It was predicted that the high content of FCS in the complete media
helped to preserve the cell integrity upon freezing.
The second line to be cultured was an Oct4-GFP cell line, derived from the
parental line E14Tg2a cell line, but transfected with a green fluorescent protein (GFP)
coding sequence upstream of the Oct4 promotor. Hence these cells fluoresced green
whilst the transcription factor, itself a strong indicator of pluripotency, was still
expressed. The culture of these cells was identical to the protocol described above for
the parental E14Tg2a cells. For the results described in Chapter 3, normal Oct4-GFP
mESCs were used, but for the work desribed in Chapter 4, a sub-clone of the Oct4GFP mESC cell line was used. This was produced by Diana Hernandez at the
Department of Biochemical Engineering at UCL, in order to produce a cell line with
visibly high expression of Oct4 i.e. strong green fluorescence.
The third line cultured was similar to the Oct4-GFP cell line, however this
time the open reading frame of the Sox1 gene had instead been replaced with the
coding sequence for GFP (Ying et al., 2003b). This is a gene involved in the first
stages of neural stem cell differentiation, as described in Chapter 1. These cells,
named 46c cells, were highly useful in neuronal differentiation studies, as their GFP
expression could be quantified for an immediate measurement of whether the cells
were being successfully directed towards the neuronal lineage or not.
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2.1.3.2 Spontaneous differentiation

Spontaneous differentiation was easily induced in the mESC cultures by removing the
LIF from the media. The cells were subcultured as normal following the protocol
described above, but upon centrifugation, they were re-suspended in media without
the final addition of LIF. These cells were seeded at known densities onto the culture
surface, topped up with extra culture media (again, without LIF) and then cultured for
a specific period of time. During spontaneous differentiation the media was changed
every two to three days and the morphology and GFP expression monitored closely,
until the differentiated cells were ready for harvest and analysis.

2.1.3.3 Directed neuronal differentiation

Following the spontaneous differentiation of mESCs, studies into directed neuronal
differentiation were performed on the 46c Sox1-GFP mESCs. This was carried out by
culturing in Culticell NDiff RHB-A media (Stem Cell Sciences, Millipore) using
conditions previously defined (Ying et al., 2003b). The NDiff media was protected
from light at all stages by wrapping the media bottle with aluminium foil. The cells
were again subcultured as normal following the protocol described in section 2.1.3.1,
but upon centrifugation, they were re-suspended in NDiff media and then seeded onto
the culture surface. The media was then changed every two to three days and the cells
were closely monitored until they were ready to be analysed.
After results from the seeding of 46c Sox1-GFP mESCs in NDiff were
obtained, some investigations were carried out using normal mESC medium without
LIF to seed the cells in initially. After the cells had attached to the culture surface
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overnight, the media was then changed for NDiff and then kept in this neural
differentiation medium for the rest of the culture period. This is further described in
Chapter 4.

2.1.3.4 Antibiotic in media

Certain differentiation experiments described in Chapter 4 had increased potential for
contamination, due to the extended culture periods and the nature of the culture. The
addition of the thick layer of gelatin in the bottom of the culture plate raises the
surface closer to the lid of the culture plate and complicates the media changing
process. The culture medium used in these longer-term cultures was thus
supplemented with antibiotic solution, to reduce the chances of contamination
resulting in a loss of material. 1 ml of 100 x antibiotic antimycotic solution (Sigma)
was added to every 100 ml of complete media. Those experiments that have used the
antibiotic-containing media have been indicated in Chapter 4.

2.1.4 Culture of human embryonic stem cells

SHEF-3 hESCs were obtained from the UK Stem Cell Bank and were cultured on a
feeder layer of mitomycin-C inactivated mouse embryonic fibroblasts (MEFs) on
gelatin coated IVF dishes and T-25s; a conventional method previously reported
(Thomson et al., 1998). MEL-1 hESC were obtained from the University of
Edinburgh and were cultured on a feeder layer of mitomycin-C inactivated human
fibroblasts, F-D551, in IVF dishes (BD FalconTM, BD Biosciences, Franklin Lakes,
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NJ, USA). HESC thawing, subculturing and vitrification were all carried out using a
dissecting microscope with a 37 °C heated stage.

2.1.4.1 Culture of feeder cells and inactivation

For the SHEF-3 hESCs, mitomycin-C inactivated mEFs (mitomEFs) were used as
feeder cells. Primary mEFs were cultured as in section 2.1.2 and used to make feeders
up until subculture number 6. Extra care was taken in the construction of feeder layers
due to the high toxicity of mitomycin-C.
The mitomycin-C stock solution was made by dissolving one 2 mg vial of
mitomycin-C (Sigma) in 200 ml complete mEF media i.e. to a concentration of 0.001
%. After ensuring complete dissolution, the solution was filter sterilised through a
Nalgene 0.22 µm polyethersulfone (PES) membrane sterile filter (VWR International)
and stored at 4 °C; it could be used for up to three weeks after.
Primary mEFs were inactivated by the following procedure. The supernatant
media was removed from a confluent flask of mEFs and mitomycin-C solution was
added to the flask; 4 ml was added per T-25 and 7 ml added per T-75. It was
important to ensure that the mEFs were not over-confluent, as an excessively high cell
number could result in uneven or incomplete inactivation. The flask was then
incubated at 5 % CO2 / 37 °C for two hours to allow for inactivation. Meanwhile, the
required number of T-25 flasks and IVF dishes were gelatinised.
After the two hours had passed, the mitomycin-C solution was removed from
the flask and the cells were washed thoroughly with DPBS three times. The cells
were then trypsinised as normal for mEF culture, quenched to a known volume and a
small sample taken for counting on a haemocytometer. The cells were centrifuged at
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1200 rpm for three minutes, the supernatant removed and the pellet re-suspended.
After the gelatin had been removed from the new flasks and dishes, the cells were
seeded at a specific density (3.3 x 105 per T-25 flask, 4.0 x 104 per IVF dish) and the
dishes and flasks topped up with complete mEF media. The feeder dishes were
incubated at 5 % CO2 / 37 °C until needed.
For the MEL-1 hESCs, H-D551 human fibroblasts were used as feeder cells.
These cells were grown following the same protocol as for the NNFs and mEFs,
however the medium used to culture them was Iscove’s Modified Dulbecco’s
Medium, IMDM, with 10 % added FCS and 1 % Penicillin-Streptomycin, P-S,
(Sigma). The H-D551s were banked and mitotically inactivated again following the
same procedure as for the mEF feeders. However, the feeder density used varied for
these particular cells with between 1.0 and 1.7 x 105 cells seeded per IVF dish (no T25s were used in this case), a much higher number compared to that used in the mEF
feeder plates.

2.1.4.2 Thawing of human embryonic stem cells

The SHEF-3 hESCs were supplied as cryopreserved clumps in a glass capillary. The
capillary was transported under liquid N2 to ensure no defrosting occurred during
transport or manipulation. The spent mEF media was removed from a feeder IVF dish
and replaced with SHEF-3 complete media (see section 2.1.4.3) and allowed to
equilibrate at 5 % CO2 / 37 °C for at least thirty minutes before thawing the hESCs.
Between 0.5 and 1 ml of SHEF-3 media was also placed into a separate spare IVF
dish, which was placed into the incubator to equilibrate at 5 % CO2 / 37 °C ready for
use in an initial wash stage directly upon thawing.
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When the cells were ready to be thawed, the capillary was removed from the
liquid N2 using autoclaved metal tongs and the tip of the tube (the end where the
clump of cells could be seen) was immediately placed under the surface of the media
in the IVF dish containing equilibrated SHEF-3 media alone. Using the light
microscope inside the dissection hood, the hESC clumps could be observed to pass
out of the capillary and into the media dish. The capillary was discarded and the
clumps were immediately transferred using a P200 Gilson pipette (with a sterile
200 µl filter tip attached) into the IVF dish containing feeders. The dish was
immediately placed into the incubator and left at 5 % CO2 / 37 °C for two days until it
was removed, the media changed and the growth of the colonies observed. Careful
subculturing and re-seeding was essential during the initial period of expanding the
hESCs up; the initially thawed cells were cultured for longer before subculturing to
allow more time to adjust to the culture conditions from freezing. Once a successful
culture of hESCs was achieved, regular three to four day subculturing was instigated.
MEL-1 hESCs were thawed in exactly the same way as the SHEF-3 hESC.

2.1.4.3 Media used to culture human embryonic stem cells

For the SHEF-3 hESCs, the growth medium used consisted of 80% knockout DMEM
(KO-DMEM) supplemented with 20% knockout serum replacement (KO-SR), 1%
nonessential

amino

acid,

2mM

L-Glutamine

(all

Invitrogen),

0.1mM

β-

mercaptoethanol (Sigma) and 4 ng/ml human derived basic fibroblast growth factor,
FGF2 (R+D Systems). The components were mixed together and filter sterilised
through a 0.22 µm PES membrane sterile filter, ensuring full rinsing of the filter
membrane after addition of the FGF2.
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For some experiments with SHEF-3 hESCs mentioned within Chapter 3,
mEF-conditioned medium (mEF-CM) was utilised. To make the mEF-CM,
mitotically inactivated mEFs were seeded into pre-gelatinised T-75 flasks, at a density
of 4.2 x 106 per T-75 flask (5.6 x 104 cells/cm2). The mEF medium used to seed the
mEF cells was then replaced with complete hESC medium (already supplemented
with FGF2) one day before mEF-CM was required. After overnight incubation, the
medium was removed from the T-75, filter sterilised through a 0.22 µm PES
membrane sterile filter and an additional 8 ng/ml FGF2 added. The mEF-CM was then
ready for use and could be stored at 4°C for 2 weeks. Further hESC medium could be
conditioned by the mEF feeders for up to 1 week, with collection of mEF-CM every
day.
The MEL-1 hESCs were cultured in HEScGRO medium (Chemicon
International, Millipore), an aminal component-free formulation containing 20 ng/ml
FGF2. The medium on both of the hESC lines was changed every one to two days.

2.1.4.4 Subculturing procedure for human embryonic stem cells

SHEF-3 hESCs were subcultured every three to four days, once large flat colonies
with approximately 500 µm diameters were observed. Before subculturing, the spent
mEF media from the feeder flasks was removed and 4-5 ml complete SHEF-3 media
(pre-warmed) was added per flask. The flasks were then placed back into the
incubator to equilibrate for at least thirty minutes, before being used for subcultured
hESCs.
The spent SHEF-3 media was removed from the SHEF-3 hESC flask and 0.5
ml of 0.025% collagenase (Invitrogen) in KO-DMEM was added. The flask was
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incubated for three minutes at 5 % CO2 / 37 °C to allow for the collagenase to
facilitate slight detachment of the edges of the colonies from the feeders. The
collagenase was removed from the flask and 4 ml of complete hESC media was
added. The hESC colonies were then scraped off the surface of the culture flask or
dish into the surrounding media using sterile plastic Pasteur pipettes. The process was
visualised using a bright phase dissection microscope located within the laminar flow
hood. It was important not to break up the colonies into too small a sized clump, nor
transfer too large a section either, since both could lead to differentiation in the
subsequent culture. The clumps were re-seeded onto the pre-equilibrated fresh feeder
plates and their growth was monitored, with media changes every one to two days.
MEL-1 hESCs were subcultured every five to seven days, a longer culture
period than the SHEF-3 hESCs. The subculturing protocol was also different, with no
enzyme treatment and more precise cutting of hESC colonies needed. The media on
the confluent MEL-1 hESC culture was exchanged for fresh, the media on the F-D551
feeder plate was exchanged for MEL-1 media and both plates were returned to the
incubator to equilibrate for thirty minutes before subculturing. The MEL-1 colonies
were then manually cut apart into small clumps using sterile needles attached to
sterile syringes, under the dissection microscope. The clumps were re-seeded onto the
pre-equilibrated F-D551 feeder plate using a P20 Gilson with a 20 µl sterile filter tip
attached and the plate immediately returned to the incubator for culture.

2.1.4.5 Banking of human embryonic stem cells

The hESC lines were banked once a large number of cells had been produced. They
were both vitrified following a protocol based on a previous open-pulled straw
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technique (Reubinoff et al., 2001; Centre for Stem Cell Biology, 2006). Three
vitrification solutions were prepared: holding medium (HM), consisting of DMEM
buffered with 25 mM HEPES and supplemented with 20 % FCS and 1 % NEAA,
vitrification solution 1 (VS1), consisting of HM supplemented with 10 % DMSO and
10 % ethylene glycol, and finally vitrifcation solution 2 (VS2), consisting of HM
supplemented with 20 % DMSO, 20 % ethylene glycol and 0.5 M sucrose. All
solutions were sterile filtered through a 0.2 µm syringe filter.
HESC cultures were manually subcultured following the procedure described
in section 2.1.4.4. The clumps were transferred into drops of HM on a sterile petri
dish using a P200 Gilson with a sterile filter tip attached, in a minimum volume. 200
µl drops of VS1 and 100 µl drops of VS2 were prepared on a sterile petri dish using
plastic Pasteur pipettes. Using a P200 Gilson pipette with sterile filter tip, 15–20
clumps were transferred from the HM drop into the VS1 drop in a minimum volume
of medium for one minute. After this time had passed, the clumps were transferred to
the VS2 drop using a P20 Gilson pipette with a sterile filter tip and left for a further
25 seconds. The clumps were then removed from the drop, again in a minimum
volume and finally expelled as three drops onto a sterile culture dish. A vitrification
straw (LEC instruments, Australia) was touched over the top of the drop and the
clumps were drawn into the straw via capillary action. The end of the straw was
immediately plunged into liquid N2 and the clumps in the remaining two drops were
promptly drawn into two further vitrification straws and frozen. The whole process
from the transfer of the clumps into the VS1 solution to entering the capillary was
undertaken in less than three minutes; after this time, any remaining clumps that had
not been successfully drawn into a capillary were discarded.
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The vitrification straws were transferred into a labelled Nalgene cryotube
(VWR International), with care taken not to remove the straws from the liquid N2 for
any period. This was in order to minimise the possibility of thawing that could occur
rapidly due to the small volume of cryopreservation medium. The cryotubes were
then stored under liquid N2.

2.1.4.6 Subculturing of human embryonic stem cells with firepolished microtool

This work was carried out in collaboration with Mayur Yaul and Dr Rajinderpal
Bhatti at the School of Engineering, University of Greenwich, Kent. A method of
producing microtools suitable to use for subculturing hESCs had been developed by
Mayur Yaul and Dr Rajinderpal Bhatti. This is done using a glass capillary
spring-actuated puller with firepolishing of the tip incorporated during the tool
fabrication.
It was investigated whether these tools were suitable for use in the manual
subculturing of hESCs. The tools were autoclaved in a specific holder suitable for
sterile manipulation and then used to manually subculture SHEF-3 hESC colonies in
place of the sterile plastic Pasteur pipettes, following the protocol described in section
2.1.4.4.

2.1.4.7 Ability of immortalised mouse embryonic fibroblast cell line to support
human embryonic stem cell growth

It was also investigated as to whether or not the mEF-E1 cell line described in section
2.1.2 could be used as a feeder cell line to support SHEF-3 hESC growth. MEF-E1
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feeder IVF dishes were prepared via standard mitomycin-C inactivation as described
above and left to attach to the dish overnight in mEF media. The next day, hESCs
were subcultured onto the feeder plates following the standard procedure and their
growth monitored as normal.
In order to compare the mEF-E1s to the normal mEF feeders, cultures of both
cell lines were prepared and mitotically inactivated following the normal procedure
with three IVF dishes fabricated for both cell lines. The spent media was then
replaced with SHEF-3 media not containing FGF2. After overnight culture at 5 % CO2
/ 37 °C, the supernatant was removed and fresh SHEF-3 hESC media, again without
FGF2, was added. The morphology of the cells at this stage was analysed. This
process was repeated for a further two days with continual analysis of the cells’
morphology.

2.1.4.8 Karyotype of human embryonic stem cells

The SHEF-3 hESCs were subcultured to a significant number over their period of
culture. (This was not the case for the mESCs, which were generally used up to a
maximum of between fifteen and twenty subcultures after thawing.) This was due to
both the complex thawing process and the extended time it takes for hESCs to readapt to culture after being frozen. Hence a karyotype was carried out on the high
subculture number SHEF-3 hESCs, to check that no chromosomal abnormalities had
developed. The sample was prepared by Alexandra Hemsley at the Department of
Biochemical Engineering, UCL, and the karyotype was performed at The Doctors
Laboratory, London, UK. One T-25 of 2-day SHEF-3 hESCs at P106 was analysed.
The cells were cultured for only two days before analysing to ensure that a maximum
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number of cells were in the metaphase section of the cell cycle i.e., during the stage of
synthesis of new genetic material, so that as many metaphase spreads were available
to aquire a representative sample of the hESC population.

2.1.5 FCS

The FCS used initially for the NNF, mEF and mESCs was supplied by Gibco
Invitrogen, but after growth studies performed by Diana Hernandez at the Department
of Biochemical Engineering, UCL, on various serum types, the FCS was later
switched to one supplied by Lonza (Basel, Switzerland).

2.2 Analysis

This section describes the analysis methods used throughout the course of the
experiments with the cells, including microscopy, immunocytochemistry, flow
cytometry analysis, rheological measurements and polymerase chain reaction
experiments.

2.2.1 Phase-contrast microscopy

Throughout the culture of all cells, their morphology was constantly measured by
sight and phase-contrast images captured using a Nikon Eclipse TE2000-U upright
fluorescence microscope. Standard morphology was desired and all cell cultures were
closely monitored for any signs of contamination such as rod-like structures or
fungus. If there was evidence of any contamination, then the cultures were

87

immediately destroyed. Additionally, if the media was observed to undergo a
significant colour change and/or become cloudy, then this was a strong sign of
contamination.

2.2.2 Immunocytochemistry

Immunocytochemistry (ICC) was carried out on many cell samples throughout the
course of the research, generally following the same procedure. The cells were
harvested and promptly fixed in 4 % paraformaldehyde (PFA) at room temperature
for twenty minutes. (The PFA was made by dissolving 4 g of paraformaldehyde
(Sigma) in 100 ml DPBS inside a fume hood, followed by heating with moderate
stirring until the solution turned from cloudy to clear. Once the solution had cooled, it
was aliquoted and frozen at –20 °C. Should determination of intracellular markers be
required, then the cells were subsequently permeabilised with 0.5% saponin (Sigma)
or 0.25 % triton (Sigma) for ten minutes.
The cells were then incubated for thirty minutes at room temperature with 1 %
bovine serum albumin (BSA; made by diluting BSA (Sigma) in DPBS at a
concentration of 10 mg/ml) to block unspecific binding of the antibodies. After this
step, the cells were incubated with the primary antibody at a 1:200 dilution for one
hour at room temperature on a KS 260 control shaker (IKA). The primary antibody
had to be reactive to the species that the cell belonged to. For intracellular marker
detection, the antibody was diluted in a 1:1 mix of either 0.5 % saponin or 0.25 %
triton mixed with 1 % BSA; otherwise, for cell-surface markers, then 1 % BSA alone
was used to dilute the antibody. The primary antibody was then detected using a
secondary antibody at a 1:500 dilution, for one hour in the dark on a shaker set to a
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low rotation. The secondary antibody had to be raised against the species that the
primary antibody was raised in. The cells were then counterstained with 500nM DAPI
(Invitrogen) at a dilution of 1:1000 for a maximum of ten minutes and the
immunolabeled cells examined by fluorescence microscopy using a Nikon Eclipse
TE2000-U upright fluorescence microscope. Secondary antibody alone and isotype
controls for the primary antibody served as experimental controls (see below). If the
samples had to be stored before imaging, then they were covered in fresh DPBS,
wrapped in foil and kept at 4 ºC.
A number of primary and secondary antibodies were used throughout this
research. These are listed within Tables 2.1 and 2.2. Both IgG and IgM secondary
antibodies were used, depending on the isotype of the primary antibody. Mouse IgG
(Abcam), IgG2a (R&D Systems), IgG1 and IgM (both Sigma-Aldrich) isotype controls
were utilised to check non-specific staining. For all ICC performed the secondary
antibody was matched to the primary, in that it had to be both reactive to the species
of the first whilst also raised in an alternative species to the first.
Any modifications made to the protocol to ensure positive staining in the
alginate and gelatin layer cultures are described in full in the corresponding results
sections.
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Target
OCT-4
UTF-1
Nanog
SSEA-3
SSEA-4
TRA 1-60
TRA 1-81
SSEA-1

Laminin
Fibronectin
Collagen IV
βIII-tubulin

Type
ESC Pluripotency intracellular
transcription factor
Undifferentiated ESC surface
marker
Surface marker for
differentiation in hESCs and
undifferentiation in mESCs
ECM protein

Source
Santa Cruz
Chemicon
Abcam
Millipore
Kindly donated by Peter Andrews
at the University of Sheffield
Chemicon
Millipore

Sigma-Aldrich

mESC neuronal differentiation

Table 2.1 The specific primary antibodies used throughout the research
presented in this thesis.

Fluorophore
Fluorescein isothiocyanate (FITC)
Alexa Fluor 488
Alexa Fluor 555
Phycoerythrin (PE)
Cy3

Signal
Green

Source
Sigma-Aldrich
Invitrogen

Red

Abcam
Millipore

Table 2.2 The specific secondary antibodies used throughout the research
presented in this thesis.
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2.2.3 Flow Cytometry

Flow cytometry was also employed throughout the research described in this report.
One main use was for the quantification of GFP expression by the Oct4-GFP and 46c
Sox1-GFP mESC lines. The cells were harvested, ensuring dissociation to the singlecell level and then analysed immediately using a Guava EasyCyte flow cytometry
device (Guava Technologies, Hayward, CA, USA). The cells were gated using
settings from a population of wild type E14Tg2a cells. The addition of propidium
iodide, pI (Abcam) or ViaCount Flex (Guava Technologies) to the cell samples
helped to highlight the nucleated cell population. Unless otherwise stated, generally pI
was used as a viability indicator with the GFP-transfected mESCs (staining nonviable cells red), whilst the ViaCount Flex reagent was used with the non-transfected
mESC, hESC and mEF lines (staining non-viable cells yellow). This was to avoid any
leakage from the green GFP signal into the yellow signal corresponding to the
ViaCount Flex reagent, which could result in a skewed viability result. A ten-minute
incubation period of the cells with the viability marker was generally used; leaving
the cells for too long in the 96-well plate before analysis could reduce their viability
and thus give a false result. The cells were always analysed at a concentration
between 20 and 500 cells/µl; 5000 total events were aquired in less than three and a
half minutes.
Further analysis was performed on the flow cytometry data for some of the
GFP-transfected mESC experiments described in section 4.2. Specifically, extended
analysis of Oct4-GFP expression was performed by splitting the GFP-positive
population of the control sample into 50% high and 50% low. This resulted in two
different areas of expression (other than negative): low and high GFP. These settings
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were then applied to the other samples obtained within the single experiment and any
significant shifts in expression within the Oct4-GFP positive population were able to
be deduced. This type of analysis was entitled ‘high/low’ Oct4-GFP expression.
Flow cytometry was also employed to quantify cell surface marker expression.
In this case, after harvesting the cells, they were then immunolabelled before analysis.
This was performed following a similar procedure to that for ICC described in section
2.2.2. However some modifications were made to the protocol, due to the transition
from staining cells on a culture surface to a cell pellet. The cells to be analysed were
harvested and dissociated into single cells using trypsin. A plugged glass Pasteur
pipette could be used to encourage the dissociation of the cells. The cells were
centrifuged at 1200 rpm for three minutes and the supernatant removed. The cells
were fixed by re-suspending the pellet in 4 % PFA and left at room temperature for
ten to fifteen minutes. The cells were centrifuged again at 1200 rpm for three minutes
and the supernatant removed. Should localisation of intracellular markers be desired,
the pellet was then resuspended in 0.5 % saponin and left at room temperature for a
further ten to fifteen minutes; this step was omitted for cell surface marker analysis.
The cells were then washed with ice-cold DPBS, centrifuged at 1200 rpm for five
minutes and the supernatant discarded. The pellet was then resuspended in 1 % BSA
solution and left for thirty minutes at room temperature to allow for blocking of nonspecific binding. The cells were centrifuged again and the supernatent removed.
The pellet was then re-suspended in primary antibody diluted 1:200 in 1 %
BSA and the solution left at room temperature for one hour in the dark. The cells were
then washed three times by centrifugation at 1200 rpm for five minutes, with resuspension in ice-cold DPBS in each case. After the third wash, the pellet was resuspended in 1:500 diluted secondary antibody and consequently left at room
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temperature in the dark for one hour. Following a further three wash and
centrifugation steps as before, the pellet was re-suspended in 400 µl cold DPBS and
then analysed immediately on the Guava EasyCyte. Again, the addition of ViaCount
Flex reagent to the cell samples helped to highlight the nucleated cell population.
Where hESCs that had been in feeder coculture were analysed, mEFs alone
were harvested from separate unused feeder plates and stained following the correct
protocol for analysis as a control sample. In some cases, quantification of cell
viability and concentration was the sole purpose of the flow cytometry analysis, in
order to calculate seeding densitites, for example. Here, no ICC protocol was
necessary and the cells were simply harvested, dissociated into single-cells and
analysed immediately, with the addition of an appropriate viability marker. The cell
number was calculated and correlated with the total cell number in the suspension
harvested.
Some flow cytometry analysis was performed on a CyAn ADP HighPerformance Flow Cytometer (Beckman Coulter Inc.) at the Wolfson Institute for
Biomedical Research, University College London. This flow cytometer was only
utilised for a small amount of analysis on the hESCs and this has been indicated
within the results presented in Chapter 3. 10,000 events were acquired for each
sample. All results were gated on a cell population highlighted from a dot-plot of the
forward scatter signal versus the side scatter signal; this was able to distinguish
nucleated cells apart from both debris and dead cells. Unstained cells were then
analysed through both channels to check no background fluorescence was present
which could potentially falsify the results. Secondary antibody controls were then
used to set the gate for positive antibody signal and non-specific binding signal; the
gates were set here to around 1 % positive signal. Different channels were used for
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analysis of different secondary antibodies, depending on the wavelength of the
emitted fluorescence of the antibody; the peak emission wavelength for FITC is
around 520 nm which was analysed on the green channel, whilst for PE it is around
578 nm which is in the orange region of the EM spectrum and was thus analysed on
the red channel. The data were then analysed on the associated graphics software,
Summit 4.3 (Dako).

2.2.4 Rheology studies

Rheological studies were performed in collaboration with Mayur Yaul and Dr
Rajinderpal Bhatti at the School of Engineering, University of Greenwich, Kent, UK.
Rheological measurements were taken of CaAlg/mEF layers to quantify a few
of the mechanical characteristics of the system. After construction and culture, the
CaAlg/mEF layer was cut out of the transwell using sterile needles attached to
syringes. The layer was then placed onto the bottom plate of a Gemini Advanced
Rheometer (Bohlin Instruments). This was a parallel-plate rheometer, incorporating
technology optimised for stress and strain controlled operations.
A variety of tests were performed on the layers, with a new layer used for each
new set of measurements. A viscosity test was carried out to measure the viscosity as
a function of shear rate, which involved rotating the top plate at increasing shear rates
and measuring the shear stress as an output. A dynamic oscillatory test was performed
in order to measure both the viscous and elastic moduli as a function of frequency.
This involved measuring the strain and stress, whilst the top plate oscillated at
increasing frequencies. Finally, a creep compliance study was performed, which
measures the ability of the gel to recover from applied stress within its viscosity limit.
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2.2.5 Polymerase chain reaction

At all stages described in this section, Gilson pipettes were used with sterile pipette
tips. Extreme care was taken to ensure that new pipette tips were used for each
manipulation, to minimise the chance of possible contamination of DNA samples.
Separate Gilson pipettes were used for handling cDNA and RNA, as well as for
preparing the reactions.

2.2.5.1 Reverse Transcriptase-Polymerase Chain Reaction

Reverse transcriptase-Polymerase Chain Reaction (rt-PCR) was performed in order to
amplify intracellular pluripotency genes. The cells were harvested via trypsinisation
(or a separate protocol, depending on where they were harvested from) and the cell
suspension centrifuged at 1200 rpm for three minutes. The supernatant was removed,
the pellet re-suspended in DPBS and the cells were centrifuged again at 1200 rpm for
three minutes. After this step, the supernatent was removed and the pellet immediately
frozen at –20 °C.
The first stage of rt-PCR involved extracting the RNA from the cells and this
was done using a RNeasy Mini Kit (Qiagen, Hilden, Germany). Once the pellet was
thawed, the cells were lysed, the suspension fixed and then purified on a spin-column.
An on-column DNase treatment was carried out in order to minimise DNA
contamination. The RNA was eluted into a 40 µl volume; further elution into a
additional 40 µl volume was possible, should it be predicted that enough genetic
material be present. The RNA was then stored at –80 °C to ensure no endogenous
activity could occur. Where cell concentrations were low and hence only a reduced
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amount of material was available for RNA extraction, the RNeasy Micro Kit (Qiagen)
was utilised instead. This protocol involved the use of spin columns with a smaller
diameter and allowed for a final elution of RNA into a 14 µl volume, of which 12 µl
total volume could be recovered from the column.
The reverse transcription of c-DNA from the RNA templates was then carried
out using an Ambion RETROscript kit (Applied Biosystems Inc., Foster City, CA,
USA). The amount of RNA present in the samples was first quantified using a
NanoDrop Spectrophotometer ND-1000 (Thermo Fischer Scientific Inc.). The
reverse transcription was then carried out on a Veriti 96-well Thermal Cycler
(Applied Biosystems Inc.) with 1.5 µg of RNA. The protocol consisted of one hour at
42 °C to allow for DNA synthesis, followed by ten minutes at 92 °C to allow for
inactivation of the DNAse enzyme and subsequent holding at 4 °C. The c-DNA was
stored at –20 °C, until ready to amplify via PCR.
The PCR amplification was then performed using the BIOTAQTM PCR kit
(Bioline, London, UK) A master mix for each gene was formulated, including
forward and reverse primers for each gene, spare deoxyribonucleotide tri-phosphates
(dNTPs) in order to fabricate the DNA sequence and the enzyme Taq polymerase,
used to amplify the DNA. c-DNA from the samples was added to the reaction tubes,
along with the master mix for each gene. RNA from each sample was used as a
control and a reaction control (a blank sample, consisting of the master mix alone)
was also run. The PCR was carried out on the thermal cycler following a program of
fifteen minutes at 95 °C to first denature the DNA template into single strands, forty
cycles of 94 °C for fifteen seconds, 55 °C for thirty seconds and 72 °C for thirty
seconds to enable amplification of the genes of interest (55 °C corresponding to the
correct annealing temperature of the genes used) and finally 72 °C for five minutes to
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allow for any incomplete strands to be fully synthesised. The amplified DNA product
was removed from the cycler upon completion and stored at –20 °C.
A number of genes were targeted throughout the course of this project. For
hESC analysis, the pluripotency markers Oct4, Nanog and the housekeeping genes

βactin and glyceraldehyde 3-phosphate dehydrogenase (Gapdh) were targeted. The
primers used to target these genes had previously been designed by Minal Patel at the
Department of Biochemical Engineering, UCL. Regarding the mESCs, the
housekeeping gene βactin was the only gene targeted. This was because the rt-PCR
method was merely used to check for successful fabrication of the c-DNA strand, so
that qPCR could then be employed (see section 2.2.5.2 below). The primer for this
gene had been designed by Diana Hernandez at the Department of Biochemical
Engineering, UCL. Appendix 7.1 shows the sequences of these five primers.
The DNA fragments were then separated out by size on an agarose gel via
agarose gel electrophoresis. First the buffer was prepared: a 50 x stock tris-acetateEDTA (TAE) buffer solution was prepared by dissolving 242 g tris-base (Sigma) in
deionised water mixed with 57 ml acetic acid (Sigma) and 100 ml 0.5 M EDTA
solution (Sigma). The volume was brought up to 1 litre with deionised water. This
was diluted before use at a ratio of 1:50 with deionised water, to result in a 1 x
solution. Latterly, tris-borate-EDTA (TBE) buffer was used in replacement to the
TAE solution. This was due to it having a greater buffering capacity and thus able to
give sharper resolution during the electrophoresis. A 10 x stock solution was made by
dissolving 108 g tris-base and 55 g boric acid (Sigma) in 960 ml deionised water
mixed with 40 ml 0.5 M EDTA solution. Again, this was diluted before use to result
in a 1 x solution.
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A 1.8 % agar (Sigma) gel was then fabricated in the appropriate buffer, with a
comb in place to form lanes thus allowing for the loading of the PCR product. The
relatively high percentage strength gel was fabricated to allow for better separation of
the small DNA fragments that were being analysed. The percentage strength of the gel
had to be appropriate for the size of the gene fragment that had been amplifed and
also strong enough to withstand the temperature induced by the voltage.
After the gel had been constructed and left to set, the comb was removed and
it was placed into the electrophoresis chamber. Extra buffer was then poured into the
tank, for use as running buffer. SafeView Nucleic Acid Stain (NBS Biologicals) was
used to stain the DNA fragments on the gel. The PCR product was loaded along with
Gel Loading Dye (New England BioLabs) in order to help visualise the degree of
separation of the product, as well as ensure that the product is sufficiently dense so as
not to be lost in the running buffer. The lid was closed and a current between 80 to
100 volts was applied using a PowerPac Basic power supply (Bio-Rad Laboratories,
Hercules, CA, USA) for between thirty to fifty minutes, depending on the size of the
gel. The current was halted and the gel removed from the tank and imaged using a Gel
Doc 2000 UV transilluminator (Bio-Rad Laboratories) in order to visualise the
position of the bands in the various samples.

2.2.5.2 Real Time or Quantitative Polymerase Chain Reaction

Once successful fabrication of the c-DNA strand had been indicated via PCR
amplification of a gene known to be present within the cell, the c-DNA could then be
used for real time quantitative PCR (qPCR) analysis. As opposed to the rt-PCR
described above in 2.2.5.1, qPCR is able to amplify the target DNA molecule whilst
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simultaneously quantifying the amount present. The qPCR employed in this research
was carried out to determine the exact number of specific sequences in a DNA sample
by normalising to the number of sequences of the housekeeping gene present within
that same sample, and using a control sample to in turn compare against. (This
relative expression technique differs to absolute quantification, which can determine
the exact number of copies within each sample.)
As the DNA is amplified, production of the fragment soon reaches an
exponential phase of growth, at which point the cycle threshold, Ct, value can be
deduced. The more copies of the gene initially present results in the exponential phase
of DNA amplification being reached sooner, hence the resultant Ct value is lower.
The Ct value can be deduced due to the binding of the SYBR Green molecule to
double-stranded (ds-) DNA; the SYBR Green molecule only fluoresces once it has
intercalated the DNA. The increase in fluorescence correlating to detection of the
PCR product is measured by 96 LEDs working independently of each other and
detecting the amount of fluorphore present in each well, within an enclosed system
housing the 96-well plate.
The qPCR reaction mix was set up in MicroAmp Optical 96-well reaction
plates (Applied Biosystems Inc.). Each sample was run in triplicate to ensure
technical accuracy. Upon analysis of the curves produced, this allowed for the
possibility of one of the three data points to be excluded during the data analysis,
should any external factors (e.g., dust particles) have resulted in the datapoint being a
significant outlier from the mean. The SYBR Green PCR master mix (Qiagen)
containing the reaction components, was combined with pre-validated qPCR primers
(Qiagen) and water, at a ratio of 5:1:4 respectively. A separate master mix for each
gene of interest was prepared, combining the specific primers for that gene with the
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master mix and water. Since a total reaction volume of 20 µl was used per well of the
96-well plate and technical triplicates were desired, the SYBR Green PCR master mix
was normally combined with water and primers to result in a 60 µl total volume, per
each sample. The corresponding c-DNA was then added to this mix: 1 µl was used
per 20 µl of PCR mix. This was then aliquoted out into 3 of the wells of the 96-well
plate.
After all the necessary samples had been prepared for all genes being
analysed, a blank sample of master mix for each gene was then aliquoted into a spare
well of the 96-well plate. This negative control was necessary to check that there was
no amplification within the blank mixes before the c-DNA was added. A further
control was also aliquoted into spare wells on the plate to check that there was no
amplification in the original RNA sample too. This was made by combining the
master mix for each gene with a RNA volume corresponding to the c-DNA volume
used throughout the plate i.e. 1 µl of RNA was combined with 20 µl of the PCR
reaction mix for each gene.
Once all the samples had been checked to ensure there were no bubbles
present, the qPCR plate was sealed with a clear plastic cover so that no evaporation
could possibly occur. The plate was then stored at 4 °C until it was ready to analyse,
preferably within the same day.
When it was ready to analyse, the plate was briefly spun down in a centrifuge
to ensure that all liquid was at the bottom and no bubbles were present in any of the
wells. The plate was then placed into an Eppendorf Mastercycler EP Realplex
(Eppendorf) and the plate layout labelled within the Realplex software. The PCR was
then carried out following a modified program to that described in section 2.2.5.1.
After the initial denaturing step and the 40 cycles of amplification were both carried
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out as normal, a melting curve was then carried out in the qPCR program, to ensure
that there was only one product amplified. This encompassed fifteen seconds at 95 °C
to denature all the ds-DNA, fifteen seconds at 60 °C to allow for all the strands to
anneal back together and finally, a twenty minute interval where the temperature was
brought back up to 95 °C, over which period the rate of denaturing of the strands
could be determined. (The rate of denaturing will be dependant upon how well the
two strands were bound to begin with; this will stay constant for identical pieces of
ds-DNA, so if more than one product has been amplified then there will be different
rates of denaturing evident in the decreasing fluorescence value). After the program
had finished, the 96-well plate containing amplified DNA fragments was discarded
and the data were collected and analysed using the Realplex software.
A large number of genes were targeted throughout the course of this project.
With regards to the hESCs, the pluripotency genes Oct4, Nanog, Htert and the
housekeeping genes βactin and Gapdh were targeted. These same housekeeping
genes and pluripotency markers, along with Sox2, were also analysed for the mESCs,
as well as the three germ line markers Sox17, BrachuryT and Nestin. For
characterisation of the neuronally differentiated mESCs, further neuronal markers
were looked at, including Pax6, NCam1, βIIItubulin, MapII, Th, Cnp and Gad2.
For all these genes, it was vital to perform standard curve analysis to check the
efficiency of the reaction for each of the pairs of primers for each gene. The standard
method for calculating relative expression with the Database Tool software
(Eppendorf) utilised the equation:
2 ∆∆Ct
where ‘∆∆Ct’ corresponds to the difference in expression between the
housekeeping gene and the gene of interest for the control sample i.e. the calibrator,
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subtracted from the equivalent difference in expression but for the sample being
analysed.
However, in this calculation the efficiencies of the primers are assumed to be
the same, specifically 2. This is in actual fact not always the case, since different
primers will have different efficiencies of conversion of the DNA into copies. Small
differences in primer efficiency will be amplified after many cycles of DNA
synthesis, thus it is essential to incorporate these efficiencies to result in an accurate
relative expression. To calculate the efficiency of a primer, a standard curve can be
produced by using serial dilutions of c-DNA combined with a SYBR Green PCR
master mix, for genes known to be present within that cDNA sample. Once the
efficiency is deduced, an alternative equation can be utilised to calculate the
expression as described later.
Here, standard curves were produced for all the genes of interest for both the
mESCs and the hESCs. Following the same protocol as described above for setting up
a qPCR plate, after 1 µl of cDNA had been combined with 20 µl of the PCR master
mix and then aliquoted into the plate (in triplicate), then a serial dilution of 1:10, 1:50
and 1:100 was made up. This was fabricated by combining 1 µl of cDNA with 9 µl,
49 µl and 99 µl of water, respectively. 1 µl of these separate dilutions were then in
turn combined with 20 µl of the PCR master mix and aliquoted into the plate in
triplicate. The plate was then analysed on the Eppendorf Mastercycler and a graph of
the Ct value versus the number of copies of DNA (i.e. dilution of DNA) plotted. The
unit of the axis containing the number of copies of DNA data was arbitary; since it
was the slope of the graph that was to be used for further calculations, it was not vital
as to whether it was serial dilution or actual amount of DNA plotted. The slope of this
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graph could then be used to calculate the efficiency of the primer according to the
Pfaffl equation (Pfaffl, 2001):
E = 10 [-1/slope]
where ‘E’ corresponds to the efficiency of the primer and ‘slope’ corresponds
to the slope of the graph of Ct value on the y-axis versus number of copies of DNA on
the x-axis. The different efficiencies that were calculated for each primer used for the
mESCs following the standard curve analysis are shown in appendix 7.6, whilst those
calculated for the primers used for the hESCs are shown in appendix 7.3.
Once the efficiencies of the different primers had been quantified and the
differences were evident, the Pfaffl method could then be utilised to calculate the final
relative expression using the Ct values for the different samples and taking into
account the different efficiencies of the gene of interest and the housekeeping gene.
The expression of an unknown sample versus a control, in comparison to a reference
gene, was calculated according to the following:
x = ∆Cttarget(control-sample) and y = ∆Ctref(control-sample)
R = Etargetx
Erefy
where ‘Etarget’ and ‘∆Cttarget(control-sample)’ corresponds to the efficiency of
the target gene as deduced from the standard curve analysis previously and the
expression of the target gene within the unknown sample subtracted from the control
sample, respectively; ‘Eref’ and ‘∆Ctref(control-sample)’ refer to the corresponding
efficiency value and Ct deviation for the reference gene.
It is important to note here that whilst it is possible to compare expression of
genes within the same 96-well plate, the same cannot be said for multiple plates, even
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if the same c-DNA samples are being used. The inter-plate variability is unquantifiable and thus does not allow for accurate comparisons to be made.

2.2.6 Confocal microscopy

Samples were stained either with DAPI alone, or with primary and secondary
antibodies, following the procedure described in section 2.2.2 and were analysed
using confocal microscopy. This was initially carried out at the Wolfson Institute for
Biomedial Research at University College London (Cruciform Building, London,
UK), but latterly, data were captured in collaboration with Dr Laila Kudsiova at
King’s College London (Franklin-Wilkins Building, London, UK).

2.2.7 Non-linear Optical Imaging

Non-linear optical imaging (NLO) was performed in collaboration with Dr Uday
Tirlapur and Professor Zhanfeng Cui at the Department of Engineering Science,
University of Oxford.
NLO was performed on CaAlg/cell layers only. CaAlg/cell layers were
constructed and cultured for a known period of time, then removed from their
transwell’s using a 19 G needle (BD Microlance) attached to a 20 ml syringe (BD
Plastipak). The transwell membrane was peeled off the bottom of the alginate layer.
The layers were then fixed with 4 % PFA and immunostained, following the protocol
described above in section 2.2.2. The only alteration to the ICC protocol described in
2.2.2 was that DPBS manufactured with CaCl2 (BioWhittaker) was used as the solute
during the staining protocol and as the covering solution after the fixing had taken
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place. This was to ensure minimal elution of calcium ions from the CaAlg/cell layers,
which could result in loss of integrity within the layer. Also, to ensure efficient
staining across the layer, the primary antibody was incubated for one hour at 5 % CO2
/ 37 °C, instead of at room temperature.
A BioRad Radiance 2100 MPD laser-scanning and control system (Carl Zeiss
GmbH, Germany) was used in order to align, attenuate and scan the beam across the
sample, which was in turn coupled to a Nikon E600 FN upright microscope (Nikon
UK Ltd). Image analysis was then performed on processed images from an Imaris 4.0
(Bitplane Ag, Switzerland).

2.2.8 Statistical analysis

Where biological repeats were performed in cell culture experiments, this has been
indicated. Significant differences between data points from these experiments were
calculated using a paired student’s t-test, unless otherwise indicated. Where the data
were significant (p < 0.05) this has been indicated with ‘*’, very significant (p < 0.01)
indicated with ‘**’ and extremely significant (p < 0.001) indicated with ‘***’.
Percentage increases were calculated based on the initial and final values reached and
are displayed as numbers rounded to the nearest whole percentage. Fold increases
were calculated as one fold increase corresponding to a 100 % increase and have been
displayed rounded to one decimal place.
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2.3 Alginate as a matrix to immobilise feeders for an alternative culture system

This section describes how calcium alginate, CaAlg, was investigated for use as a
material to immobilise mEFs within and form a layer suitable for maintaining hESC
growth and self-renewal.

2.3.1 Construction of layers

2.3.1.1 Construction of calcium alginate layers

Calcium alginate layers were first constructed without cells to investigate the method
of assembly. Preliminary investigations involved weighing a specific amount of
alginate for reconstitution from the vial using sterile tweezers and then manipulating
the alginate within the safety cabinet. However, sterility issues arose during culture
and this method was abandoned. Consequently, in all future experiments the entire
vial of sterile alginate was reconstituted in situ using a sterile needle and placed on a
SRT2 roller-mixer (Stuart) for a minimum of two hours to allow for complete
dissolution.
One 250 mg vial of sterile Pronova SLG100 sodium alginate (NaAlg;
NovaMatrix, FMC Biopolymer, Norway) was reconstituted in 25 ml of 2-(Nmorpholino) ethanesulfonic acid (MES) buffer; made using 0.1 M MES (SigmaAldrich), 0.3 M NaCl (Sigma-Aldrich) and ~7 ml 1 M NaOH, in 100 ml distilled
water (BioWhittaker). 12 ml was removed from the vial using a 50 ml syringe (BD
Plastipak) and a 19 G needle and six 1, 2 or 3 ml aliquots were syringed into a 6well flat-bottomed culture plate. 5 ml of 1 % CaCl2 (Sigma-Aldrich) solution was
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pipetted into each well covering the alginate and the plate was left for ten minutes.
The excess CaCl2 solution was then removed, each alginate disc was rinsed with 5 ml
DPBS and 5 ml of medium (same type as used for NNF culture) was added into each
well, on-top of and around the layer, before incubating the plate at 5 % CO2 / 37 °C.

2.3.1.2 Construction of calcium alginate/neonatal fibroblast layers

Following the success of the above method, a further six CaAlg layers were
constructed this time containing NNFs and following a revised protocol using
transwells to aid homogeneous gelation. 60 mg of sterile Pronova SLG100 NaAlg
(NovaMatrix) was reconstituted in 3 ml calcium-free Dulbecco’s modified Eagle’s
medium (DMEM; Gibco Invitrogen) to make a 2 % alginate solution. Three flasks
of confluent NNFs at P18 were trypsinised, the cells harvested, re-suspended in
normal culture media (IMDM + 10 % FBS) and counted. The cell suspension was
divided into two; one half was centrifuged at 1200 rpm for three minutes, the
supernatant removed and the pellet re-suspended in 1.5 ml normal culture media. The
other half was also centrifuged at 1200 rpm for three minutes, but then 2 ml of a 1:200
solution of Bis-Benzamide (DAPI) was added to the cell pellet in order to stain the
cells’ nuclei and the suspension was incubated at room temperature for ten minutes.
After the time had elapsed, 20 ml of DPBS was added, the suspension was
centrifuged, the supernatant removed and the pellet re-suspended in 1.5 ml normal
culture media.
The two centrifuge tubes of normal cells and DAPI stained cells were both
mixed carefully with 1.5 ml of the 2 % alginate solution, to make a final 1 %
NaAlg/NNF suspension. 0.5 ml, 1 ml and 1.5 ml respectively of each of the stained
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and the non-stained NaAlg/NNF suspension was then dropped into six 0.4 µm pore
size, 6-well format, 30 mm diameter transwells (Millipore, Watford, UK), which were
then placed into a 6-well flat-bottomed culture plate already containing 5 ml CaCl2
solution in each well. The well plate was incubated at 5 % CO2 / 37 °C for one hour,
after which the transwells were transferred into a fresh 6-well plate, already
containing 4 ml normal culture media in each well and which had been equilibrating
in the incubator for thirty minutes previously. A further 4 ml of culture media was
added above the CaAlg/NNF layers inside the transwell and the constructs were
returned to the incubator.
After one day in culture, the media surrounding the transwell and on top of the
CaAlg/NNF layer was changed for fresh media and subsequently the media was
changed every four days.

2.3.1.3 Construction of calcium alginate/mouse embryonic fibroblast layers

CaAlg/mEF layers were constructed following a similar protocol to 2.2.1. A variety of
sterile sodium alginates were obtained, including SLG100, SLM100, SLG20, SLM20
and NOVATACH-RGD peptide coupled alginate, NaAlgRGD (all FMC Biopolymer).
All alginates were reconstituted in situ with Ca-free DMEM to a concentration of 2 %
using a 25 ml syringe (BD Plastipak) and a yellow 19 G needle.
Along with seeding normal mEFs within the alginate, mitotically inactivated
mEFs were also seeded, in order to evaluate the necessity of inactivating the mEFs
before seeding in alginate. (Mitotic inactivation is the normal procedure followed
when constructing mEF feeder layers for hESC culture, in order to reduce the
proliferative capabilities of the mEFs; see section 1.4). These cells were inactivated
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with mitomycin-C following the protocol discussed in section 2.1.4.1. MEFs in
normal T-25 culture (or mitotically inactivated mEFs in T-25 culture) served as
controls, along with alginate only layers. In all cases, mEFs were used at a maximum
subculture number of 7, alike to normal feeder layer construction.
MEFs were harvested via trypsin and counted using a haemocytometer. The
cells were then combined with the reconstituted alginate to result in 1 % alginate, with
a cell concentration of 1 x 106 cells per 1 ml of alginate (1 x 106 cells/ml). For cellfree alginate layers, an equivalent amount of Ca-free DMEM was combined to result
in 1 % alginate instead. Some layers were also constructed using 0.5 % alginate,
simply by diluting the 2 % alginate at a ratio of 3 to 1 with cell suspension, though
still resulting in 1 x 106 cells/ml. 150 µl aliquots of the NaAlg/mEF solution were
dropped into 0.4 µm 12 mm sterile cell culture inserts (Millipore), and the inserts
placed into a 24-well plate, each well containing 0.5 ml 1 % CaCl2 solution. A
smaller volume of NaAlg/mEF solution could be used in this case since the cell
culture inserts (transwells) used were much smaller, suitable for a 24-well plate
culture format. The plate was incubated at 5 % CO2 / 37 °C for one hour in order for
full gelation of the layer to occur, after which time the transwells were transferred into
a 24-well plate containing 0.5 – 1 ml pre-equilibrated complete MEF media.
Additional MEF media (0.5 – 1 ml) was aliquoted on top of the CaAlg/mEF layers
and the plate was returned to the incubator where it was cultured with media changes
every one to two days until required for analysis or hESC seeding.
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2.3.1.4 Construction of calcium alginate/mouse embryonic stem cell layers

CaAlg/mESC layers were constructed to investigate the effect of the alginate on the
pluripotency of the mESCs. Oct4-GFP mESCs were trypsinised as normal (see
section 2.1.3) and counted using a haemocytometer. A portion of the cells were then
seeded into NaAlg at a range of 5 x 105 to 1 x 106 cells per ml and cast for one hour
with CaCl2 as normal. Remaining cells were seeded onto pre-gelatinised T-25 flasks
at a density of 5 x 105 cells per flask as controls. A small sample of the cells was
taken before seeding into the two conditions and this was analysed by flow cytometry
in order to measure the GFP expression before seeding in alginate. ViaCount Flex
reagent was combined with the cell suspension in order to highlight the nucleated cell
population.
Various modifications were made to the CaAlg/mESC construction protocol
after analysis of the mESCs post immobilisation. Gelatin was added during
construction of the layers, at a concentration of 0.02 % per ml of 1 % alginate. Layers
were constructed in both the larger 30 mm transwells and in the 12 mm transwells,
and the alginate was also reconstituted in mESC complete medium for some
investigations. It was also investigated as to whether or not lack of oxygen to the cells
might be affecting their survival ability within the alginate and so the layers were
cultured on a shaker at 40 revs/minute in order to address this issue.

2.3.1.5 Construction of calcium alginate/human embryonal carcinoma cell layers

The alginate immobilisation method was also used to investigate whether it could be
an accurate way of measuring the size of the cells encapsulated within. NTERA-2
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cells are human embryonal carcinoma stem cells and share many characteristics with
human embryonic stem cells, hence are appropriate for use as a model cell line.
CaAlg layers were constructed using one T-25 flask of NTERA-2 cells at P47
following the revised transwell protocol described in section 2.3.1.3, using 1 ml of
NaAlg/mEFs per 30 mm transwell.
After cross-linking and two to three hours of culture at 5 % CO2 / 37 °C, one
of the layers was removed from its transwell by cutting round the membrane using a
yellow 19 G needle attached to a 20 ml syringe and peeling it off the membrane. It
was then placed on top of a Tiefe-Depth Profondeur 0.100 mm, 0.0025 mm2
Neubauer improved bright-line haemocytometer (Marienfield, Germany), which was
observed under a phase-contrast microscope, in order to quantify the cell size.

2.3.2 Dissociation of the alginate/cell layers

In order to harvest the cells from the layers, the CaAlg had to be dissolved and the
cells extracted; this was done using trisodium citrate solution (Read et al., 2001). 0.2 g
sodium citrate (Sigma-Aldrich) was dissolved in 20 ml T-E (Sigma-Aldrich) to make
a 1 % sodium citrate solution. DMEM was also investigated as a solute for the sodium
citrate powder; this is described in more detail in Chapter 3. The transwell containing
the CaAlg/cell layer was removed from the well plate and the surrounding media on
top removed. The layer was then cut out from the transwell membrane using a yellow
19 G needle attached to a 20 ml syringe and placed into a centrifuge tube containing a
known volume of the 1% sodium citrate solution. The centrifuge tube was placed into
the incubator for ten minutes, with occasional gentle agitation to aid dissolution. This
dissolution part of the method was modified with respect to time in the incubator and
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agitation, a combination of time spent at 5 % CO2 / 37 °C in the incubator and time
spent on a roller-mixer at room temperature was found to be optimal.
Once the layer had dissolved completely, the T-E solution was quenched with
a known volume of normal media and the contents were centrifuged at 1200 rpm for
five minutes. The supernatant was removed from tube, the pellet re-suspended in a
known volume of normal media and the tube centrifuged again. The supernatant was
removed once more and the pellet re-suspended in the minimum volume of complete
media. The cells were then ready to be analysed on the haemocytometer or by flow
cytometry.

2.3.3 Culture of human embryonic stem cells on calcium alginate / mouse embryonic
fibroblast layers

hESCs were seeded onto CaAlg/mEF layers, at a range of seeding densities and onto a
range of alginate types. The layers were constructed from between one and seven days
before seeding of hESC.
Before seeding the hESCs, the MEF media surrounding the layers was
replaced with complete hESC media and the plate placed back in the incubator to
equilibrate for one to two hours. Following the normal subculturing procedure for
MEL-1 or SHEF-3 hESCs as described in section 2.1.4.4, hESC clumps were seeded
onto CaAlg/mEF layers. A seeding ratio of 1 T-25 to 8 layers was used for the SHEF3 hESCs whereas, due to the slow expansion rate of MEL-1 hESCs, varying amounts
of these cells were seeded on the CaAlg layers. HESC growth on the CaAlg/mEF
layers was monitored and the media was changed every day for fresh hESC media
using a P200 Gilson pipette with sterile filter tip attached. Care was taken during
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media changes to ensure that the hESC clumps were not removed from the culture if
they had not fully attached to the CaAlg/mEF layer.
HESC clumps were harvested from the layers using a P200 Gilson pipette and
sterile filter tip. The cells were then either re-seeded onto inactivated mEF feeder
layers in IVF dishes or directly immunostained for flow cytometry following the
protocol described in section 2.2.3. Some hESCs were also subcultured directly onto
another CaAlg/mEF layer, after being manually dissected using a sterile syringe and
needle, in order to reduce the clump size. These cells were subcultured a total of three
times between successive CaAlg/mEF layers, with daily media changes. The cells
were then finally re-seeded onto inactivated mEF feeder layers in IVF dishes, as
mentioned above.
Growth of the re-seeded clumps was monitored and the plates were either
fixed with 4 % PFA for twenty minutes at room temperature after three to four days of
attachment and growth, or subcultured again onto further standard mEF feeder layers.
Used CaAlg/mEF layers were fixed in 4 % PFA for periods varying between
twenty

minutes

and

an

hour,

and

some

were

stained

via

standard

immunocytochemistry techniques (see section 2.2.2) and analysed via confocal
microscopy (see section 2.2.6).

2.4 Cross-linked gelatin substrates

This section describes how cross-linked gelatin (GXG) substrates were prepared and
used to culture mESCs over a variety of matrix elasticity values. The protocol for the
fabrication of the substrates was sourced from Dr Andrew Pelling at the London
Centre for Nanotechnology, Gordon Street, London, UK.
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2.4.1 Cross-linked gelatin substrate preparation

Porcine skin Type-A gelatin (Sigma) was diluted for an appropriate concentration in
either water or DPBS in a duran bottle, autoclaved to dissolve and then refrigerated
until use. A wide range of gelatin concentrations was investigated including 2 – 6 %
in water and 3 – 6 % in DPBS. The corresponding Young’s Modulus, E, to each
different concentration in each solute was quantified using AFM performed
previously by Dr Andrew Pelling; appendix 7.4 contains the E values for each of the
gelatin strengths used, as well as how one of the E values, for 2 % gelatin in H2O, was
estimated.
To constuct GXG plates, the gelatin solution was first warmed in a water bath
at 37 °C for around fifteen minutes, to become more pliable and easy to manipulate.
200 µl of 50 % EM grade glutaraldehyde (Sigma) was then added to 2 ml of the
gelatin solution i.e. at a ratio of 1:100, vortexed and immediately poured into a 6 cm
diameter tissue culture dish. This process was later scaled down to be suitable for use
in 6-well plates, where 0.7 ml of gelatin/GA solution was placed into each well to
construct the layer. Due to the viscous nature of the gelatin and the ease by which
bubbles were formed after vortexing, 1 or 2 ml of excess gelatin/GA solution was
always prepared and the appropriate amount for construction of layers then removed
from the bulk mix.
The plates were manipulated to ensure the gelatin solution was spread evenly
across the surface without any bubbles present and the plate was placed into a crude
humidity chamber and left overnight at 2 – 6ºC to fully cross-link. (The humidity
chamber was constructed by placing paper towel soaked in H2O within a large plastic
culture surface, which could enclose a few of the GXG plates at a time; this method
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helped to maintain a humid environment for the plates to cross-link in overnight, thus
eliminating the possibility of cracking of the surface.)
The next day, the GXG plate was placed in the incubator at 5 % CO2 / 37 °C
for one hour to warm up and equilibrate thoroughly. Meanwhile, aliquots of NaBH4
were weighed out into sterile 25 ml centrifuge tubes and DPBS was chilled to ice-cold
temperature. After the GXG plate had thoroughly equilibrated, any residual
glutaraldehyde was then reduced using the NaBH4. An appropriate volume of ice-cold
DPBS was added to the NaBH4 to result in a 1mg/ml solution, which was vortexed
and then immediately the tube opened up within the hood, to release the evolved H2
gas. This stage was often carried out in a chemical flow hood, due to the nature of the
evolved H2 gas. A known volume was removed from the tube using a sterile syringe.
A sterile syringe filter was then attached to the end of the syringe and the solution
aliquoted through the syringe filter onto the pre-equilibrated GXG surface. 3 ml of the
NaBH4 solution was then added to the GXG surface within the 6 cm TC dishes; this
was scaled down to 2 ml on the 6-well format GXG surfaces. The solution was
quickly swirled across the whole surface of the plate and the plate then placed into the
fridge and kept at 4 °C for one hour.
Following this, the NaBH4 solution was removed from the culture surface and
the plate was thoroughly washed with DPBS three times, to ensure maximum removal
of the toxic reducing agent. Complete media was then added to the plate and it was
placed into the incubator for a minimum of five hours, after which the cells could be
seeded.
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2.4.2 Culture of mouse embryonic stem cells on cross-linked gelatin substrates

Once the GXG substrates had been prepared and equilibrated following the protocol
described above, they were then ready to be seeded with mESCs.
The mESCs were harvested typically on day 2 after subculturing and a sample
was analysed via flow cytometry on the Guava EasyCyte to obtain cell numbers along
with base GFP fluoresence. The GXG plates were removed from the incubator after
the minimum time of five hours had passed and the equilibrating media removed. The
mESCs were then seeded onto the substrates at a known seeding density. (Any
remaining cell population not seeded at this stage was harvested via centrifugation, so
as later on in qPCR analysis it could be used as a control value for the normalisation
of the data).
It is important to note that in all GXG experiments control cultures were made
using cells seeded at the same density as used for the GXG substrates onto normal 0.1
% gelatin pre-coated tissue culture plastic. This pre-coating was the standard protocol
for mESC subculturing; alongside the LIF supplementation, gelatin pre-coating was
essential for attachment of mESCs and maintenance of pluripotency in the absence of
feeder cells. This protocol is described in section 2.1.3 and the gelatin coating the
surface was always removed before adding the cells.
The plates were then placed back into the incubator at 5 % CO2 / 37 °C and
often left for two to three days before the first media change, to promote attachment to
the surface. The cells were then closely monitored until they were ready to be
analysed. In some cases, the cells were then fixed and stained in situ following the
ICC protocol described in section 2.2.2. Often though, the cells were harvested from
the GXG substrates according to the protocol described in section 2.4.3.
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Other than maintenance of pluripotency in media containing LIF, spontaneous
differentiation was induced by culturing the cells in complete media without LIF and
neuronal differentiation was induced by culturing in Culticell Ndiff RHB-A media
(Stem Cell Sciences), as described in sections 2.1.3.2 and 2.1.3.3 respectively.

2.4.3 Harvest of mouse embryonic stem cells from cross-linked gelatin substrates

After the appropriate culture period had elapsed, the cells were often harvested from
the GXG substrates in order to be analysed. Harvest from these substrates was more
challenging than standard trypsinisation from tissue culture plastic and thus the
technique had to be modified slightly.
The media was removed from the GXG plate and DPBS added. The plate was
gently swirled for one minute and the DPBS was removed; this long wash step helped
to remove more of the excess media and encourage effective trypsinisation. A known
amount of mESC trypsin was then added to the GXG substrate. 1 ml was used for the
substrates in the 6 cm dishes and 0.5 ml used on the 6-well format substrates. The
plate was placed back into the incubator at 5 % CO2 / 37 °C for three minutes. The
plate was then removed from the incubator, tapped vigourously and the degree of cell
dissociation monitored using the microscope. If the cells had been successfully
trypsinised, then they were immediately quenched with 3 ml of complete media.
However, if a large amount of cells were still attached to the surface, then the plate
was placed back into the incubator for a further two minutes and upon the second
removal from the incubator, the plate was then tapped again and the trypsin quenched
with complete media. If a proportion of the cells still remained attached to the culture
surface, which was evident in some of the longer differentiation cultures on GXG
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substrates, then a sterile 24 cm cell scraper (TPP, Switzerland) was utilised to help
dislodge the remaining cells. Care was taken when using this tool; sufficient pressure
had to be exerted in order to successfully remove the cells from the surface, but not
too much force to result in disruption of the GXG layer to any degree, as the soft
nature of the substrate meant that it was easily broken and parts of the layer could
then float up into the surrounding media.
The cells were then ready to be analysed via flow cytometry on the Guava
EasyCyte, using pI as an indicator of cell viability following the protocol described in
section 2.2.3. Once the flow cytometry data had been collected, the remaining cell
suspension was then harvested by centrifugation and then analysed by qPCR
following the protocol described in 2.2.5. This combination of flow cytometry and
PCR analysis on the same data sample helped to associate the GFP expression from
the gene of interest with the actual gene regulation, subsequently providing a rounded
view as to the effects of the GXG substrate culture on the cell differentiation pathway.
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3. Results of a novel biphasic culture method for maintenance of human embryonic
stem cells

The work presented in this chapter describes the results from the investigations into
the use of the CaAlgRGD/mEF layer for hESC culture. The novel feeder layer was
constructed using calcium alginate and mEFs as described in section 2.3. In this
chapter, firstly the culture of NNFs, mEFs, mESCs (briefly) and hESCs is described,
along with full characterisation of the hESCs. Results from preliminary alginate/cell
layer experiments are then presented, with characterisation of such layers following
these results to investigate the feasibility of the novel culture system. Finally, the
short- and long-term ability of this novel culture system to support hESC self-renewal
is

explored

and

experiments

with

hESCs

cultured

on

CaAlg/mEF and

CaAlgRGD/mEF layers are presented. A discussion around the various modifications
made throughout the experiments performed with alginate/cell layers and the
implications of the results to the developments of such novel culture systems is
included in section 3.5 at the end of this chapter.

3.1 Cell culture

This section describes how NNFs, mEFs and hESCs were thawed, cultured and
banked. Results from the full characterisation of the hESCs are presented, including
ICC, PCR and flow cytometry.
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3.1.1 Culture of NNFs

NNFs were successfully thawed, cultured, subcultured and cryopreserved. Upon
thawing, the cells were plated onto a T-25 flask, but thereafter the cells were cultured
in larger T-75 flasks. The morphology of these cells remained constant throughout
culture and they required passaging every two to three days, by which point, having
initially seeded around one million cells per T-75 flask, the cell number generally
reached around five million. There was a slight decrease in cell number towards the
later subcultures, which was expected since the NNFs reach senescence at P20. Figure
3.1 shows the morphology of NNFs at P15 after one day in culture, having been
seeded at around one million cells per T-75 flask. Full confluency was generally not
achieved until after two to three days in culture and since the cells captured in this
image had only been in culture for one day, there is still a fair amount of space left on
the culture surface for the cells to proliferate and spread into.

3.1.2 Culture of mEFs and immortalisation into a cell line

The mEF cells were successfully thawed, cultured and subcultured, and a working cell
bank was cryopreserved. After thawing, the cells were seeded in a T-25 flask, but then
generally were expanded up in T-75 flasks, which after two to three days in culture
would achieve confluency and contain around three million cells. The mEF-E1 and
mEF-E2 cell lines were faster growing than the primary cells and could survive higher
split ratios; on average, a 1:5 split would result in confluency after two days. Figure
3.2 shows images of the primary mEF cell line one day after seeding and of the
immortalised cell line, mEF-E1, at 1 day and 2 days after seeding. The mEF-E1 cells
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Figure 3.1 Phase-contrast image of neonatal fibroblasts at P15 after one day in
culture. The cells here have attached to the culture surface and have elongated (see
arrow). Image taken at 40 x magnification, with a scale bar of 50 µm in length.

Figure 3.2 Phase-contrast images of mEFs in culture. A, 1-day P3 primary mEFs at
4 x magnification, showing varied appearance, with some morphologically different
cell types visible (see arrow); B, 1-day P65 mEF-E1s; C, 2-day P65 mEF-E1s, both at
10 x magnification. Image taken at 4 x magnification has a scale bar 1 mm in length
and the images taken at 10 x magnification have scale bars 100 µm in length.
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can be seen to exhibit a more uniform morphology within the population and the
chromatin present within the nucleus of the cells is clearly visible.
DMEM manufactured with 1 g/l glucose and without L-glutamine was used
initially for mEF culture but after observing slow growth of the cells, the culture
media was supplemented with 1 % L-glutamine and 0.1 % NEAA, in addition to the
10 % FCS already added. After observing improved growth rates, the culture media
was switched to DMEM manufactured with L-glutamine and a higher glucose
concentration, 4.5 g/l. After a few cases of bacterial contamination, the culture media
was further supplemented with 1 % P-S as a preventative to future contaminations. (PS was left out during media formulation for primary mEFs that were destined for use
as feeders for hESC.)
A 300 µl sample of P1 mEF cells was analysed on the Cedex HiRes automated
cell counter and this showed the average mEF cell diameter to be 13.24 µm from a
98.9% viable cell population.

3.1.3 Culture of mESCs

Oct4-GFP mESCs were successfully thawed, cultured and banked. These cells were
only used in alginate culture briefly, hence a more detailed description of their growth
is included in Chapter 4 where more experiments were undertaken with them.
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3.1.4 Culture and characterisation of hESCs

3.1.4.1 Culture

After thawing, both cell lines grew very slowly for two to four subcultures, with
careful monitoring and subsequent subculturing around every seven days. The feeder
density was varied to ensure the highest survival rate of the young hESC colonies; for
the SHEF-3, the fewer hESCs there were, the lower the feeder density, but the MEL-1
cells were thawed onto higher confluency feeder cells. Once the cells had been
expanded up and were demonstrating normal growth patterns, the growth
characteristics of the two hESC lines varied quite significantly.
The SHEF-3 hESC line was subcultured every three to four days with media
changes every day, apart from after subculturing, when the media was changed 24-48
hours after seeding to allow sufficient time for the hESCs to attach to the feeder cells.
For each subculture, fresh feeder plates were made the day before and the hESCs
were observed to attach very well to these cells, compared to cultures of feeder cells
that had been inactivated, cryopreserved and then thawed the day before hESC
subculturing. The need for fresh feeder cells meant that there was a constant culture of
primary fibroblasts in place, so as to have the sufficient number of cells available to
inactivate. During the passaging it was possible to observe the differentiated colonies
within the culture by a difference in their morphology to the rest of the cells and these
were avoided whilst scraping the culture into the re-seeding media.
The MEL-1 hESC line was a much more delicate cell line to grow and the
human feeders they were grown on also had a slower growth and were more
susceptive to variations in population size as a result of varied split ratios compared to
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the mEFs. The hESCs had a much slower growth rate and were subcultured around
every seven days. During the subculturing of these cells, it was much more important
to select morphologically stem cell-like areas to subculture and carry over into the
fresh cultures. This necessary precision could be achieved using sterile needles to cut
selected areas out of the colonies. Figure 3.3 shows a selection of images of SHEF-3
and MEL-1 hESC at different stages of growth. The difference in cell morphology
between specific undifferentiated and differentiated areas of the cultures is quite
obvious, yet the appearance of the individual cells within colonies of the both lines is
similar.

3.1.4.2 Immunocytochemistry

Immunocytochemistry was performed on fixed hESCs to check the expression of
pluripotency markers. Markers tested included undifferentiated cell surface markers
SSEA-3 and –4, TRA 1-60 and 1-81 and pluripotency transciption factors OCT-4 and
UTF-1. The differentiation marker SSEA-1 was also used in order to highlight areas
of the cultures undergoing normal differentiation. Secondary antibodies used included
FITC, producing a signal read in the green range of the EM spectrum and Alexa Fluor
555, producing a signal read in the red range of the EM spectrum. DAPI was always
used to highlight the position of the nucleus within the cell and was key in identifying
the location of the marker in relation to the cell membrane or nucleus.
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Figure 3.3 Phase-contrast images showing SHEF-3 (left-hand column) and MEL1 (right-hand column) hESCs in culture. A, thawed SHEF-3 hESCs initially
growing slowly as adjusting to culture at 4 x magnification; B, 2-day P1 MEL-1
hESCs thawed onto a dish of confluent F-D551 feeder cells at 4 x magnification; C
and E, 7-day P32 SHEF-3 hESCs on P4 mEF feeder cells, C at 4 x magnification and
E at 10 x; D and F, 6-day P5 MEL-1 hESCs on P23 F-D551 feeder cells, D at 4 x
magnification and F at 10x; G, 6-day P31 SHEF-3 hESCs on P4 mEF feeder cells at
4 x magnification, note the non-uniform edge of colony with area’s of differentiation
present; H, 8-day P8 MEL-1 hESCs on P30 F-D551 feeder cells at 10x magnification.
The arrow in image H indicates an area of differentiation within the colony. Scale
bars at 4 x magnification are 1 mm in length and at 10 x magnification are 100 µm in
length.
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Figure 3.4 shows images of MEL-1 hESCs stained with two markers, OCT-4,
highlighted with Alexa Fluor 555 (red) and SSEA-1, highlighted with FITC (green).
Those cells that are differentiated within the colony on row A within Figure 3.4 can
be identified from the secondary antibody signal; the population of cells within the
colony to the left hand side of the image, indicated by the red arrow, are not OCT-4
positive and hence have lost their pluripotency. This was useful for future
subculturing, where areas containing cells that were morphologically similar to the
band of cells in the centre of the image (highlighted by the green arrow) that are
positive for OCT-4, were specifically selected for subculture. The presence of the
differentiation marker SSEA-1 after the cells were left to spontaneously differentiate
for eighteen days shows the cells correctly maintain an aspect of their normal
differentiation capacity.
Figure 3.5 shows immunocytochemistry images of SHEF-3 hESCs stained
with a selection of stem cell markers. The colony morphology within the phasecontrast images in the panel is slightly different to the previous images; this is because
the cells were cultured in a 24-well plate and the curvature of the surface is different
to the surface in the IVF dishes and T-25 plates. The cells can be seen to be positive
for the transcription factor UTF-1 and the surface markers SSEA-3 and TRA 1-81; all
markers for pluripotency.
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Figure 3.4 Images of immunocytochemically stained MEL-1 hESCs. Left-hand
column contains phase contrast images of the cultures, middle column contains
images of the DAPI-stained nuclei and the right-hand side column contains
fluorescence images of the signal from the secondary antibody, Alexa Fluor 555 (red)
and FITC (green). Row A and B are images of 17-day P5 MEL-1 hESCs and
demonstrate that these cells are positive for the pluripotency transcription factor OCT4; row A contains images taken at 4 x magnification and row B contains images taken
at 10 x magnification. The red arrow indicates the area of the colony that is not OCT4 positive and the green arrow indicates the area of the colony that is OCT-4 positive,
as deduced by observing the results of the second antibody attachment in the righthand side column. Row C contains images of 18-day P3 MEL-1 hESCs positive for
the differentiation marker SSEA-1, taken at 10 x magnification. Images taken at 4 x
magnification have scale bars of 1 mm in length and images taken at 10 x
magnification have scale bars of 100 µm in length.
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Figure 3.5 Phase-contrast and fluorescence images of immunocytochemically
stained 4-day P53 SHEF-3 hESCs. Left-hand column contains phase contrast
images of the cultures, middle column contains images of the DAPI-stained nuclei
and the right-hand side column contains fluorescence images of the signal from the
secondary antibody FITC (green). Row A shows images of cells stained for the
pluripotency associated transcription factor UTF-1, row B shows images of cells
stained for the surface marker TRA 1-81 and row C shows images of cells stained for
the surface marker SSEA-3. Presence of these three markers indicates pluripotency.
All pictures were taken at 10 x magnification with scale bars 100 µm in length.
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3.1.4.3 Reverse-transcriptase Polymerase Chain Reaction

Rt-PCR was performed in order to check the expression of transcription factors within
the cells’ nucleus. Primers for the pluripotency genes Oct4 (98 bp) and Nanog (105
bp) were used, along with primers for the housekeeping genes βactin (83 bp) and
Gapdh (114 bp). The latter two genes are present in all cells and thus act as a positive
control for the PCR reaction, whereas the former two genes are markers of
pluripotency and are only expressed in undifferentiated cells. Since expression of any
of these markers by one cell alone would result in successful amplification of the gene
of interest, it is not possible to quantify the degree of pluripotency of the cell
population, merely one is able to detect whether or not there are pluripotent cells
present. DNA ladders were used in each gel in order to deduce the mass and size of
the bands. HyperLadder II (Bioline) was used mainly, highlighting bands between 50
and 2000 bp long and containing three high-intensity bands at 300 bp, 1 kbp and 2
kbp.
MEL-1 hESCs were first analysed and figure 3.6 shows an image of the gel
with the amplified genes. The Oct4 gene was correctly amplified from the MEL-1
hESCs, as can be seen by the presence of the band in column D on the top row at
around the 100 bp position. However, there is also a band for Oct4 present in the mEF
control sample indicating some contamination of hESCs with the feeders and further
contamination in the mEF RNA is indicated by the band present in column C. This is
most likely due to pipetting error and harvesting technique; in harvesting the feeder
cells, some hESC could easily have been present in the cell population taken through
by accident. The Nanog PCR reaction did not appear to work here, though the
presence of the Oct4 gene does help to suggest that this was not due to a lack of
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2 kbp

1 kbp
300 bp

Figure 3.6 Image of a MEL-1 hESC rt-PCR reaction product run on an agar gel.
On the top row, columns B-F are from the OCT-4 gene and columns G-K are from the
β-actin gene; on the bottom row, columns B-F are from the Nanog gene and columns
G-K are from the GAPDH gene. Columns correspond to samples as follows: mEF
DNA (B and G), mEF RNA (C and H), MEL-1 DNA (D and I), MEL-1 RNA (E and
J) and blank PCR reaction mix (F and K). Column A contains HyperLadder II so as to
compare the size of the bands appearing on the gel; there are three high intensity
bands running from the bottom to the top of the ladder, at 300 bp, 1 kbp and 2 kbp
respectively. The ladder shows that all the products run in the gel are around 100 bp
long, correct for their length when looking at the primer sequences (refer to main
text).

Figure 3.7 Image of a MEL-1 hESC rt-PCR reaction product on an agar gel
from a repeat Nanog reaction. Columns correspond to samples as follows: mEF
DNA (B), mEF RNA (C), MEL-1 DNA (D), MEL-1 RNA (E) and blank PCR
reaction mix (F). Column A once more contains HyperLadder II (see fig 3.6 above).
There is a slight contamination evident in both the RNA from the hESC (column E)
and the DNA from the mEFs (column B).
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pluripotency in the cells. The RNA concentration of the total RNA isolated from the
hESCs was quite low and this may have contributed to a unsuccessful Nanog PCR
reaction, should the primers for the Nanog gene be sensitive to the amount of c-DNA
present. Nonetheless, both housekeeping genes were successfully amplified in the
mouse and human DNA PCR reactions and not in the reactions using their RNA.
The PCR reaction was then repeated with the primer for the Nanog gene using
the DNA previously isolated and amplified; figure 3.7 shows an image of the gel. This
time the Nanog gene was successfully amplified as shown by the band present in
column D, however a slight contamination resulted in both the RNA from the hESC
and the DNA from the mEFs. The contamination was not due to the pipetting tips
since no band was present in column F, but again there was a high chance it was due
to the harvesting method of the mEFs.
SHEF-3 cells were also analysed by PCR; an image of the gel ran of the PCR
product is shown in figure 3.8. This time, HyperLadder V was also utilised, which
highlights bands between 25 and 500 bp long and contains two high-intensity bands at
100 and 200 bp. Column D in the image shows successful amplification of both the
Oct4 and Nanog genes from the hESC DNA samples. There is no contamination with
any of the other samples for these two pluripotency genes. The band for the Nanog
gene is quite weak; this could be due again to the sensitivity of the Nanog primers to
the concentration of c-DNA present in the sample, or potentially an actual reduced
expression of this pluripotency marker. Both the housekeeping genes showed up
successfully in the hESC DNA samples, however the βactin appeared in the mouse
DNA sample also. Since both housekeeping genes are human specific they should
only appear in the human DNA samples, but some cross-reactivity can occur as
shown in column H in this figure, as well as in the MEL-1 hESC PCR reactions
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200 bp
100 bp

Figure 3.8 Image of a SHEF-3 hESC rt-PCR reaction product run on an agar
gel. On the top row, columns B-F are from the OCT-4 gene and columns H-L are
from the β-actin gene; on the bottom row, columns B-F are from the Nanog gene and
columns H-L are from the GAPDH gene. Columns correspond to samples as follows:
mEF DNA (B and H), mEF RNA (C and I), SHEF-3 DNA (D and J), SHEF-3 RNA
(E and K) and blank PCR reaction mix (F and L). Columns A and M contain
Hyperladder II and Hyperladder V (both Bioline) respectively; HyperLadder V
containing two high-intensity bands at 100 and 200 bp. As well as both housekeeping
genes, the OCT-4 and Nanog genes were successfully amplified from the hESC
sample, showing the cells to be pluripotency. The band representing presence of
Nanog was quite weak compared to the others and there was also a degree of
amplification of the β-actin gene within the mEF sample, showing the primer to be
non-human specific.
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shown in figures 3.6 and 3.7. Again, the bands for the Oct4 and Nanog genes were
positioned at the correct size in relation to HyperLadder II around the 100 bp mark
and this time HyperLadder V was utilised, also highlighting the position of the
reaction bands at around 100 bp.
qPCR was not performed on hESCs at this stage, instead performed later after
hESCs had been subjected to culture on the alginate layers.

3.1.4.4 Flow Cytometry using the Guava EasyCyte

Flow cytometry was performed on immunolabeled SHEF-3 hESCs taken from normal
culture. The surface marker SSEA-3 and the transcription factor UTF-1 were both
selected for analysis and secondary antibody only and mEF only controls were run,
along with isotype controls as normal (described in appendix 7.2). Samples of cells
without any stain at all were analysed in order to identify the initial cell population.
The ViaCount Flex reagent was used in all samples (apart from non-stained cell
samples) to highlight the viable cell population.
Figure 3.9 shows the dot plots that are seen in the Guava ExpressPlus program
from a few of the stained samples. The right-hand side plot in the figure shows SHEF3 hESCs stained with the IgM anti-mouse secondary antibody only. This negative
control sample set the level for the positive samples to be measured against; anything
above the ‘10e1’ mark on the y-axis is emitting green fluorescence and so is a positive
result.
The left-hand side dot plot in figure 3.9 shows SHEF-3 hESCs stained with a
primary antibody raised against the undifferentiated cell surface marker SSEA-3
(IgM, raised in rat) and highlighted with a secondary antibody (raised against the
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A

B

C

Figure 3.9 Dot plots of the immunocytochemically stained SHEF-3 hESCs
analysed by flow cytometry. A, SHEF-3 hESCs stained with a SSEA-3 primary
antibody and FITC secondary antibody; B, SHEF-3 hESCs stained with a UTF-1
primary antibody and FITC secondary antibody; C, SHEF-3 hESCs stained with
secondary antibody only (all IgM). 50.8 % of the cell population was positive for
SSEA-3 and 86.5 % positive for UTF-1.
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isotope IgM) that emits green fluorescence. In this case, 50.79% of the cell population
is positive for SSEA-3. Ideally, between 80 and 90 % of the cell population should be
positive for this undifferentiated cell surface marker. The low result seen here could
be due to incomplete staining from perhaps an unoptimised antibody dilution,
combined with a cell population too dense for the antibody to diffuse through
efficiently. The centre dot plot in the figure shows SHEF-3 hESCs stained with a
primary antibody raised against the intracellular pluripotency transcription factor
UTF-1, again localised with a secondary fluorescent antibody. 86.50 % of the cell
population are positive for UTF-1, thus proving a high degree of pluripotency.
Although it is more feasible to analyse the antibody stained surface markers of cells
with flow cytometry than it is to analyse the intracellular markers, this latter UTF-1
positive stain shows the sensitivity of flow cytometry in deducing the prescence of
particular factors.

3.1.4.5 Flow Cytometry using the High-Performance Flow Cytometer

Further flow cytometry analysis was then performed on SHEF-3 hESCs using the
High-Performance Flow Cytometer at the Wolfson Institute for Biomedical Research,
UCL, as described in section 2.2.3. First, T-25 cultures of SHEF-3 hESCs were
analysed by eye under a microscope and then separated by estimation of either
undifferentiated or differentiated morphology. A flask of mEF feeders was also
harvested; this was analysed as a negative control. The protocol described in section
2.2.3 was followed with two modifications: the thirty minute 1 % BSA blocking step
was omitted and hence the incubation period was reduced to twenty minutes for each
antibody to reduce the chance of non-specific binding of the antibodies, whilst the
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centrifugation speed was reduced from 1200 rpm to around 1000 rpm, to allow for
less disruption to the cells via shear stress. Three surface markers were analysed: the
undifferentiation markers SSEA-4 and TRA 1-60, along with the hESC differentiation
marker SSEA-1. All the primary antibodies were labelled with a FITC secondary
antibody. Since the markers localised in this case were not intracellular, the
permeabilisation incubation step was omitted and permeabiliser was not included in
the wash buffer.
Figure 3.10 shows dot plots and histograms from two of the cell samples
analysed. The lower panel shows the results for one of the markers, the hESC
differentiation marker SSEA-1. After setting the limit from a ‘cells only’ run (the
upper panel) it was deduced that 7.9% of the cells were SSEA-1 positive. This low
degree of SSEA-1 staining confirmed the success in the selection of mainly
undifferentiated cells during the harvesting process. However, there were some
anomalous results seen in the remaining samples, as described below.
Table 3.1 shows the results from all the markers analysed. The results from the
undifferentiated populations of cells are in agreement with the morphology of the
cells; around 60 % of the undifferentiated cells are positive for the undifferentiated
cell surface markers SSEA-4 and TRA 1-60, whilst around 8 % are positive for the
differentiation marker SSEA-1, as mentioned above. However, the results for the
‘differentiated’ cell populations are slightly dubious; a significant degree of SSEA-4
and TRA 1-60 positive staining combined with a low value of SSEA-1 indicated that
the cells were not as differentiated as initially estimated. This was quite feasible due
to the difficulty in identifying differences in morphology between undifferentiated
cells and the first stage of differentiation. Also, the degree of SSEA-1 positive
staining is also not indicative of all types of differentiation; it is in fact a marker of a
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Figure 3.10 Dot plots and histograms from two of the SHEF-3 hESC samples on
which flow cytometry analysis was performed. A, unstained cells; B, SSEA-1
stained undifferentiated SHEF-3 hESCs. Left plot indicates the entire cell population
analysed, middle plot highlights the presence of single cells and not aggregates, right
plot indicates the level of fluorescence evident. The limit for positive green
fluorescence was set at 1% from the unstained cell sample (A) and this limit was
applied to primary-secondary stained samples in order to deduce the amount of
positive fluorescence.

Cell sample analysed
Experimental:
Undiff SSEA-1
Undiff SSEA-4
Undiff TRA 1-60
Diff SSEA-1
Diff SSEA-4
Diff TRA 1-60
Controls:
Cells only (no staining)
IgG only
IgM only

Positive FITC staining
7.8%
57.6%
59.3%
18.1%
56.5%
38.6%
0.9%
0.7%
0.6%

Table 3.1 Showing the percentage of SHEF-3 hESCs positive for FITC (and thus
expressing the surface marker analysed) after flow cytometry analysis. ‘Undiff’
refers to a mainly undifferentiated population of hESC selected for harvest and
analysis judged by their morphology; ‘Diff’ refers to a mainly differentiated
population of hESC selected, again judged by their morphology. There are positive
and negative results in agreement with the morphology of the cells. The staining
controls all showed less than 1 % positive FITC staining, similar to panel A in figure
3.10.
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.specific lineage, which the cells, though differentiating, could not be following.
Importantly, the control samples all correctly resulted in less than 1 % positive
FITC staining, showing minimal non-specific staining. Feeder cells stained for the
various markers were also analysed and again minimal staining was evident, however
some of the cell concentrations were too low to be significant therefore the data have
not been presented here.

3.1.4.6 Passaging with Firepolished Microtool

During the culture of the hESCs, a collaboration between the University of
Greenwhich and UCL was set up, comprising of research into the use of firepolished
glass microtools, fabricated from a spring actuated puller, during hESC subculturing.
Figure 3.11 demonstrates how a SHEF-3 hESC colony was successfully subcultured,
by cutting into strips and small clumps using the microtool. The tip of the tool was
able to withstand a significant amount of force applied to it during cutting and did not
snap during disaggregation of hESCs. The re-seeded clumps grew into large,
compacted colonies, which stained positive for OCT-4, confirming that the cells were
still undifferentiated; this is also shown in figure 3.11.
The firepolished tools were able to cut the hESC colonies efficiently and
precisely, without scratching the culture surface. Compared to the action of normal
passaging tools, such as needles or Pasteur pipettes, the subculturing could be carried
out in a regulated and consistent manner, with the option of selecting very specific
areas to be cut. These tools have a large potential for use not only in the maintenance
of pluripotent cultures of hESCs, but also as an accurate device in protocols for
differentiation of hESCs towards functionally active somatic cells. Here, the accurate
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Figure 3.11 Phase contrast images showing a 4-day P40 SHEF-3 hESC colony
during subculturing and after re-seeding onto mEFs. Top row: A, the colony
before passaging; B, mid- cutting with the firepolished microtool; C, after the clumps
were removed, with no scratching evident on the surface of the plate. Middle row: the
re-seeded P41 clumps after a 1-day (D), 2-day (E) and 3-day (F) culture. Bottom row:
G, a phase contrast image of a colony after six days in culture and then DAPI staining
showing the positions of the nuclei within the colony and OCT-4 staining showing the
cells to be undifferentiated in the middle and right-hand columns respectively. A-F all
taken at 4 x magnification with a scale bar of length 1 mm and images in row G taken
at 10 x magnification with scale bars of length 100 µm.
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tool could serve an important part in such applications where differentiation protocols
involve the selection and removal of areas of morphologically distinct differentiation.

3.1.4.7 Immortalised mEF-E1s as SHEF-3 feeder cells

SHEF-3 hESCs were subcultured onto inactivated feeder plates made with
immortalised mEF-E1s in the same conditions and at the same density as for feeders
made from primary mEFs. The mEF-E1s successfully supported the growth of the
SHEF-3 cells and maintained their pluripotency, shown by the positive
immunocytochemistry staining for OCT-4, SSEA-4 and TRA 1-60 shown in figure
3.12. Normal differentiation also occurred within the cell populations, as highlighted
by the prescence of the surface marker SSEA-1 shown within the same figure.
One observation of the mEF-E1s in use as feeders was a small difference in
the length of time that the feeders remained attached to the plate and looked
morphologically healthy. To investigate this, fresh feeder cultures from both lines
were made at the same time in order to study the morphology over a few days. Both
feeders were seeded at the normal density overnight and the following day the mEF
medium was exchanged for hES medium without FGF2. The cultures were then
studied at 1-day, 2-days and 3-days after initially exchanging the hES medium and
their morphology analysed.
Figure 3.13 contains images of their cell morphology over the 3-day culture. A
higher number of floating cells i.e., cells that had detached from the culture surface,
appear over the course of the three days in the mEF-E1 feeder cultures (images E and
F) than in the primary feeder cultures (B and C). Within the mEF-E1 cultures there
was more cell debris visible and the cells had elongated membranes.
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Figure 3.12 Phase contrast and fluorescence images of SHEF-3 hESCs grown on
mEF-E1 feeders. A and B, phase contrast images of 4-day P42 SHEF-3 on P62 mEFE1s, at 4 x and 10 x magnification respectively; C, phase contrast image of 4-day P43
SHEF-3 on P62 mEF-E1’s at 10 x magnification. Rows D-G contain images of
immunocytochemically labelled cells, with the phase contrast image on the left, the
DAPI stained nuclei shown in the centre and the immunolabeled cells shown on the
right hand side. D, 2-day P43 SHEF-3 cells stained with for OCT-4 (Alexa Fluor
555); E, 3-day P43 SHEF-3 cells stained for SSEA-4 (Alexa Fluor 555); F, 3-day P43
SHEF-3 cells stained for TRA 1-60 (FITC); G, 9-day P42 SHEF-3 differentiated cells,
stained with a SSEA-1 primary antibody (FITC). Samples were negative when stained
with secondary antibody alone (not shown). Images taken at 10 x magnification with a
scale bar of 100 µm length, apart from image A which was taken at 4 x magnification
image and has a scale bar of 1 mm.
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Figure 3.13 Phase-contrast images of primary mEF feeders and high-subculture
mEF-E1 feeders over four days after seeding. Images A – C are feeders made from
primary mEFs after one day (A), two days (B) and three days (C) of culture after
exchanging their mEF medium for hESC; images D – F are feeders made from P62
mEF-E1 cells, again at one day (D), two days (E) and three days (F) after exchanging
their medium. All images were taken at 10 x magnification with a scale bar of 100 µm
length.

Figure 3.14 Karyotype of 2-day P106 SHEF-3 hESCs. It was performed at The
Doctors Laboratory, London. This picture was kindly donated by Alexandra Hemsley
at the Department of Biochemical Engineering, UCL, UK.
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These results indicated that the high subculture number mEFs were perhaps only
suited to short-term culture of SHEF-3, or in fact less able to withstand the harmful
effects of the DNA cross-linker mitomycin-C used to halt their proliferation during
inactivation.
It is worthwhile to note though that during the culture of the hESCs, it was
observed that feeder cells cultured on their own displayed a healthier morphology
when left in mEF medium, instead of hESC medium. In order for the feeder cells to
maintain a good morphology and remain attached to the plate, ideally the cultures
were only placed in hESC medium for 30 minutes prior to co-culturing with hESCs.

3.1.4.8 Karyotype of SHEF-3

The karyotype carried out on P106 SHEF-3 hESCs successfully showed that they had
not developed any chromosomal abnormalities, even at this high stage of
subculturing. The results are shown in figure 3.14. All chromosomes were found to be
present in the standard diploid manner and no mutations were evident.

3.2 Construction of calcium alginate and cell layers

This section describes results from the investigations into the construction of
CaAlg/NNF, CaAlg/mEF, CaAlg/mESC and CaAlg/NTERA-2 layers. Investigations
were carried out to assess if different cell types could be reproducibly immobilised
into alginate layers.
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3.2.1 Construction of CaAlg/NNF layer

The alginate layers that were formed following the first method mentioned in 2.2.1
were successfully gelated i.e. the divalent calcium ions had effectively replaced the
sodium ions in the alginate, thus successfully cross-linking the polysaccharide.
However, the resulting layers formed were very un-homogenous in their structures
and surfaces, as can be seen in the photograph of the alginate discs after construction
and demonstrated by the schematic in figure 3.15. The solid calcium alginate tended
to gather up at the sides of the discs where the alginate was in contact with the wall of
the well-plate and left thinner parts of the discs in the centre of the wells. Improving
this method was vital for uniform construction of the 3D layers.
Therefore another approach was looked into, using a transwell to allow for
diffusion of the divalent calcium ions through a 0.4 µm pore size membrane. This
protocol successfully resulted in homogeneous layers of CaAlg/NNFs, which could be
manipulated and removed from the transwells without breaking. Figure 3.16 shows
images of the six CaAlg/NNF layers in the 6-well plate culture as well as on their
own. All volumes of cell/alginate mixture produced even layers, showing the
minimum volume (0.5 ml) to be sufficient in producing a good layer, and the NNFs
were successfully encapsulated, demonstrating spherical morphology (not shown).
Reconstituting the alginate in calcium-free media resulted in a reddish colour to the
layers and was predicted as a more suitable environment than MES buffer. No cells
released into the surrounding media were observed. Changing the media one day after
construction was necessary to avoid possible build up of eluted calcium. This method
of construction of calcium alginate/cell layers was then utilised for the remaining
experiments.
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Figure 3.15 CaAlg discs after one day in culture. (A) Nonhomogeneous setting of
CaAlg can be seen by the uneven layers and bulky sections formed (see arrows). (B)
Schematic illustrating the uneven appearance of the CaAlg discs formed, with the
thicker sections in dark grey, the thinner sections in light grey and the base of the well
plate in yellow.

A

B

Figure 3.16 Images showing the six CaAlg/NNF layers in transwells inside each
well of a 6-well plate (A) and individually when held by tweezers (B). The arrows
on the left hand image point to the edge of the transwells, which can be seen just
inside each well; on the right-hand image the arrow points to the visible CaAlg layer
in the base of the transwell.
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3.2.2 Construction of CaAlg/mEF layers

Using T-75 flasks of confluent mEFs and the transwell protocol, CaAlg/mEF layers
were formed with a flat surface and an even distribution of CaAlg throughout the
layer. Once again, no cells were observed as being released into the media. Initially,
the larger 6-well format transwells were used, however the size was then reduced to
the 24-well format transwells, which only required 150 µl of material to make a
sufficient layer of around 1-2 mm thickness. When observing the cells by moving
through the layer with a phase contrast microscope, a somewhat uniform distribution
could qualitatively be established. This was later proved via DAPI staining and
confocal analysis.
Figure 3.17 demonstrates the cell morphology of the mEFs immobilised
within the CaAlg. No change was seen in the appearance of the cells over the course
of any of the experiments described in this report; the gel did not appear to degrade
and no cells were released into the surrounding material. The higher viscosity gels
were generally harder to work with, as unwanted bubbles were easily produced within
the pre-gelated material and the gels containing a higher content of G-units compared
to M-units, were also more viscous. This is chemically feasible considering the
orientation of the G-units along the alginate chain (see section 1.7).
Importantly, no change was seen in the appearance of the cells between any of
the types of alginate; in the peptide-coupled alginate the cells remained spherical. It
was predicted that they would attach to the RGD peptide and elongate, however
perhaps due to positioning of the peptide along the alginate chain or stiffness of the
gel restricting their movement, the cells remained spherical.
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Figure 3.17 Phase contrast images of mEFs immobilised in CaAlg gels at
differing cell concentrations around the value of 1x106 cells/ml. A, 3-day P6 mEFs
in CaAlg; B, 1-day P3 mEFs in CaAlgRGD. Both images taken at 10 x magnification
with a scale bar of length 100 µm.

A

B

Figure 3.18 Images of P5 Oct4-GFP mESCs immobilised within CaAlg after one
day of culture. A, phase-contrast image of the cells; B, green fluorescence image
showing the expression of GFP by the cells. The expression of the marker by the cells
demonstrates that they have maintained their pluripotency once inside the CaAlg.
Images were taken at 10 x magnification with a scale bar of length 100 µm.
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Some layers were also constructed with higher cell concentrations, e.g. 3x106
cells/ml. No difference on the viability of the mEFs, or on the effect of the cell
number on hESCs cultured above the CaAlg/mEF layer was evident between different
mEF concentrations (not shown). However, high cell concentration experiments were
not continued due to the possibility of reduced nutrient access across the highly
populated layer. Confluent cultures of mEF cells in normal culture reach
concentrations of around 4 million per T-75. In the CaAlg layers, the high
concentration of cells is being restricted from a 75 cm2 (in the T-75 flask) to a 7 cm2
surface area (in the larger 6-well transwell). Variations between batches of alginate
could affect the mEF cells encapsulated within, so the alginate was used with the
same batch number when constructing all of the CaAlg/mEF layers. New vials were
used between the experiments, however, which may have had an effect.

3.2.3 Construction of CaAlg/mESC layer

It was also possible to immobilise Oct4-GFP mESCs within calcium alginate gels.
Figure 3.18 shows a phase contrast image of the cells within the layer, and also a
green fluorescence image, showing those mESCs that are expressing Oct4-GFP. The
cells again demonstrated a spherical morphology inside the calcium alginate gel,
along with maintaining their expression of Oct4-GFP, albeit over only a short culture
period.
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3.2.4 Quantification of cell size in CaAlg/NTERA-2 layers

The 3D encapsulation method was investigated as a means of measuring the size of
the cell immobilised within it. Confocal microscopy can be used to measure size in an
image once it has been calibrated with a graticule, in order for the software to register
the scale bar with the viewed image for the objective used. On the other hand, a
haemocytometer, which is normally used to count cells and measure viability when
combined with a Trypan Blue stain, can be used to measure distances simply by
measuring the size of the cell against the size of the grid, when looking through a
phase contrast microscope.
Figure 3.19 shows a picture taken at 40 x magnification of a few NTERA-2
cells immobilised in CaAlg, after the entire CaAlg/NTERA-2 layer was overlaid on
top of the haemocytometer. The cell appears to have a diameter of around a quarter of
the width one of the smaller boxes. Shown in the figure is also a plan of the grid of a
haemocytometer, including the dimensions of the grid. The width of box E is shown
to be 0.2 mm, and the width of one of the 16 small boxes within that to be 0.05 mm.
Therefore, if a cell takes up around a quarter of the width of that, then this
corresponds to a diameter of around 12.5 µm. The cells do not appear any different
from when looking down a haemocytometer with 10 µl of cell suspension loaded
underneath the glass slide i.e. the cells once loaded are not flattened at all by the
microscope slide on top. However, using an automated cell counter, such as a Cedex
HiRes machine, would provide more reproducible results regarding size distribution
and greatly reduces the human error aspect of this analysis.
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Figure 3.19 Quantification of the size of NTERA-2 cells immobilised in CaAlg.
(A) The cells were viewed using a phase contrast light microscope at 40 x
magnification and the image captured using a digital camera through the viewfinder.
The cells are rounded once encapsulated and bright (see arrows). (B) Plan of the grid
of a standard haemocytometer used to count cell concentration and viability, with the
dimensions of the various boxes shown on the right hand side. The red circle in the
centre denotes which section of the haemocytometer is captured in image A. The
width of the smaller box that the cell is inside in image A is shown as being 0.05 mm
(see edge of image B) and since the cell appears to take up around ¼ the width of one
of the smaller boxes, this corresponds to around 12.5 µm.
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3.3 Characterisation of the alginate/cell layers

Described in this section are results from extensive characterisation into the
alginate/cell layers constructed in section 3.2, to investigate the success of the
proposed culture system with regards to homogenous distribution of cells within the
alginate layer and characterisation of ECM marker expression. Also investigated was
the viability of the cells immobilised and whether the proliferation of the cells is
successfully halted after the cells are immobilised, as in normal mitotic inactivation.
Finally, the rheological properties of the gel are characterised, as well as analysis of
Oct4-GFP expression by mESCs after a brief immobilisation within a layer.

3.3.1 Imaging of layer

3.3.1.1 Imaging of CaAlg/NNF layer with confocal microscopy

Imaging of DAPI stained CaAlg/NNF layers after one day of culture was obtained
using confocal microscopy and was successful in showing a homogeneous
distribution of cells throughout the layer. Figure 3.20 shows images from the bottom,
middle and top of the 0.5 ml DAPI stained CaAlg/NNF layer. Looking at the cell
distribution, the left-hand side image in the figure does have slightly less cells, but
this is due to the fact that the image has been taken very close to the edge of the layer
and in fact just a few tens of microns above this section, one can see the same number
of cells as in the other two images.
Figure 3.21 contains a graph showing the number of cells in each of the
images taken throughout the majority of the middle of the layer, with 5 µm spacing in
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Figure 3.20 Confocal microscopy images of DAPI stained CaAlg/NNF layers.
Images were taken throughout the 0.5 ml CaAlg layer; A, the bottom of the layer; B,
the middle of the layer; C, the top of the layer. Each of the bright blue dots refers to a
cell nucleus (see normal-line arrows). The darker spots on image C (see dashed-line
arrow) just refer to a cell being present but in the plane above or below, hence there is
a darker area. Images were observed at 10 x magnification initially and then zoomed
in for capture; scale bars correspond to 50 µm.
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Figure 3.21 Graph showing the number of cells per plane counted from images
taken at 5 µm spacing throughout the middle of a 0.5 ml DAPI stained
CaAlg/NNF layer.
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between each image. (This has been achieved from manual counting on the captured
images). The graph shows relatively homogeneous distribution of cells throughout the
85 µm section of layer analysed, with a maximum variation per plane of under fifteen
cells. This is sufficient to prove that the cells are spaced out fairly consistently in the
layer and have not sunk to the base.

3.3.1.2 Imaging of CaAlgRGD/mEF layer with confocal microscopy

Further confocal microscopy was carried out on CaAlgRGD/mEF layers to attempt to
detect a prescence of ECM growth within the layer. As described Chapter 1, key
proteins expressed in the ECM include fibronectin and collagen IV, so these were the
first ECM proteins investigated with regards to presence and location. 14-day
CaAlgRGD/mEF layers were immunostained for fibronectin and collagen IV
(separately) following the protocol described in section 2.2.2. The cells were counterstained using a DAPI nuclear stain in order to highlight the position of the nuclei.
Figure 3.22 shows a composite of images of the fibronectin stained layers,
taken every 5 µm at distance of 80 µm throughout the layer. The fibronectin protein
appears to be solely located on the surface of the cell rather than in any of the
surrounding area within the layer. Since the mEF cells suspended within the layer are
not attached or elongated to the hydrogel, it can be assumed that synthesis of an ECM
is being restricted as mentioned before, perhaps by the rigidity of the gel or by the
positioning of the RGD attachment sites. Since the image in figure 3.22 is an overlay
of the DAPI and the FITC stains, there are clearly areas present in the layer where
fibronectin is present but no cell is evident, since no DAPI stain is present. One
potential reason for this could be localised areas of protein within the layer, but also
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Figure 3.22 Confocal microscopy image of a 14-day CaAlgRGD/mEF layer at
1x106 cells/ml. The layer was stained with a fibronectin primary antibody and a FITC
secondary antibody (green) and counterstained with a DAPI nuclear dye (blue). The
image is a composite of images taken every 5 µm at distance of 80 µm through the
layer. Image observed at 10 x magnification initially and then zoomed in for capture;
scale bar corresponds to 50 µm.
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likely is the chance that the antibody and the DAPI molecules have not dispersed
uniformly through the gel. The signal produced from the collagen IV stained layers
was much weaker than from the layers stained with the fibronectin antibody, thus no
conclusions could be made as to whether collagen IV was indeed present within the
culture or not.
Further characterisation of the modified feeder layer was then necessary, and
another ECM factor, laminin, was investigated. Figures 3.23 and 3.24 show DAPI and
laminin stained mEF cells after four days of CaAlgRGD/mEF culture compared with
after two days of normal T-25 culture after being mitotically-inactivated for feeder
preparation. No significant difference in expression between the two conditions can
be seen, whether it is the degree or the location of the expression. This can be taken as
further demonstration of the ability for the CaAlgRGD/mEF layers to mimic the
standard feeder layer culture. The secondary only control and isotype control show
minimal staining by the antibody; though there is some red signal seen in the
secondary only control in the CaAlgRGD/mEF layers, this is not maintained in the
overlay with the DAPI signal, compared to the positive laminin sample shown in the
top row. The difference in the length of the culture period did not attribute to any
difference in ECM expression either; if significant expression had been deduced then
this variable would have been eliminated to allow for an accurate comparison in the
rate of ECM production.
Interestingly, both conditions show minimal outgrowth of the ECM
component when the culture condition is limited to mEFs only. To check the ECM
expression within normal hESC culture, 3-day SHEF-3 hESCs on mEF feeders were
fixed and stained for laminin, fibronectin and collagen IV. Figure 3.25 shows results
from this ICC analysis. Looking at the laminin expression within the hESC culture
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Figure 3.23 ICC results from mitotically inactivated P4 mEFs after a 2-day
standard T-25 culture, imaged using fluorescence microscopy. From left to right,
phase-contrast image showing the fibroblast-type morphology, DAPI stain
highlighting the nuclei position and the fluorescence signal from Cy3. Row A,
laminin (Cy3) stained mEFs; row B, secondary antibody only control; row C, isotype
control. Row A images taken at 20 x magnification; rows B and C images taken at
10 x magnification. Scale bars correspond to a length of 100 µm on all images.
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Figure 3.24 ICC results from 4-day CaAlgRGD/mEF layers imaged using
confocal microscopy. From left to right, DAPI stain highlighting the nuclei position,
the fluorescence signal from Cy3, and lastly, an overlay of the Cy3 and DAPI images.
Row A, laminin (Cy3) stained mEFs; row B, secondary antibody only control. Images
taken at 10 x magnification initially and then zoomed in according to the scale bar;
scale bars correspond to a length of 27 µm on row A and 36 µm on row B.
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Figure 3.25 3-day P97 SHEF-3 hESCs on mitomEFs stained via ICC for the
ECM components laminin (rows A and B), collagen IV (rows C and D) and
fibronectin (rows E and F). From left to right, phase contrast image showing the
fibroblast-type cell morphology within the colonies, DAPI stain highlighting the
nuclei position and finally the presence of the ECM component the cells highlighted
with the secondary antibody FITC. Row A, images taken at 4 x magnification and
scale bar corresponds to a length of 500 µm; rows B-F, images taken at 10 x
magnification, with scale bars corresponding to a length of 100 µm.
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(rows A and B), it is a stark contrast to the expression measured in mEF feeder only
cultures, as a large expression of laminin can be seen within areas both densely
populated by feeders and those mostly populated by hESCs alike. Also contained
within this figure are the results from collagen IV (rows C and D) and fibronectin
(rows E and F) staining in the hESC cultures. These two markers were present mainly
in areas of colonies with morphologically-looking differentiated hESCs, with a small
amount localised to the feeders. Minimal staining was evident for both markers in
undifferentiated hESCs. Again, there was a lot less positive staining for these two
markers in both mito-mEF cultures and CaAlgRGD/mEF layers alone. Fibronectin
expression was seen in non-linear optical imaging of some CaAlg/mEF layers as
shown later, however there was no indication of any presence of the factor in the area
surrounding the cells; again, staining was only localised to the cell surface. All in all,
this was evidence that visible amounts of ECM expression results upon contact
between the mEF cells and hESCs only, rather than in mEF only cultures.
For the alginate staining in figure 3.24, there was very little, if any at all,
visible retention of the antibody by the alginate, showing the alginate to be suitably
porous. This was an encouraging result with regards to the possible transport of vital
factors secreted by the mEFs through the alginate to the hESCs cultured on top. The
staining results also further proved the homogeneous distribution of mEF cells
throughout the layer.

3.3.1.3 Non-linear optical imaging

NLO Imaging was performed following the protocol described in section 2.2.7. 0.5 ml
CaAlg/mEF layers were constructed via the transwell protocol with differing cell
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concentrations and after varying culture periods. Layers with P8 mEFs at a
concentration of 3.5 x 105 cells/ml were constructed and cultured for two weeks,
whilst layers with P10 mEFs at 1 x 106 cells/ml were constructed and cultured for one
week. After being fixed, a 0.5 ml layer with P10 mEFs at 1 x 106 cells/ml grown for
one week was immunohistostained for fibronectin with a FITC secondary antibody. A
secondary antibody only control was performed on an equivalent layer and a DAPI
nuclear stain was used as a counterstain. The concentration of secondary antibody
used was modified from 1:500 to 1:200 to ensure enough FITC-conjugated secondary
antibody reached the primary antibodies and this new dilution was checked to not
induce non-specific staining by including the corresponding secondary only control.
One of the layers grown for two weeks was fixed and stained with DAPI alone.
When observed using NLO imaging, the DAPI nuclear stain showed that the
layer grown for two weeks had far too low a cell concentration for the cells to
interconnect with each other and for any ECM to grow, with under 10 cells per plane
that were visible at 10 x magnification. The higher cell concentration layers i.e., the
three grown for one week with a concentration of 1 x 106 cells/ml, were at a suitable
cell concentration, since plenty of cells could be viewed per plane without any overcrowding. The immunohistostaining results from one of these layers can be seen in
figure 3.26.
The main result to be seen from the NLO imaging is that fibronectin is present
on the cell surface, but there is no indication of any protein spreading out into the
alginate from the cells. If there were any evidence of the protein within the alginate
layer, this would have been positive with regards to the suitability of the novel layer
to mimic the standard feeder layer system. There is a chance that an ECM is
beginning to grow, hence the presence of fibronectin on the cell surface is promising.
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Figure 3.32 Phase-contrast images of both normal and mitotically inactivated
mEF cells immobilised within CaAlgRGD and in normal T-25 culture. Images
captured after 3- (A-D), 5- (E-H), 7- (I-L) and 10-days (M-P) of growth. A, E, I, M:
CaAlgRGD/mEFs. B, F, J, N: CaAlgRGD/mitomEF. C, G, K, O: mEFs in standard T25 culture. D, H, L, P: mitomEFs in standard T-25 culture. All images were taken at
10 x magnification with a scale bar of legnth 100 µm.

170

*

*
100%
90%
80%
70%

Viability

60%

CaAlgRGD/mEF
CaAlgRGD/mitomEF
mEF in T-25
mitomEF in T-25

50%
40%
30%
20%
10%
0%
3

5

7

10

Day

*

2.0E+05

*

1.8E+05
1.6E+05

Viable cells / ml

1.4E+05
1.2E+05

CaAlgRGD/mEF
CaAlgRGD/mitomEF
mEF in T-25
mitomEF in T-25

1.0E+05

*
8.0E+04

*
*
**

6.0E+04

**

4.0E+04
2.0E+04
0.0E+00
3

5

7

10

Day

Figure 3.33 Graphs showing the viability (top) and cell concentration (bottom) of
mEFs harvested from different culture conditions. The conditions were
CaAlgRGD/mEF, CaAlgRGD/mitomEF, standard mEF T-25 culture and mitomEF T25 culture and the cells were cultured over a 10-day period. The viability and cell
number was quantified via flow cytometry using the ViaCount Flex reagent. Three
biological repeats are shown and the error bars represent one standard deviation above
the mean. A paired students t-test was performed and the statistical significance
deduced; * corresponds to p <0.05, ** p < 0.01. All of the statistically significant
differences between the mEF T-25 condition and the other three conditions on each
day have not been displayed on the bottom graph.
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respectively; the only significant difference here was a 2.7 % drop in viability within
the mitomEF T-25 condition between day 3 and day 10 (p < 0.05). With regards to
comparisons between each condition on the same day, the only significant difference
was a 1.9 % drop on day 10 in viability in the mitomEF T-25 condition compared to
the mEF T-25 condition (p < 0.05). This is further proof that mitomEF feeder layers
in T-25’s are subject to degradation and is in agreement with the cell morphology
shown in figure 3.32.
With regards to the proliferation, again the non mitotically-inactivated cells
within the T-25 culture appear to achieve confluency within three and five days after
seeding and although their morphology does not appear to change any further for the
remaining period within figure 3.32, there is linear growth in the cell number
throughout the ten days shown in figure 3.33. A paired students t-test unsurprisingly
showed significant differences in cell concentration both within the mEF T-25
condition at the 3-day stage compared to the 7- and 10-day stage respectively (p <
0.05 for both), as well as within the mEF T-25 condition compared to each other
condition on the same day (p < 0.05 for each, at least). With regards to the alginate
conditions, only the mitotically inactivated mEFs showed any significant decrease in
cell number by the 7- and 10- day stage respectively compared to the 3-day stage (p <
0.05 for both), and also exhibited a significant decrease compared to the nonmitotically inactivated mEFs immobilised within alginate by the 7- and 10-day stage
(p < 0.05 for each, at least). Once again, the mitomEF layers in T-25s had a
significant 37 % decrease in cell number within the 10-day stage compared to the 3day stage (p < 0.05), in agreement with the viability data and the cell morphology.
Thus, from this data it can again be concluded that the alginate is able to
inhibit the growth of the mEFs to around the same degree as that which results from a
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2-hour mitomycin-C inactivation. It is also evident that over the 10 days of culture,
the mitotically inactivated cells are prone to a slight decrease in viability in T-25
culture, along with a decrease in cell number both within alginate and T-25 culture.
Hence, immobilisation within alginate compared with mitotic inactivation followed
by T-25 culture, is certainly more beneficial to the cells.

3.3.4 Rheology

In order to characterise the rheological properties of the novel feeder layers, 2-day
CaAlg/mEF layers were analysed on a rheometer as described in section 2.2.4. Layers
were constructed using 1 ml of CaAlg/mEF solution in the larger 30 mm transwells,
to allow for more efficient rheometrical data to be collected. The first test performed
was a viscosity test, in order to measure the viscosity of the gel as a function of shear
rate. For this test, the top plate of the rheometer was rotated at increasing shear rates
and the shear stress was measured as an output.
Figure 3.34 shows a graph of the shear stress of the gel as a function of shear
rate i.e. the viscosity of the gel. The maximum viscosity measured corresponds to the
yield stress of the material, in this case 1318 Pa. This corresponds to the amount of
force the gel can withstand before acting like a liquid. In the initial application of
shear stress and up until the yield stress point, the gel has been acting within its elastic
range, but after this point (indicated by an arrow on the graph), the viscosity decreases
with increasing shear rate and the material no longer exhibits elastic characteristics.
The next test performed was a dynamic oscillatory sweep test; the strain and
stress was measured whilst the top plate of the rheometer oscillated at increasing
frequencies. This test was performed in order to measure both the viscous and the
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Figure 3.34 Graph showing the shear stress as a function of shear rate i.e.
viscosity, as measured by a viscosity test on 2-day CaAlg/mEF layers using a
using a rheometer. The graph shows that the yield stress can be characterised as
1318 Pa (see arrow).
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Figure 3.35 Graph showing the elasticity (‘diamond’ markers) and viscosity
(‘cross’ markers) moduli, measured as a function of shear stress during the first
of two dynamic oscillatory (stress sweep) tests on 2-day CaAlg/mEF layers tested
on a rheometer. The shear stress applied ranged between 0.5 and 100 Pa and the
elasticity modulus measured by the graph is around 2100Pa.
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elastic moduli as a function of frequency. The elasticity modulus corresponds to the
Young’s modulus, E, of the material. The region during which E is greater than the
viscous modulus is defined as the elastic region, whilst the region during which the
viscous modulus is greater is defined as the viscous region.
Figure 3.35 shows the results from the first of these tests. Stress was applied
between 0.5 and 100 Pa, and the average elasticity modulus measured from the graph
is around 2100 Pa. The initial unstable data points can be assigned to small gaps
between the gel and the plate and after around 2 Pa of stress has been applied, these
level out to show a stable decrease. However, the gel stayed within the elastic region
throughout the stress application and no great decrease of E is visible. Thus, during
this range of stress applied it was clear that a complete sweep test had not been carried
out, since the elastic region was not fully defined.

The test was repeated with a

greater range of shear stress applied, this time between 1 and 800 Pa; the graph is
shown in figure 3.36. It is clear to see that the point where E dramatically decreases
and the viscous modulus increases occurs within this range of shear stress. The E of
the gel was therefore able to be determined, calculated as an average of the moduli
data points up until this yield point of 150 Pa (shown as the larger ‘diamond’ data
point on the elastic modulus data series). The resulting E value was calculated as 2607
Pa. After the two measured moduli move towards convergence, the material acts more
like a liquid, and has lost its elastic properties.
The last test performed was a creep compliance study, where a defined stress
was applied for a specific time and the recovery of the gel was consequently measured
via the strain applied from the gel to the plate, for double the amount of time the stress
was applied. This assesses the ability of the gel to recover from applied stress within
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Figure 3.36 Graph showing the elasticity (‘diamond’ markers) and viscosity
(‘cross’ markers) moduli, measured as a function of shear stress during the
second of two dynamic oscillatory (stress sweep) tests on 2-day CaAlg/mEF
layers tested on a rheometer. This time, the shear stress applied ranged between 1
and 800 Pa and the elasticity modulus measured by the graph was 2607 Pa.
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Figure 3.37 Graph showing the ability of a 2-day CaAlg/mEF gel to recover from
applied stress during a creep compliance test performed on a rheometer. Up to
the peak of the compliance, 20 Pa of stress is being applied; following this, the gel can
be seen to recover immediately, thus is behaving in a very elastic manner.

176

its viscosity limit, which has in turn previously been defined from the other tests.
Figure 3.37 shows a graph of the creep compliance of the gel. Up to the
highest data point on the compliance axis that occurs at 200 secs, 20 Pa stress is being
applied, then following this, the recovery of the gel is measured for 400 secs. At 200
secs the gel can be seen to recover immediately, thus is behaving as a very elastic
material. The high elastic nature of the material is important when considering the
scalability of the biphasic system; in order for the alginate to be a viable polymer for
use as a large-scale material to immobilise the mEFs, it needs to be able to withstand
force and successfully contain the cells.
3.3.5 Pluripotency of mESCs after immobilisation within alginate

As described in the section 2.3.1.4, Oct4-GFP mESCs were investigated to determine
whether they would maintain their Oct4-GFP expression after being immobilised in
calcium alginate layers formed in transwells. This was in order to further characterise
the biocompatibility of alginate with differing cell types. The cells were only cultured
for a short 1-day period to see if there were any adverse detrimental effects
immediately visible.
Due to the nature of mESC culture, the alginate immobilisation technique had
to be slightly modified. 0.02 % gelatin was included in the NaAlg/mESC solution pregelation, since inclusion of this material was essential in mESC culture in order to
retain the cells’ pluripotency whilst cultured feeder-free. The layers were cultured on
a shaker, set at 40 revs/min. This was carried out with the aim of improving transfer
of nutrients both into the layer to reach the cell and out of the layer into the
surrounding media. The cells were harvested without centrifugation, which was at this
stage the standard practice in normal mESC culture; centrifugation after trypsinisation
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and quenching was introduced later after these initial investigations into mESC
culture.
Figure 3.38 shows the dot-plots obtained from cells after normal T-25 culture
and after 1-day CaAlg culture, whilst figure 3.39 shows a graph of the GFP
expression from two layers and two control flasks after the culture period. The graph
shows clearly that the GFP expression from the mESCs maintains above 80 % after
this short immobilisation within CaAlg. This result proves the alginate does not have
any immediately visible detrimental effects on the mESCs. Undoubtably, a longerterm immobilisation within alginate would be useful to see if there are any delayed
effects on the viability and pluripotency, but since it was not the culture of mouse
embryonic cells, and rather their human counterparts that were to be investigated
within this system, the culture of mESCs was halted at this stage.

3.4 Human embryonic stem cells on alginate/cell layers

In this section, the seeding, growth and ICC analysis of hESCs on CaAlg/mEF and
CaAlgRGD/mEF layers is presented. Results from the short-term ability of this novel
culture system to support hESC self-renewal is investigated, following harvest from
the layers and either direct flow cytometric analysis or re-seeding onto normal
mitomEF feeder layers followed by ICC analysis. Finally, the long-term suitability of
this novel culture system is investigated, with results from continued subculturing of
hESCs on CaAlgRGD/mEF layers shown.
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Figure 3.38 Dot-plots from flow cytometry analysis of Oct4-GFP mESCs after
normal T-25 culture (A) and after a 1-day culture within CaAlg (B). 94 % GFP
positive viable cells were harvested from 1-day CaAlg/mESC layers.
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Figure 3.39 Graph showing the Oct4-GFP expression of mESCs after 1-day
culture in standard T-25 or within CaAlg, as quantified by flow cytometry. Two
biological repeats were measured in triplicate and the (very small) error bars refer to
one standard deviation above the mean.
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3.4.1 Seeding of hESCs onto alginate layers

hESCs were seeded onto a range of alginate layers, including low and high viscosity
alginates, alginates with high G-unit content, alginates with high M-unit content and
RGD-peptide coupled alginate, before the optimum conditions for hESC culture were
decided upon.
MEL-1 hESCs were first seeded onto the larger 30 mm sized CaAlg/mEF
layers, which had been placed inside the wells of a 6-well plate. It was essential to
equilibrate the layers in HEScGRO (the media used to culture MEL-1 hESCs) for a
sufficient period of time before seeding the hESCs (around 1 hour) in order to ensure
full homogenisation of the constituents of the media throughout the layer and the
surrounding areas. The MEL-1 hESC colonies were then manually subcultured
following the standard protocol, using sterile needles attached to sterile tweezers
under a dissection microscope in a laminar flow hood. Figure 3.40 contains images of
1-day MEL-1 hESCs on CaAlg/mEF layers.
Due to the slow expansion rate found whilst growing the MEL-1 hESCs, low
numbers of colonies were available for transfer onto the CaAlg/mEF layers and these
had to be carefully dissected anyway, since some contained areas of differentiation (a
standard hESC culture consequence as described in section 3.1.4.1). After one day of
growth on the layers, a significant proportion of the hESC colonies seeded had
migrated to the edge of the transwell and attached to the sidewall. It was uncertain at
this stage whether this was due to the colonies rejecting the alginate layer as a culture
surface due to unknown toxic effects, or due to meniscal forces pulling the clumps to
the side of the well. Later, reducing the transwell size to 12-mm format and increasing
the volume of media in the space above the layer both helped to ensure more colonies
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Figure 3.40 Phase-contrast images of MEL-1 hESC colonies on CaAlg/mEF
layers. A and B, 1-day growth of MEL-1 hESCs on 3-day CaAlg/mEF layers; C and
D, 4-day growth on 6-day layers. Some colonies could be seen in the same plane as
the mEF cells within the layer (B, C) whereas some were observed to stay in
suspension above the layer (A), which by the latter stage of culture, evidently formed
aggregate type structures (D). All images taken at 10 x magnification, with a scale bar
of size 100 µm.

Figure 3.41 Phase contrast images of two 2-day SHEF-3 hESC cultures on 9-day
CaAlg/mEF layers. The images show a more uniform distribution of colonies across
the alginate layer, with a proportion remaining in the centre of one culture (A and B)
as well as dispersing out towards the edge of the transwell of another culture (C and
D). Images were taken at 4 x magnification, with a scale bar of length 1 mm.
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stayed in the centre of the layer. Still, a number of colonies did migrate to the edge in
subsequent CaAlg/mEF cultures and this factor, combined with the low numbers of
colonies available to seed onto the alginate layers, resulted in little success culturing
MEL-1 hESCs on CaAlg/mEF layers.
SHEF-3 hESCs were then investigated as an alternative hESC line and cells
were seeded onto CaAlg/mEF layers. It was far easier to produce the sufficient
quantities of hESCs needed for quantitative experiments using this alternative cell
line. At this stage, only 12-mm format transwells were being used to culture the layer,
as less material was needed for construction of the polymer and fewer hESCs were
required for seeding. After a number of preliminary experiments to investigate the
seeding ratio, it was decided that one T-25 would be subcultured into eight transwells
i.e. a confluent SHEF-3 hESC T-25 flask manually subcultured into 4 ml of media,
from which 0.5 ml of cell suspension was placed on-top of the CaAlg/mEF layers.
The layers again were pre-equilibrated with complete SHEF-3 hESC media, but the
supernatant was removed before seeding the SHEF-3 hESCs, so as to ensure there
was enough room for the cell suspension to be placed inside the transwell. Colonies
were still present at the edge of the alginate layer after seeding, but the higher
numbers of colonies seeded meant a greater proportion remained in the centre of the
layer than with the MEL-1 hESCs and thus an even distribution of SHEF-3 hESCs
across the layer. Figure 3.41 shows images of SHEF-3 hESCs seeded onto
CaAlg/mEF layers; though these images are taken from 2-day layers, the uniform
distribution of hESC clumps across the CaAlg/mEF surface is clearly visible and this
mimics what was identified immediately after seeding the hESCs.
It is also worthwhile to note that although culture on a shaking platform was
investigated during the fabrication of CaAlg/mESC layers, culture of CaAlg/mEF
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layers with hESCs was not maintained on the shaker. This was due to the attachment
of the hESCs to the top of the alginate layer being vital at this stage and since this
clearly took longer on the CaAlg/mEF layer compared to in standard T-25 flasks,
culture on the shaker was not further employed.

3.4.2 Growth of hESCs on alginate layers

Regarding the MEL-1 hESCs, growth was not clearly evident in any of the layers.
Figure 3.42 shows images of MEL-1 hESCs, three and six days after seeding. The
colony numbers never appeared to be expanding in any way, merely cells were lost to
the periphery of the layer in the transwell. No colonies appeared to attach to the
alginate layer (‘B’ in figure), a factor that became evident during media changes; as
media was drawn out of the transwell to be replaced and the volume remaining got
significantly lower, all the colonies were mobile and care had to be taken not to
aspirate the colonies away with the media. 3D-like aggregate structures were evident
in the culture after a few days, similar to that shown in image ‘D’ in figure 3.40.
The SHEF-3 hESCs were more successfully cultured on CaAlg/mEF layers
made using a variety of alginates. Again visible during media changes, SHEF-3
hESCs did not attach to alginate layers made with any of the standard alginates,
whether high or low viscosity, or high percentages of G- or M-units. However,
colonies did attach to the RGD-peptide coupled alginate, evident during the transfer
of media, as the colonies did not come away from the alginate surface when forces
were acted upon them from the removal of media. Proliferation could also be seen and
during the initial investigations into the densities of cells seeded, hyper-proliferation
was evident from too high a seeding desity of SHEF-3 hESCs.
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Figure 3.42 Phase contrast images of 3-day MEL-1 hESCs on 6-day CaAlg/mEF
layers. As with many of the layers seeded with MEL-1 hESCs, few hESC colonies
were visible in the centre of the layer after culture (A and B) and a large proportion of
the colonies were pulled to the edge of the transwell (C). All images were taken at 4 x
magnification, with a scale bar of length 1 mm.

Figure 3.43 Phase-contrast images of SHEF-3 hESC colonies seeded on 1-day
CaAlgRGD/mEF layers after one day (A), two days (B) and six days (C – F) of
growth. Proliferation was evident as after six days there was a great deal of
outgrowth of the colonies (shown by single line arrows on C-F) with varying colony
morphologies (shown the dashed line arrows on C – F). All images were taken at 4 x
magnification, with a scale bar of length 1 mm.
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After a 6-day period had elapsed, outgrowth of the colonies was evident, with
the formation of an apparent monolayer of hESCs onto the surrounding
CaAlgRGD/mEF layer; this is shown in figure 3.43. A range of morphologies was
seen within the colonies, some areas containing more transparent monolayers of cells,
thus displaying the morphology associated with typically undifferentiated cells
(arrows in E and F). Some areas contained more aggregate-like clumps (dashed
arrows in F) and some more varied cell orientation (dashed line in ‘C’). The main
conclusion drawn from this initial seeding was the success of hESC attachment by the
peptide-coupled alginate; the RGD ligands present along the alginate chain were
recognised by the hESCs’ integrin sites (e.g., by those integrins that normally bind
fibronectin) and the cell was able to successfully anchor itself to the polymer. This
was an essential step in the success of the biphasic system, since it was predicted that
essential factors secreted by the mEFs present within the alginate layer can only
successfully penetrate the hESCs when the colonies are suitably attached to the
surface. Also, if the alginate were indeed to mimic a normal hESC culture surface, the
attachment-dependant hESCs would need to anchor to the polymer.
The next stage of investigation was to deduce whether the mEFs immoblised
within the biphasic feeder layer were affecting the proliferation of the hESCs.
Alginate layers were constructed using three conditions: CaAlgRGD/mEF layers with
the standard mEF concentration of 1 x 106 cells/ml, CaAlgRGD/mEF layers with a
higher mEF concentration of 3 x 106 cells/ml and CaAlgRGD layers alone. After one
week of culture, SHEF-3 hESCs were seeded onto the layers at a seeding density of
one confluent SHEF-3 T-25 per four 12-mm alginate layers. Figure 3.44 shows
images of the hESCs three, four and seven days after initially seeding on the various
alginate layers.
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Figure 3.44 Phase-contrast images of SHEF-3 hESCs on CaAlgRGD layers of
differing conditions after 3 days (A-C), 4 days (D-F) and 7 days (G-I) of growth.
Left-hand side column, hESCs on CaAlgRGD/mEF layers fabricated with the
standard mEF concentration of 1 x 106 cells/ml; centre column, hESCs on
CaAlgRGD/mEF layers fabricated with a higher cell concentration of 3 x 106 cells/ml;
right-hand side column, hESCs on CaAlgRGD layers alone without mEFs. The
SHEF-3 hESCs can be seen to over-proliferate when cultured on the CaAlgRGD
layers containing mEF cells compared to being cultured on CaAlgRGD layers alone.
All images taken at 4 x magnification, with a scale bar of length 1 mm.
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It is evident from figure 3.44 that in this case, the CaAlgRGD condition alone
were the only layers that did not induce hyper-proliferation of the hESCs (C, F and I).
Therefore it could be concluded that the mEFs must be aiding the hESCs’
proliferation when cocultured on the CaAlgRGD/mEF layer. Also, it can be noted that
the hESCs aggregated sooner on the CaAlgRGD/mEF layer with the higher mEF
concentration (E, at 4 days) than on the layer with the standard 1 x 106 cells/ml
concentration (G, at 7 days), again further proof of the effects from the mEFs within
the layer. The reason for the aggregation of the hESCs on the CaAlgRGD/mEF layers
constructed with the standard mEF density can be attributed to the high seeding
density of the hESCs used in this experiment, rather than any detrimental effects from
the layer. As described before, for experiments following this, one confluent SHEF-3
hESC T-25 flask was used to seed double the amount of alginate layers than used here
and this achieved a good number of colonies present on each layer, high enough to
ensure an even distribution across the layer, yet not too high so as to result in overconfluency and eventual aggregation. Overall, this highlighted the necessity of the
mEF feeder cells in the proposed biphasic feeder system and their ability to induce the
proliferation of the hESCs cultured on top.

3.4.3 ICC on hESC whilst on alginate layers

Once it had been established that the hESCs were attaching to the surface of the
alginate layer and proliferating, it was necessary to determine whether or not their
pluripotency was being maintained. Some preliminary studies into the feasibility of
staining in situ were investigated. A 10-day old culture of MEL-1 hESCs on
CaAlg/mEF layers was fixed and immunocytochemically stained for the hESC

187

surface differentiation marker SSEA-1. Figure 3.45 shows some of the colonies after
being stained. It appeared that there were some SSEA-1 positive (and hence
differentiated) colonies present, along with some colonies not positive for the marker.
The staining concurred with the cell colony morphology; in figure 3.45 the SSEA-1
positive ‘differentiated’ colony pictured in the upper row is much smaller with more
divided cells, compared to the more compacted ‘undifferentiated’ colony in the lower
row. However, the reliability of the in situ staining was questionable, since the DAPI
stain, a stain that normally results in very bright staining with clear distinction
between the DAPI positive nuclei and the negative surroundings, was relatively weak.
One reason for this could be due to the large number of cells within the alginate layer
below the hESC colony, causing a blurred signal.
This staining protocol was repeated, this time looking for the intracellular
pluripotency transcription factor OCT-4, localised using an Alexa Fluor 555
secondary antibody. MEL-1 hESCs were seeded on 3-day CaAlg/mEF layers and
cultured for three days, then immunocytochemically stained following the same
protocol; figure 3.46 shows the results. The in situ ICC appeared to demonstrate that
most of the MEL-1 hESC colonies in the field of view had maintained their OCT-4
expression during the 3-day culture. All colonies were stained with the secondary
antibody and individual brightly stained OCT-4 positive cells within the colonies
could be observed when imaged at 10 x magnification.
There was a chance, however, that this positive result was not completely due
to successful maintenance of hESC pluripotency by the CaAlg/mEF layer. During
construction of this gel in question, a proportion of the NaAlg/mEF polymer had
failed to properly form a gel and this had resulted in a much thinner layer than
normal. Therefore the seeded cells may either have been attached to a very thin
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Figure 3.45 10-day MEL-1 hESC colonies on a 12-day CaAlg/mEF layer. Column
A, phase-contrast images; column B, DAPI stained nuclei; column C, SSEA-1 stained
cells localised with FITC. The discrepancy between the two phase-contrast images in
column A is due to a white-balancing error. Images taken at 10 x magnification, with
a scale bar of size 100 µm.
A

B

C

Figure 3.46 3-day MEL-1 hESC colonies on 6-day CaAlg/mEF layers. Left-hand
column, phase contrast images; right-hand column, OCT-4 stained cells localised with
Alexa Fluor 555. A taken at 10 x magnification with a scale bar of length 100 µm; B
and C taken at 4 x magnification with a scale bar of 1 mm.
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CaAlg/mEF layer, or indeed just to the bottom surface of the transwell, a factor quite
possible when looking at the morphology of the area surrounding the colonies in the
phase-contrast images in figure 3.46. Few mEFs with spherical morphology are
evident and at 10 x magnification the surrounding area appears to look like a
membrane.
Thus one final attempt at in situ staining was attempted, again analysing
OCT-4 expression from 3-day MEL-1 hESC colonies on 6-day CaAlg/mEF layers.
Again, OCT-4 was localised using an Alexa Fluor 555 secondary antibody. Figure
3.47 shows images of one of the colonies after staining.
Initially, it appears that the colonies present in the culture were OCT-4
positive, but after measuring the signal on the green filter, the validity of the test was
in doubt. A green signal from the colony was visible at a similar strength to that from
the Alexa Fluor 555 antibody. Since no green secondary antibody had been applied
during the protocol, it had to be assumed to be due to auto fluorescence and hence it
was not possible to be certain as to whether ‘positive’ results from stained colonies
were in fact due to the presence of the primary antibody, or due to auto fluorescence
also.
These experiments proved the difficulty in obtaining accurate results from ICC
staining of the hESC whilst still attached to the layer. Many factors could influence
whether or not a successful stain could occur. The penetrative ability of an antibody to
diffuse through the layer may have been a limiting factor, both affecting its ability to
reach its desired target and its capacity to be washed out effectively when unbound,
along with the period of time for which to leave the stains due to possible variations in
the thickness of the alginate layer. The non-quantitative nature of this analysis made it
hard to precisely equate how the pluripotency of the hESCs was being maintained by
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Figure 3.47 A 3-day MEL-1 hESC colony cultured on a 6-day CaAlg/mEF layer,
fixed and stained in situ for OCT-4. A, phase-contrast image of a colony; B, DAPI
stained nuclei; C, red Alexa Fluor 555 antibody highlighting OCT-4; D, green auto
fluorescence visible. All images were taken at 10 x magnification, with a scale bar of
100 µm.
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the biphasic system in comparison to normal culture, thus this method was halted.
It is valid to note that the investigations into in situ staining of hESCs on
CaAlg/mEF layers were carried out whilst MEL-1 hESCs were still being used and
before SHEF-3 were decided as the hESC line of choice, as well as whilst CaAlgRGD
was not the sole alginate used.

3.4.4 Harvest and re-seeding

Due to the difficulties in staining in situ as described in section 3.4.3, it was decided
to harvest the hESCs from the layers first before analysing them. Attached clumps
were removed from CaAlgRGD/mEF layers by pipetting the surrounding media up
and down until the clump had peeled off the surface of the CaAlg; unattached clumps
present in cultures without peptide-coupled alginate were removed along with the
supernatant media straight away, without the need for repeated aspirations.
The cells were then either analysed immediately by flow cytometry, or
continually subcultured, by either re-seeding onto normal feeder layers, with
immunocytochemical analysis following culture, or onto further alginate layers, with
on-line flow cytometry analysis. These results are presented in sections 3.4.5 and
3.4.6 below.

3.4.5 Flow cytometry analysis of pluripotent marker expression of hESCs cultured on
alginate layers

After deducing that in situ ICC analysis was not able to result in a large amount of
successful data, flow cytometry was investigated as a possible method of quantifying
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the expression of pluripotency markers within SHEF-3 hESCs after culture on
CaAlg/mEF layers.
Preliminary assay development experiments were undertaken in order to
assess the feasibility of the method. OCT-4 and UTF-1 were initially explored as
markers for analysis on 7-day SHEF-3 hESCs cultured on 14-day CaAlg/mEF layers.
The protocol described in section 2.2.3 was followed. Running a sample of cells
without any stain resulted in easy identification of the cell population using ViaCount
Flex reagent to highlight the viable population, followed by a secondary only control
stain to set the minimum level for positive FITC staining. However, poor staining
results from the analysed cells resulted in little FITC positive result above the
minimum set by the secondary only sample run. Thus, flow cytometric analysis of the
intracellular markers was abandoned in favour of cell surface markers.
The staining method was thus repeated. Further 7-day SHEF-3 hESCs cultured
on 14-day CaAlgRGD/mEF layers (the peptide-coupled alginate was used at this
stage, after it had been deduced that the peptide promoted hESC attachment) were
stained for the cell surface markers TRA 1-60 and SSEA-4. The staining worked and
the method was thus taken forth for use in comparing expression of stem cell markers
between normal and alginate culture.
Further flow cytometry was performed on hESCs after four and seven days
spent on alginate in various conditions. The six conditions covered CaAlg/mEF
layers, CaAlg/mitomEF layers, CaAlg alone and a further three conditions identical to
the first but with CaAlgRGD as a replacement. SHEF-3 hESCs were cultured under
these conditions for seven days, with some layers sacrificed at four days for analysis
and the remainder analysed after the full 7-day culture period had elapsed. The cells
were stained for SSEA-4 using a FITC secondary antibody. Up until this stage, the
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primary and secondary antibody incubation conditions had involved incubation at 4
°C for twenty minutes. However, at this stage and for all further flow cytometric
analysis described in this chapter, these antibody incubation conditions were modified
to 1 hour at room temperature.
Figure 3.48 contains a graph showing the percentage of cells positive for
SSEA-4 after four and seven days of culture on the various conditions. Looking at the
graph it can be seen that there is a general decrease in expression of SSEA-4 by the
hESCs in all the conditions between four and seven days. Generally, the expression is
similar for all the cells and since cells from only one layer were analysed from each
condition, this was only a preliminary indication into the degree of expression. A
control T-25 SHEF-3 hESC culture would provide a good comparison here, as SSEA4 expression levels would be expected to also decrease between 4 and 7 days, alike to
what is shown here from the alginate conditions.
It is also worthwhile to note that the two results from the hESCs cultured on
the CaAlgRGD alone and CaAlgRGD/mEF layers are not a true representation of the
cells from the culture. During the staining protocol at some stage the bulk cell
population was lost and the samples analysed at the end had a cell concentration of
between 8 and 9 cells / µl, which is just below the cell concentration level required for
a significant count for the device. Care was taken during all future flow cytometry
staining protocols to ensure that the population was maintained and that a cell clump
was always visible in the base of the staining tubes.
This experiment was repeated one further time with two conditions only:
SHEF-3 hESCs from CaAlg/mEF layers and SHEF-3 hESCs from CaAlgRGD/mEF
layers. The cells were again analysed at four and seven days and here the cell number
was also quantified at each stage. Two conditions were analysed from the peptide-
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Figure 3.48 Preliminary indication of SSEA-4 expression by SHEF-3 hESCs
after four days (filled black columns) and seven days (striped columns) of culture
on CaAlg layers of different conditions, as determined by flow cytomety. The two
arrows refer to the data points that were obtained by analysing cell concentrations
below 10 cells / µl. Only one biological data point was obtained, hence there are no
error bars represented.
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coupled alginate layers, but one of the normal alginate layers served as a secondary
only control, meaning only one layer remained to be analysed for SSEA-4.
Figure 3.49 demonstrates the cell number and the SSEA-4 expression of the
hESCs. The top graph indicates that the cells are proliferating in both conditions.
(Even though there appears to be a higher cell number in the normal alginate rather
than on the peptide-coupled alginate, possibly due to the RGD peptide inhibiting
proliferation of the hESCs, the difference in cell numbers between the two alginate
types is not significant.) The bottom graph indicates that the SSEA-4 expression is
seen to stay slightly higher for the hESCs in the normal alginate condition, compared
to the peptide-coupled alginate.
At this stage, even though these results suggest a slightly higher hESC
proliferation along with maintenance of SSEA-4 expression by the non-peptide
coupled alginate, aspects of the culture of hESCs on CaAlg/mEF layers made with
standard alginate, such as indications of a lack of attachment of the colonies on the
surface and much more aggregate-like colony morphology, meant that the peptidecoupled alginate was selected for future cultures. This alginate promoted the
attachment of the colonies as described before, and still maintained SSEA-4
expression and promoted proliferation, as shown here.
Correct control samples were employed during the flow cytometry protocol to
ensure that any staining was indeed significant. Appendix 7.2 shows dot plots from
four cell samples including controls where the SHEF-3 hESCs were stained using the
FITC secondary antibody alone, along with samples where the cells were stained with
an isotype control equivalent to the primary SSEA-4 antibody. The data from the
secondary only stained cells validated the positive FITC results seen in other
experiments and provided a threshold value to set between positive and negative FITC
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Figure 3.49 Graphs demonstrating the cell concentration of the harvested
population (top) and SSEA-4 expression (bottom) of SHEF-3 hESCs after four
and seven days spent in culture on CaAlg/mEF and CaAlgRGD/mEF layers. Two
biological repeats were performed and the error bars represent one standard deviation
above the mean. However, only one cell population was analysed for SSEA-4 staining
from the CaAlg/mEF condition since the other culture was sacrificed for a secondary
only control, thus there is no error bar represented.
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staining. Minimal FITC signal above the threshold was evident in the sample stained
with the isotype control, proving the SSEA-4 staining in the top image to be specific.

3.4.6 Continued passaging of hESCs cultured on alginate/cell layers

3.4.6.1 Subculturing of hESCs onto normal feeders after culture on alginate/cell
layers, with subsequent immunocytochemistry analysis

As described in section 3.4.3, staining of the hESCs whilst still in culture on the
alginate layers proved un-reliable, thus it was decided to harvest the hESCs and reseed onto standard mEF feeder cultures in IVF dishes. The growth of these cultures
was then monitored and the cells subcultured into new IVF dishes or fixed and
immunocytochemically stained for pluripotency markers. Cells were harvested from a
variety of alginate conditions, including various culture periods and alginate types;
figure 3.50 contains images from a few of these cultures.
As can be seen in the figure, the cells maintained stem cell characteristics
upon reseeding, with a mixed colony morphology present throughout the culture. The
cells proliferated well and stained positive for OCT-4 after six days of growth. In this
particular case, the OCT-4 stain result was not very strong, but this can be attributed
to the particular staining protocol followed; the permeabilisation and primary
antibody incubation steps were combined into one step, and no primary blocking step
was performed. (This protocol was performed during the early stages of
immunocytochemistry assay development, which is why a different method was
employed that did not appear to be as fruitful.) The nature of the 1 % BSA solution
used to dilute the antibodies could have also affected the success of staining; as in
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Figure 3.50 Phase-contrast and fluorescence images of re-seeded SHEF-3 hESCs
after a 5-day culture on CaAlg/mEF layers. Top row, phase-contrast images of
SHEF-3 hESCs after two days of re-seeded growth on a mEF feeder IVF dish, at 4 x
(A) and 10 x magnification (B); middle row, after four days of re-seeded growth,
again at 4 x (C) and 10 x magnification (D); bottom row, phase-contrast image of
cells (E) and OCT-4 positive cells (F) after six days of re-seeded growth. Images A
and C were taken at 4 x magnification with a scale bar of 1 mm; B-F taken at 10 x
magnification with a scale bar of 100 µm.
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certain places, including the bottom left hand corner of images E and F, there appears
to be crystallised material present in the solution. Further attempts at the protocol
were performed and are described below; a number were carried out before a final
decision regarding the use of the peptide-coupled alginate was made, hence data are
included from SHEF-3 hESCs after culture on standard non-peptide coupled alginate.
Figure 3.51 shows results of staining of SHEF-3 hESCs cultured on
CaAlg/mEF layers for six days and re-seeded onto normal feeders for four days, then
fixed and stained for OCT-4, this time following the optimised immunocytochemistry
staining protocol described in the methods. OCT-4 positive areas of colonies were
visible within the culture. Morphologically, although looking more compacted than in
standard culture (see row B within figure), these particular areas within the colonies
can be seen to contain hESC-like cells when compared with the surrounding cells that
are not positive for OCT-4.
At this stage, antibodies for other markers were looked into to see if they
would also show up in the re-cultured SHEF-3 hESCs. SHEF-3 hESCs were cultured
on CaAlg/mEF layers for three days, re-seeded onto normal feeders for three further
days, then fixed and stained for OCT-4, SSEA-4 and TRA 1-60. Figure 3.52 shows
the images obtained of the cells; cells within the re-seeded culture were positive for
all three of the markers. This was again repeated with CaAlgRGD/mEF layers to
check the peptide-coupled alginate did not negatively affect the initial maintenance of
stem cell markers. Figure 3.53 shows the results from this staining; again OCT-4,
SSEA-4 and TRA 1-60 expression were all maintained.
Although the data mentioned in this section highlight the capacity for the
alginate layers to maintain hESC pluripotency, the method did not provide
quantitative results into the expression of pluripotent markers, nor into the ability of
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Figure 3.51 6-day SHEF-3 hESCs on 13-day CaAlg/mEF layers, re-seeded onto
normal mEF feeder plates for four days, then fixed and stained for OCT-4. Lefthand column showing phase contrast images, middle showing DAPI stained nuclei
and right-hand side column showing the presence of OCT-4 (Alexa Fluor 555)
colonies within the culture. Images taken at 10 x magnification, with a scale bar of
100 µm.

Figure 3.52 3-day SHEF-3 hESCs on 5-day CaAlg/mEF layers, re-seeded onto
normal mEF feeder plates for three days, then fixed and stained for OCT-4 (row
A), SSEA-4 (row B) and TRA 1-60 (row C). Left-hand side showing phase contrast
images, middle showing DAPI stained nuclei and right-hand side images highlighting
the secondary antibody signal. All images were taken at 10 x magnification with a
scale bar of 100 µm.
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Figure 3.53 ICC phase contrast and fluorescence images highlighting the
presence of pluripotency markers on P40 SHEF-3 hESC colonies after a 3-day
(6-day in the case of TRA 1-60 stain) growth on CaAlgRGD/mEF feeder layers
and a 3-day re-seeded growth on normal mEF feeder layers. Secondary antibody
Alexa Fluor 555 was used to highlight OCT-4 (row A) and SSEA-4 (row B), and
FITC was used to highlight TRA 1-60 (row C). Left-hand side showing phase contrast
images, middle showing DAPI stained nuclei and right-hand side images showing the
secondary antibody signal. All images were taken at 10 x magnification with a scale
bar of 100 µm.
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the alginate layers to be used in long-term hESC maintenance. Thus it was necessary
to employ flow cytometry in order to characterise the degree of the pluripotency over
a longer period, as described in the next section. SSEA-4 was chosen as a
pluripotency marker, due to its success in the flow cytometry analysis previously
described up to this stage and evidence of its high importance within stem cell
populations.

3.4.6.2 Continued passaging of hESCs on alginate/cell layers with on-line flow
cytometry analysis and post culture qPCR

The assay developed in the previous section was then employed on SHEF-3 hESCs
continually subcultured on alginate. Three culture conditions were set up and
encompassed CaAlgRGD/mEF layers, CaAlgRGD alone without cells but with mEF
feeder conditioned media (CM) and normal mEF feeder T-25 culture. Culturing the
hESCs on peptide-coupled alginate layers alone in the presence of mEF-CM was
essential in determining the effectiveness of the mEF cells within the biphasic layer,
since the mEF-CM would provide the hESCs with FGF2, one of the components
essential for hESC pluripotency in normal culture (Rao and Zandstra, 2005). Normal
T-25 culture was also critical in order to be able to compare the proliferation and
SSEA-4 expression with that evident in normal culture.
hESCs were seeded onto the three conditions, with six equivalent cultures in
each condition. Every four days the hESC cultures were subcultured from their
respective conditions, with half of the cells immunocytochemically stained and then
analysed by flow cytometry to quantify their viability and SSEA-4 expression, and
half of the cells re-seeded at a ratio of 1:2 onto freshly made cultures of the
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Figure 3.54 Colony morphology of SHEF-3 hESCs over four subcultures within
CaAlgRGD/mEF, CaAlgRGD/CM or normal mEF feeder T-25 culture. HESC
from CaAlgRGD/mEF layers were imaged at P1 after four days (A), at P2 after four
days (D) and at P3 after four days; hESC from CaAlgRGD/CM culture were also
imaged at P1 after four days (B), at P2 after four days (E) and at P3 after four days
(H); hESC from normal mEF feeder culture were imaged at P1 after four days (C), at
P2 after four days (F) and this time at P4 after four days (I). All images were taken at
4 x magnification with a scale bar corresponding to 1 mm, apart from D, G and H
which were taken at 2 x magnification with scale bar corresponding to 2 mm.
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corresponding conditions. The cells were subcultured four times in total.
Figure 3.54 shows the cell colony morphology across the four subcultures.
The morphology of the SHEF-3 hESCs on the CaAlgRGD/mEF layers is quite varied
by the final subculture; there are some areas of flat outgrowth with morphologically
hESC-like cells present, but also some areas of aggregation within the culture. There
was a greater amount of clumping within the SHEF-3 hESC cultures on the
CaAlgRGD/CM layers, possibly suggesting a greater amount of differentiation. The
control cultures maintained good stem cell phenotype.
Figure 3.55 shows graphs of the proliferation and viability of the hESCs over
the 16-day period and figure 3.56 shows the SSEA-4 expression of the hESCs.
Looking at figure 3.55, it can be seen that the cells’ viability is maintained throughout
the 16-day period in all three of the conditions. There is a slight increase in
proliferation after four subcultures on the CaAlgRGD/mEF condition, but generally
the cell concentration stays at around half of that observed in the CaAlgRGD/CM
condition. Here, the cell number is maintained around the same degree throughout the
experiment, proving that a 1:2 split is sufficient for continued maintenance. Both of
these conditions however have a lower cell number to that quantified in normal T-25
culture, which shows a general increase over the four subcultures. This in turn
indicates that a 1:2 split is not sufficient to maintain a controlled culture; if these
cultures were continued past this stage then confluence would have definitely become
detrimental within the cell populations and the split would have had to have been
reduced to 1:3 or 1:4, thus ensuring that the level of potential spontaneous
differentiation occurring was kept to a minimum.
The lower number of cells present in the CaAlgRGD/mEF culture could be
due to the reasons described in section 3.4.5; neither of the alginate conditions were as
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Figure 3.55 Graphs representing the cell number (top) and viability (bottom) of
SHEF-3 hESCs over four subcultures within differing culture conditions,
obtained via flow cytometric analysis. HESCs were harvested at each subculture
after four days on either CaAlgRGD/mEF layers, CaAlgRGD/CM layers or normal
mEF feeder T-25 culture. Three biological repeats were performed and the error bars
shown represent one standard deviation above the mean.
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Figure 3.56 SSEA-4 expression of SHEF-3 hESCs over four subcultures within
differing culture conditions, obtained via flow cytometric analysis. HESCs were
harvested at each subculture after four days on either CaAlgRGD/mEF layers,
CaAlgRGD/CM layers or normal mEF feeder T-25 culture. Importantly, whilst a
difference in SSEA-4 expression is not visible after one subculture on
CaAlgRGD/mEF layers, there is a significant drop after four subcultures on these
layers, compared with the control culture SSEA-4 expression. Three biological
repeats were performed and the error bars shown represent one standard deviation
above the mean. A paired students t-test was performed and the statistical significance
deduced; * = p < 0.05, ** = p < 0.01.
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effective in promoting proliferation as in the normal T-25 culture. This inhibition of
proliferation could be due to any number of reasons encountered in the biphasic
system. For example, the difference in mechanical strain acted upon the cells by the
surface between the alginate and the normal feeder culture, or perhaps the promotion
of growth by direct cell contact with feeder cells, which may be restricted in the
alginate system as the mEF cells stay immobilised within the layer. (This cannot be
concluded upon however, since the mEF/hESC contact within the novel biphasic layer
has not been investigated.)
Figure 3.56 demonstrates the SSEA-4 expression over the four subcultures, as
analysed by flow cytometry. The SSEA-4 expression can be seen to decrease over the
four subcultures in the CaAlgRGD/mEF condition compared to the start (p < 0.05)
and by the last subculture, is significantly lower than in the control condition (p <
0.01). This result indicates that the biphasic feeder system is not maintaining the
pluripotency of the hESCs in the long-term. The expression of SSEA-4 by the hESCs
within the CaAlgRGD/CM condition is generally lower than that from the hESCs on
the CaAlgRGD/mEF layers, indicating perhaps there must be factors other than FGF2
alone that the mEFs provide within the system that help to keep the hESC
undifferentiated on top.
To further prove this loss of pluripotency actuated by a loss in SSEA-4
expression, PCR was employed to investigate the gene regulation occurring within the
nucleus. After the 16-day period, all remaining cells from the four conditions were
harvested for PCR and qPCR analysis, and these methods were used to investigate the
expression of the pluripotency genes Oct4 and Nanog and in the case of the qPCR,
hTERT as well. As described in section 2.2.5.2, the Pfaffl method was utilised to
calculate the relative expression normalised to the control condition, whilst taking into
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Figure 3.57 Pluripotency genes present in SHEF-3 hESCs from four subcultures
in different conditions, as measured by PCR (top) and qPCR (bottom). HESCs
were harvested from after four subcultures on either CaAlgRGD/mEF layers (A in top
figure), CaAlgRGD/CM layers (B in top figure) or within normal mEF feeder T-25
culture (C in top figure). Top, PCR gel showing the presence of the pluripotency
genes Oct4 and Nanog along with the housekeeping genes βactin and Gapdh. Bottom,
qPCR results demonstrating the expression of the pluripotency genes Oct4, Nanog
and Htert relative to the expression of Gapdh in each of the conditions. The values
were normalised to the data from the SHEF-3 hESCs cultured in the normal mEF
feeder control condition. The data is shown as technical triplicates and the error bars
represent one standard deviation above the mean. A paired students t-test was
performed to asses the statistical significance of the difference between the
CaAlgRGD/mEF and the CaAlgRGD/CM hESCs; ** = p < 0.01.
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account the different efficiencies of the gene of interest and the housekeeping gene
respectively (Pfaffl, 2001). Figure 3.57 shows the results from these experiments.
Minimal bands were present within the PCR gel shown at the top of the figure
for either of the pluripotency markers within hESCs from both of the alginate
conditions. There did appear to be a band present around the 100 bp mark within the
hESCs from the CaAlgRGD/CM condition, suggesting presence of Oct4. However
the feasibility of this in suggesting maintenance of expression of this gene solely with
regards to pluripotency is lacking; the qPCR results in the lower panel strongly show
down-regulation of the marker within both alginate conditions, so most likely is the
fact that the actual expression of the gene is somewhat delayed from the actual up- or
down-regulation within the genomic sequence. There is also some evidence of OCT4’s relationship in the neuroectoderm differentiation pathway, though this is further
discussed in Chapter 4. This apparant OCT-4 expression in condition B is greater to
that found from condition A by PCR, which is not in agreement with the SSEA-4
expression deduced via flow cytometry, though in this case, there is also a difference
in the strength of the bands present from the housekeeping genes between the two
conditions. Nonetheless, the unquantitative nature of PCR means no accurate
conclusions can be made.
The qPCR results shown in the bottom of figure 3.57 further prove the downregulation of key plurpiotency markers. Oct4, Nanog and hTERT were all
significantly down-regulated after the four-subculture period. The degree to which
two of the genes had been down-regulated was significantly amplified within the
CaAlgRGD/CM condition compared to the CaAlgRGD/mEF condition (p < 0.01),
again further proof to the flow cytometric results analysing SSEA-4 expression that
FGF2 alone is not enough to mimic the mEF activity within standard hESC cocultures.
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These results indicate that whilst the cells are remaining viable and
proliferating to a certain degree, there are other factors that are missing from this
modified culture system that are essential for the long-term maintenance of hESCs.
Refering back to the SSEA-4 expression highlighted by flow cytometry, importantly,
whilst there is not a difference evident after only one subculture on CaAlgRGD/mEF
layers, there is a significant drop in SSEA-4 expression after four subcultures on these
layers and this is considerably different to the control culture expression. This
highlights the importance of testing the more long-term aspect of the replacement
system, as initial experiments showed maintenance of stem cell markers.

211

3.5 Discussion

Although initially promising results highlighted the possibility to use this novel feeder
system for hESC culture, repeated passaging onto alginate, even with the RGDpeptide sequence and feeder cells both present, resulted in down-regulation of key
pluripotency markers. Unfortunately, this system at this current stage of development
is not suitable as an alternative to the mito-mEF feeder system on tissue culture
plastic, though potential modifications could help to increase the usability.
The biocompatibility of the layers was highlighted from initial experiments
showing no loss in viability of mEF cells encapsulated within alginate. There was also
no observed loss of material after the alginate layers had been constructed and had
been in culture. The mEF cells were successfully homogeneously immobilised within
the porous alginate polymer, which was essential to avoid areas of aggregation and
possible necrosis due to limited nutrient access. The ability to successfully recover
viable cells from within the polymer showed that the alginate did not have any toxic
effects on the cells.
A key observation throughout the experiments presented in this report is the
lack of visible fibroblastic-morphology by the mEFs immobilised within the RGDalginate. This could be one of the key reasons for the failings of this proposed feeder
system; the unnatural spherical morphology of the fibroblasts compared to the normal
elongated shape as seen on tissue culture plastic is highly suggestive towards the fact
that they are not acting in the usual fibroblastic manner. No elongated morphology
was visible even after long culture periods, as up to 5 weeks was observed for some
layers. Markusen et al (2006) showed MSCs attaching within alginate-GRGDY (a
peptide consisting of a glycine and a tyrosine at either end of the usual RGD

212

sequence, see figure 1.4 within Chapter 1) beads, compared with no attachment seen
in control alginate without the peptide. The cells were seeded at a concentration
between 2 x 106 and 2 x 107 cells/ml into 1 % alginate solutions; attachment was
visible after three days, with dense networking of cells visible after nine days.
Although the alginate concentration is the same, the cell concentration as presented by
the authors was much larger than used within the CaAlgRGD/mEF experiments.
Alongside this, the degree of proliferation differs between the two cell types, and the
specific culture method also differed in that Markusen at al (2006) cultured the MSCs
in alginate-GRGDY beads that were rinsed with complete media after cross-linking
and then cultured in a 24-well plate at a concentration of one to three beads per well.
The rinsing step was incorporated to reduce residual CaCl2 levels and the nature of the
small alginate beads meant that nutrient transfer across the bead was very efficient. In
comparison, the large volume of alginate in the CaAlgRGD/mEF layers could be
affecting nutrient access, though the large surface area available for transfer and the
thickness of the layer only being around 2 – 3 mm can be predicted as both helping to
minimise any problems incurred. By any means, after the cross-linking period used in
this report, complete media was added to the layers for them to equilibrate within and
this media was always then exchanged for fresh culture media before seeding the
cells, ensuring the residual CaCl2 levels are reduced. In a latter study by Fishbach et al
(2009), the alginate beads were also rinsed after cross-linking in the Ca2+ solution,
this time with DPBS.
Some of the reports by Mooney and colleagues have shown cells attaching to
the surface of alginate-RGD gels, instead of within the gel (Rowley et al., 1999;
Rowley and Mooney, 2002). This is certainly evident within the results presented here
in this chapter; hESCs seeded onto CaAlg/mEF layers maintain an 3D aggregate-like
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morphology, whereas seeding onto CaAlgRGD/mEF layers results in visible
attachment of hESCs with noticeable spreading at the edges of the colonies across the
alginate surface. Unsurprisingly, it has previously been reported that increasing the
RGD density on alginate layers results in increased cell proliferation (Rowley and
Mooney, 2002). However, the actual spacing of the RGD ligand with respect to the
position of the cells is also highly important. Early studies using differing quantities
of RGD ligands attached to a culture surface demonstrated that the average peptideto-peptide spacing on a cell surface was crucial for different desired cell processes
(Massia and Hubbell, 1991). In this study, maximum cell spreading and stress fiber
formation of fibroblasts attached to the culture surface were promoted by significantly
different average ligand spacing. Indeed the actual stereochemistry of the ligand is
also highly important, with a cyclic peptide containing the RGD sequence
demonstrating a greater affinity for the protein vitronectin (an ECM protein known to
bind the RGD sequence via the α5β3 integrin) in comparison to the linear form
(Pierschbacher and Ruoslahti, 1987). Separate studies using cyclic RGD peptides
have further demonstrated the sensitivity of cells, in particular osteoblasts, to the order
of the ligand, showing that a ligand spacing of less than 70 nm between neighbouring
RGD sequences is required for effective cross-linking of integrins on the cell
membrane and thus successful formation of a cytoskeletal network (Huang et al.,
2009).
Other than being involved in attaching cells to surfaces, integrins also play a
key role in mediating signalling events and therefore are able to elicit responses
beyond whether the cell attaches or not (Hersel et al., 2003). One study looking at the
effect of adsorbed fibronectin on the proliferation and differentiation of myoblasts
showed that surfaces employing higher levels of α5β1 (one of the cell surface
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integrins that interacts with the cell binding domain in fibronectin in an RGD
dependant manner, as discussed before) promoted differentiation of the cells into
myotubes (Garcia et al., 1999). These studies were carried out on fibronectin-coated
surfaces made from a variety of materials; some of the observed differences in
integrin binding from surface to surface were clearly due to the varying conformation
of the fibronectin ligand, which is in turn dependant on interactions with underlying
substrates. Control of RGD density, location and stereochemistry within the
CaAlgRGD/mEF system could well increase the chance not only of attachment of
mEF cells, but also control of hESC proliferation and potential control of
differentiation.
The specific type of alginate used, with respect to both its repeating unit
constitution and its viscosity, also has an effect on cells cultured on top or
immobilised within. Rowley at al (2002) demonstrated that increasing the G-unit
content in alginates results in an increased rate of proliferation of myoblasts seeded on
top and Markusen el al (2006) also used high G-unit containing alginate for the
immobilisation of MSCs. One particular study compared high G and high M-unit
containing alginates, with a markedly greater degree of degradation and thus loss of
mechanical strength observed in the high M-unit containing alginates, along with a
lower amount of proliferation of bone marrow cells (Wang et al., 2003). In agreement
with Rowley et al (2002) in suggesting why this is the case, the authors proposed that
G-unit block fractions promote adhesion and colonisation, along with a key effect
from the mechanical properties of the alginate. G-unit rich alginates retain a greater
tensile strength, thus offering a surface able to withstand traction forces, hence aiding
colonisation via migration. With regards to viscosity, Siti-Ismail et al (2008) and
Yang et al (2004) both used low viscosity alginate to encapsulate hESCs and MSCs
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respectively, whilst Marler et al (2000) used medium viscosity alginate in a model
tissue engineering construct.
In preliminary experiments with alginate (refer to sections 2.3.1.3 and 3.4.2)
varying types of viscosity and M- or G-unit rich varieties of the polymer were
investigated and there was minimal difference evident from the varying types of
alginate. This is consistent with previous work with the different types of alginate,
hence the high viscosity, high G-unit containing alginate was selected for use in the
CaAlg/mEF system, alongside the peptide-modified alginate (Culme-Seymour, 2006).
Certainly an equilibrium in this variable is desirable for this system; the alginate
needs to be soft enough for mEF encapsulation, allowing migration, cross-linking and
deposition of ECM proteins if necessary, whilst still maintaining enough rigidity to
provide a surface for the hESCs to attach onto and spread across. Considering
previous reports regarding the effect of surface rigidity on ESC differentiation, the
drop in E from tissue culture plastic to alginate could indeed have a large effect on the
hESC phenotype (Engler et al., 2006).
With respect to the rheology of the alginate layer, quantification of the E of a
layer fabricated with 1 % alginate at around 2.6 kPa shows the alginate to fall
correctly within the accepted range for soft substrates as previously defined by
Heuberger et al (1995). This value differs from the 26.3 + 5.4 kPa as quantified by
Yamaoka et al (2006). This could be due to the source of alginate, which differs
between this latter report and that used within the CaAlg layers described here within
this research. In the report presented by Yamaoka et al (2006), in their description of
alginate as a relatively firm gel, they propose that this property could well preserve
the isolation of the cells immobilised within, with a decrease in cell to cell contacts
possible. This could well be applied to the CaAlg/cell layers investigated within this
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chapter, within which all the cells were encapsulated and remained as single cells.
Nonetheless, the rheological studies described here in this chapter all point towards
the strongly elastic nature of the alginate, especially considering its ability to recover
immediately from applied stress. This is particularly valuable in considering the
application of the polymer for large-scale use as a culture scaffold; the mechanical
strength of the gelated polymer would protect large volumes from external damage,
whilst maintaining their desired shape.
Other than propagation of pluripotent hESC, differentiation down specific
pathways is also a key factor to investigate, with the aim of refining lineage
specification and resulting in the production of 100 % pure populations of somatic
cells. In one of the previous hESC encapsulation studies, although the cells
demonstrated no loss of ability to differentiate once transplanted, the hESCs did
indeed exhibit mostly endodermal differentiation markers after spontaneous
differentiation in vivo (Dean et al., 2006). It would be interesting to investigate the
role that the CaAlgRGD/mEF layer could play in selecting for such a lineage. Other
than a change in integrin binding and focal adhesions of the hESCs between the
plastic culture surface and the top of the alginate, a significant difference in
mechanical strain acted upon the cells by the culture surface is predictable, a factor
that can strongly affect the differentiation pathway as discussed in section 1.9 (Engler
et al., 2006; Saha et al., 2006; Saha et al., 2008a).
Another possibility for the failures of the CaAlgRGD/mEF system proposed
here could be due to the disruption of the secreted hESC ECM proteins, via removal
of the direct feeder contact. Whilst little laminin expression was evident in feeder only
cultures, upon coculture with hESCs, there was an increase in expression from both
the mEF cells and the hESCs (see figures 3.23 to 3.25); this was also the case with

217

fibronectin and collagen IV, as mentioned within section 3.3.1. It can be predicted
that due to a decrease in contact between the two cell types, these proteins would not
be secreted in the same way as is achieved within normal coculture. Importantly,
however, this has not been characterised, as described in section 3.4.6.2. In one of the
alternative hESC culture methods described in section 1.8 proposing the use of a
transwell insert to separate mEF feeders from hESCs, the actual mEF/hESC
interaction is investigated (Kim et al., 2007). The authors use scanning electron
microscopy to highlight the two cell types interacting with each other through the
insert. This would certainly be a benefical analysis tool regarding the
CaAlgRGD/mEF layers.
The lack of mEF support will play a key role in promoting differentiation of
the hESC, as described in section 1.4. With respect to actual ECM formation, since
the CaAlg/mEF layers that were analysed for presence of a possible ECM were only
cultured for 1 week, it was understandable that formation was not observed, since this
is not a long culture period for cells that are growing outside of their normal culture
conditions. The presence of fibronectin on the surface of all the cells was a positive
result since it could have signified very early stages of ECM growth.
Importantly, there are also key roles other than ECM production that the mEFs
play within the mEF/hESC culture system. Secreting other proteoglycans and
adhesive factors, the potential ability to absorb harmful factors in the culture media
and the ability to provide mechanical stability (via the ECM structure) are key roles
that mEFs play in maintaining hESC pluripotency. In the proposed CaAlg/mEF feeder
system it is clear that moving the mEFs from a 2D adherent monolayer to 3D
suspended culture has resulted in a change in morphology, so it is easy to predict that
other less obvious aspects of the mEF cells have also been modified.
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Another key factor in the proposed feeder system is a lack of complexity.
Whilst the direct feeder contact has been eliminated, this has not been fully
compensated for with a larger enough combination of added factors. Other feederand serum-free culture systems discussed in Chapter 1 all had additional components
added to counterbalance for the loss of the feeder contact; Xu et al (2001) used
Matrigel, laminin, collagen IV or fibronectin coated tissue culture plastic and FGF2
supplemented (4 ng/ml) mEF-CM (made from culturing irradiated mEFs in hESC
media containing 4 ng/ml of FGF2) to maintain hESCs feeder-free, whilst Rajala et el
(2007) used 80 – 100 ng/ml of FGF2 in their feeder-free cultures, which they
maintained on tissue culture plastic coated with a mixture of laminin, collagen IV,
fibronectin and vitronectin. The use of Activin A, a key growth factor secreted by
mEFs, in conjunction with nicotinamide, keratinocyte growth factor and
laminin-coated tissue culture plastic, and separately with TGFβ has helped maintain
feeder-free hESC pluripotency (Beattie et al., 2005; James et al., 2005). Addition of
these factors to this CaAlgRGD/mEF system could possibly help to reimburse the
hESCs with key factors required to maintain the stem cell phenotype.
In the long-term experiment looking at the potential of the extended culturing
ability of this system, one of the culture conditions investigated was a CaAlgRGD
layer alone with FGF2-supplemented mEF-CM. The concentration of supplemented
FGF2 was low however, especially considering the amount used by Rajala et al (2007)
to maintain their hESC pluripotency when cultured feeder-free. Perhaps a
combination of CaAlgRGD/mEF layers with FGF2 supplemented mEF-CM, along
with other factors mentioned above, would have more success in maintenance of
hESC pluripotency. Addition of each variable does present further challenges with
respect to fabrication and cost, thus in turn further reducing the chance that this novel
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system could be a viable alternative to standard culture. It is also interesting to note
that a greater amount of proliferation was morphologically evident within the longterm subculturing on CaAlgRGD/CM layers compared to the CaAlgRGD/mEF
condition, whilst higher viable cell concentrations were also visible from the flow
cytometry analysis. If this condition was favouring proliferation to potentially result
in more differentiated cells, then addition of exogenous FGF2 will only serve to
encourage the process, since previous studies have demonstrated the involvement of
FGF signalling pathways in cell differentiation (Hanada et al., 1997; Murray and
Edgar, 2004; Kawazoe et al., 2008).
One key aspect of the characterisation of this novel system compared to that
previously reported is the inclusion of dissociation and re-culture steps. Expansion of
cell numbers is vital if the hESCs are to be propagated successfully for any particular
use in regenerative medicine applications. Siti-Ismail et al (2008) report on an
extensive 260-day encapsulation of hESCs within alginate, however their protocol is
clearly lacking any potential for scale-up of the cells. The cells were merely
maintained rather than expanded, hence the usability of this system for the
bioprocessing of large numbers of hESCs is limited. A recent publication regarding
culture of hESCs within alginate microscapsules compared the encapsulation method
presented by Siti-Ismail et al (2008) with that proposed by Dean et al (2006) and
further highlights issues associated with the protocols (Chayosumrit et al., 2010).
Here, the viability of the hESCs was shown to actually decrease after being
encapsulated following both protocols, with the barium alginate method used by Dean
et al. (2006) resulting in a significant decrease to 5 % after a 5-day encapsulation. No
successful maintenance of hESC viability was achieved within the study without the
addition of a selective ROCK inhibitor to prevent dissociation-induced apoptosis and
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promote cell survival. Whilst Wang et al (2009a) discuss a successful 14-day directed
differentiation of mESCs within alginate, once again there is a lack of routine
subculturing in the proposed protocol, which would be highly necessary in order to
achieve the numbers of differentiated cells required.
The usability of some of the other proposed culture systems using alternative
materials to alginate for the bioprocessing of ESCs is problematic, again due to
minimal discussion into the expansion or subculturing of these cells within the novel
matrices. Gerecht et al (2007a) demonstrate the maintenance of hESCs for 20-30 days
in crosslinked HA gels cultured in mEF-CM. However, the hESCs were merely
maintained at the same subculture number within the HA gel, hence the success of
this system for expansion is again hard to visualise, since there was certainly no clear
evidence of an increase in hESC numbers. Li et al (2006b) propose a system of sIPNs
capable at maintaining hESCs feeder-free in mEF-CM, however the short 5-day
culture period reported means that the long-term suitability of this novel culture
system once more cannot be determined. Whilst the short-term culture of hESC on
CaAlgRGD/mEF layers described at the beginning of this chapter highlighted the
feasibility for the system to successfully maintain hESC pluripotency, it was the
longer-term analysis that was able to show the true efficacy of the alternative method.
This is an essential aspect in the characterisation of alternative feeder-free systems for
hESC culture to ensure correct proliferation and gene expression of the cells is
maintained in the expanded populations.
Nevertheless, progress away from using the standard mEF feeder layer has to
be achieved. Further movements towards replacing this coculture environment with a
chemically defined and easily scalable system are vital if the true potential of hESCs
are to be recognised.
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4. Results of GXG as a mechanically tuneable substrate for mESC maintenance and
differentiation

The work presented in this chapter encompasses a detailed description of the culture
of mESCs, along with the results from the investigations into culture of these cells on
mechanically tuneable GXG substrates. The substrates were fabricated and used for
mESC culture as described in section 2.4. First described in this chapter is the
standard cell culture of the wild type mESC line, E14, including how these cells were
analysed via flow cytometry in order to deduce the background fluorescence value
and thus enabling the GFP signal to be distinguised from the transfected mESC lines
used latterly. The culture of the Oct4-GFP mESCs is then described, firstly on
standard tissue culture plastic and then on the GXG substrates, here regarding both the
maintenance of the stem cell state and induction of spontaneous differentiation.
Finally, the culture of the 46c Sox1-GFP mESCs is described; maintenance and
directed neuronal differentiation of these cells on standard tissue culture plastic is first
described, followed by both spontaneous differentiation and directed neuronal
differentiation on the GXG substrates.

4.1 E14 mESC culture

Since a large amount of analysis on the effects of GXG culture on the Oct4-GFP and
Sox1-GFP mESC lines was to be carried out using flow cytometry, the E14s were first
cultured in order to be able to set the parameter for the remaining mESC experiments.
Specifically regarding flow cytometry, these non-transfected cells were used to set the
base GFP expression, above which any GFP reading from the tranfected cells used
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later in this chapter could be taken as positive. Hence the work in this section
describes the brief culture and flow cytometric analysis of the E14 mESCs.
Initially, it was difficult to successfully thaw the cells and produce a
significant population of viable cells in culture. A number of factors affected the cell
recovery during the thawing protocol, including too small a cell population frozen per
vial to begin with, inefficient freezing and/or vialing, incorrect freezing media or too
slow a thawing process. Upon recognising that few viable E14 cells could be thawed
following the standard protocol, the process was modified to try and encourage as
many cells to attach as possible. The culture surface was reduced from a 25 cm2 area
(within a T-25) to a 9.6 cm2 area (within a 6-well plate), so as to ensure that any cells
that did attach did so as closely to each other as possible. A minimal seeding volume
was used when seeding the thawed cells, in order to improve the chance of successful
attachment of the cells to the tissue culture plastic. The media used was a high serumcontaining media e.g. around 15 % FCS supplemented GMEM. Also, the plates were
gelatinised for a longer period before thawing, to ensure the surface was sufficiently
coated pre-seeding. These modifications meant that a viable culture of E14s was
eventually achieved and the cells were expanded, analysed on the flow cytometer and
banked.
Figure 4.1 shows phase-contrast images of P47 E14 mESCs in culture; the
population is to some degree heterogeneous in shape, with some rounded, large cells
and some more irregularly shaped. Generally, the cells within tight colonies retained a
spherical morphology (see arrow), akin to the Oct4-GFP mESCs as can be seen later
in section 4.2, whilst those present at the extremities of the colonies spread further
across the culture plate and thus exhibited a more variable appearance.
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Figure 4.1 Phase-contrast image of P47 E14 mESCs after three days in culture.
The cells within tight colonies retained small, spherical morphology (see arrow). This
picture was kindly donated by Kate Fynes at the Department for Biochemical
Engineering, UCL. Image was taken at 10 x magnification with a scale bar of 100 µm.

Figure 4.2 Dot plot showing P32 E14 mESCs analysed by flow cytometry. The
baseline for GFP positive cells was set using the E14 population.
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Figure 4.2 shows unstained E14 mESCs as analysed by flow cytometry. Here,
the ViaCount Flex reagent was used as an indicator of viability, since the cells are
non-transfected cells. Upon aquisition of this baseline for the flow cytometric
parameters, the culture of E14 mESCs was not continued during this research, as it
was the transfected cell lines that were of greater interest for investigation.

4.2 Oct4-GFP mESCS

This section includes results from the culture of the Oct4-GFP mESCs on standard
tissue culture plastic. This is followed by results from the culture of the cells on the
GXG substrates. Investigations into the maintenance of the stem cell state along with
induction of spontaneous differentiation on the mechanically tuneable substrates in
comparison with standard tissue culture plastic are described here.

4.2.1 Standard culture on plastic in LIF containing medium

Oct4-GFP mESCs were successfully thawed, cultured and banked throughout the
course of these investigations. As described in section 2.1.3, a sub-clone of the Oct4GFP mESC line expressing high levels of GFP was used in the experiments described
here. Upon thawing, the heterogeneous cell population displayed a mixed cell
morphology of either flattened single cells non-uniform in shape, or slightly raised,
spherical cells. The cells were then left in culture (with daily media changes) until
larger, rounded colonies were visible. The cells were subcultured upon reaching
confluency every two to three days, using a split ratio of between 1:5 and 1:7.
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Figure 4.3 shows the cell and colony morphology, and GFP expression of the
cells, as observed by fluorescence microscopy. The culture did exhibit a degree of
heterogeneity; some larger, flattened cells, which were non-uniform in shape and
exhibiting non-mESC like cell processes were often visible within the culture (see
arrow within figure 4.3). Any significant change towards varied colony morphology
was easily avoided by regular media changes and subculturing so that rounded
colonies could be maintained.
The next stage was to analyse the base GFP expression by flow cytometry,
using the gates previously set via E14 mESC flow cytometric analysis, as described in
section 4.1. Figure 4.4 shows the dot-plot obtained by analysing P25 Oct4-GFP
mESCs on the Guava EasyCyte. Here, the viability was measured at around 90 % and
the GFP expression at 92 %. Across the course of all experiments the viability and
Oct4-GFP expression varied slightly, as both values could be influenced by a number
of factors exhibited on them during their processing, prior to flow cytometric analysis.
If the cell cultures had been left to develop into slightly over-confluent cultures or had
not had sufficient media changes, then early stages of differentiation could result in a
slight reduction of the GFP positive cell population. Careful monitoring of the level of
GFP expression was undertaken throughout the culture of these cells and should too
low a value be registered, new vials of Oct4-GFP mESCs were thawed.
Further characterisation of these cells was carried out by performing ICC on
cultures to check for expression of pluripotency markers. Figure 4.5 shows phasecontrast and fluorescence images from 2-day P32 Oct4-GFP mESCs stained via ICC.
Positive expression of the pluripotency markers OCT-4, Nanog and UTF-1, along
with the surface marker SSEA-1, was evident. Combined with their characteristic cell
and colony morphology, and Oct4-GFP expression as deduced by flow cytometry,

226

Figure 4.3 Phase-contrast (left column) and fluorescence (right column) images
showing 1-day P25 (top row) and 3-day P28 (bottom row) Oct4-GFP mESCs.
Mostly mESC-typical rounded colonies were evident, however the occasional
flattened differentiating cell was also present within the culture (see arrow). The green
signal in the fluorescence images shows the cells that are Oct4-GFP positive. All
images taken at 10 x magnification with a scale bar of length 100 µm.

Figure 4.4 Dot plot showing P25 Oct4-GFP mESCs analysed by flow cytometry.
92 % of the viable cell population expressed Oct4-GFP.
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Figure 4.5 ICC staining results from 2-day P32 Oct4-GFP mESCs. Left-hand
column contains phase-contrast images showing the colony and cells’ morphology,
middle-left column contains DAPI images highlighting the cells’ nuclei, middle-right
column shows the Oct4-GFP signal and the right hand column shows the antibody
staining results. Secondary antibodies were used to highlight, from top to bottom,
OCT-4 (IgG mouse), Nanog (polyclonal rabbit), UTF-1 (IgG mouse) and SSEA-1
(mouse IgM). Alexa Fluor 555 secondary antibody was used to highlight all primary
antibodies apart from Nanog, to which Cy3 secondary antibody was used. All images
taken at 20 x magnification with a scale bar of length 100 µm.
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this proved that the cells exhibited normal stem cell characteristics. Secondary
antibody only controls correctly showed no staining, whilst isotype controls, the
results of which are shown in Appendix 7.5, proved the staining shown in figure 4.5
to be specific.

4.2.2 GXG culture

4.2.2.1 Maintenance on GXG in LIF containing medium

The next stage of investigation involved the culture of Oct4–GFP mESCs on GXG
substrates of varying E values, as described in section 2.4. Before any extended
culture of these cells on the substrates was attempted, a number of preliminary
investigations into GXG substrate construction and use for cell culture were
performed, in order to identify any immediate bottlenecks within the GXG protocol
itself and investigate the sterility of the culture system. A few contaminations at the
early stages of development came to light and modifications to the protocol were
made to try and eliminate this. Gelatin solutions were autoclaved and carefully
aliquoted into sterile bottles for storage at 4 °C and the sodium borohydride solution,
used to reduce any un-reacted glutaraldehyde within the GXG layer upon
construction, was syringe-filter sterilised before adding to the GXG layer.
Once fabrication of a fully sterile culture system had been developed,
experiments were performed in order to investigate the effect of E on the pluripotency
marker expression of Oct4-GFP mESCs. Minimal effect of substrate rigidity on
Oct4-GFP expression was seen, as quantified by flow cytometry. Figures 4.6 and 4.7
display the results seen from one of these experiments. Here, P23 Oct4-GFP mESCs
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Figure 4.6 Phase-contrast images showing the colony morphology of P23 Oct4GFP mESCs after six days of culture in LIF containing medium on a 2 kPa GXG
substrate. The 3D nature of the colonies is highlighted in the two images on the righthand side; there is a larger range of plane of focus throughout the cell colony. The
image on the left is taken at 4 x magnification with a scale bar of length 500 µm; the
middle and right-hand side images are taken at 10 x magnification with a scale bar of
length 100 µm.
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Figure 4.7 Graphs obtained from the flow cytometry analysis on P23 Oct4-GFP
mESC after six days of culture in LIF containing medium on GXG substrates of
a range of E values. Top graph: total Oct4-GFP positive refers to the total percentage
of viable cells expressing the marker. Bottom graph: high/low Oct4-GFP positive
refers to extended analysis of the Oct4–GFP positive population (see section 2.2.3),
high GFP represented by filled-in black columns, low GFP represented by diagonalstriped columns. No error bars are displayed as the data were collected from only one
sample in each case and hence statistical significance could not be deduced.
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were seeded at 7.5 x 104 cells/cm2 in LIF containing medium onto GXG substrates
made from either 3, 4, 5 or 6 % gelatin made up in DPBS; controls on tissue culture
plastic were set up as standard. The cultures were then left for six days without any
media changes, after which stage they were photographed and the cells harvested for
flow cytometric analysis. Media changes were not performed at this stage, as the
nature of attachment of the mESCs to this modified culture surface was still
undetermined.
Figure 4.6 shows the colony morphology after spending six days on the 2 kPa
GXG surface made up from 3 % gelatin in DPBS. The 3D nature of the colonies
present within the cell cultures shown in figure 4.6 is particularly evident as it was
certainly difficult to focus on both the colony and the culture surface at the same time,
when capturing the image using the microscope. Whilst the focus is drawn to the top
of the colonies, the GXG surface in the field of view behind loses focus and becomes
blurry; this implies that the height of the colony is greater than in normal tissue
culture plastic, where it is possible to focus on the culture surface and the cells at the
same time. After six days, colonies of cells were present in all conditions and
exhibited a comparable morphology to that shown in figure 4.6 from just one of the
conditions.
Figure 4.7 contains graphs obtained from the flow cytometry data showing
‘total’ Oct4-GFP expression and ‘high/low’ Oct4-GFP expression (for a description of
this analysis method, see section 2.2.3). The similarity between the cell populations
cultured on the various conditions is further proved by this analysis. No difference in
the effect on either the ‘total’ or the ‘high/low’ Oct4-GFP expression of the cells
between the varying matrix elasticities within the range measured and the control
culture could be identified. After the 6-day culture period, a larger proportion of the
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cells across all the conditions are displaying a GFP signal within the ‘low’ region of
the GFP positive peak; this is most likely due to the fact that the media was not
changed throughout the culture period, potentially resulting in a lack of constituents
necessary for maintaining expression of the pluripotency marker, along with a
possible build up of toxic waste material from the cells. Also, the mESCs will begin
to spontaneously differentiate if not subcultured after 2-3 days, hence a 6-day culture
will indeed lead to some differentiation evident within the culture.
To try and further characterise the effect of GXG culture on Oct4-GFP mESC
pluripotency the above experiment was repeated, this time however for an extended
period of twelve days, including one subculture at day five. The cells were
subcultured once to ensure that the confluency within each condition did not get too
high over the extended culture period. Bearing in mind that normal passaging of these
cells was carried out every two to three days, the cells were left for a longer period on
the GXG substrates before subculturing, since less immediate attachment of the cells
to the GXG substrates had already been observed. The protocol was also modified to
include media changes, to more closely mimic the standard culture procedure and
help avoid build up of detrimental toxins present within the culture.
The two extreme GXG substrate concentrations were selected for
investigation, to see if there were any obvious differences at the boundaries of the
range of GXG concentrations. Hence only 3 % gelatin made up in DPBS (E of 2 kPa)
and 6 % gelatin made up in H2O (E of 35 kPa) were used to fabricate the substrates.
Four biological repeats within each of the conditions were constructed to ensure
statistical significance of the data could be obtained and standard tissue culture plastic
was used for controls. Also, the culture medium was supplemented with antibiotic
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antimycotic solution to try and minimise the risk of bacterial contamination, as
described in section 2.1.3.4.
The GXG layers were constructed in 6-well format following the protocol
described in section 2.4.1. P24 Oct4-GFP cells were seeded in LIF containing
medium onto the GXG substrates and control plate at 4 x 104 cells / cm2, after the
equilibration period had passed. Around half the number of cells were seeded than in
the previous experiment, since in the previous experiment the cell populations
appeared to be very confluent by the end of the culture period.
The plates were left for three days for the mESC to attach, after which time
their media was changed for fresh LIF containing media. After a further two days of
culture, the cells were harvested from their conditions, counted via flow cytometry
and re-seeded onto freshly reduced and equilibrated GXG substrates (again, with fresh
control cultures of normal gelatin coated plastic). This re-seeding stage mimicked the
normal subculturing procedure, hence providing a more accurate portrayal of the
ability of GXG to act as a normal culture substrate within stem cell maintenance
conditions. After this re-seeding the cells were left for three days before their first
media change, cultured for a further two days before a second media change, then
cultured for a final two days before being ready to analyse. After this 12-day culture
period, the cells were then photographed and harvested from their respective
conditions for flow cytometry.
Figure 4.8 shows their cell colony morphology within the respective
conditions. The morphology of the colonies can again be seen to be more 3D-like
within the GXG substrate culture; there is a greater degree of build up and
aggregation by the cells, with increasingly thick portions of the culture appearing as
darker regions within the image, due to less light being able to penetrate. Any
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Figure 4.11 Phase-contrast images of Oct4-GFP cells after a 12-day spontaneous
differentiation in medium with LIF, with re-seeding at day 5, on GXG surfaces
and control. From left to right, cells in the control tissue culture plastic condition,
cells on 35 kPa GXG surface and finally cells on 5 kPa GXG surface. Top row of
images taken at 4 x magnification with a scale bar of 500 µm length; bottom row of
images taken at 10 x magnification with a scale bar of 100 µm length.
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Figure 4.12 Percentage of the mESC population expressing Oct4–GFP after a 12day spontaneous differentiation in medium with LIF, with re-seeding at day 5,
on GXG surfaces and control. Cells were pooled and analysed at day 5 (filled-in
black columns) and at day 12 as four biological repeats (diagonal striped columns).
The error bars at day 12 represent one standard deviation above the mean. A paired
students t-test was performed to quantify the significance between the data; *** refers
to a p < 0.001.
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GXG condition compared to the control (p < 0.001) and a 61 % drop within the 5 kPa
GXG condition (p < 0.001) after this 12-day spontaneous differentiation. This
suggests that over the longer time-scales, the softer GXG matrices encouraged
spontaneous differentiation of the Oct4-GFP mESCs compared with the control tissue
culture plastic. There was also a clear difference between the two E values, with a 44
% drop in the percentage of the population expressing Oct4-GFP on the 5 kPa surface
compared to on the 35 kPa surface (p < 0.001).
Further proof of this loss of pluripotency was necessary to extend the analysis
of conclusive effects of the GXG substrates on stem cell differentiation. Hence qPCR
was employed to attempt to correlate the loss in the percentage of the population
expressing Oct4-GFP with a down-regulation of other vital transcription factors
associated with pluripotency: Nanog and SOX-2. Again, for the same reasons
described in section 4.2.2.1, Oct4 gene quantification was also performed. (The gel
electrophoresis from the PCR performed to check successful fabrication of c-DNA is
shown in Appendix 7.8). Expression of the genes Oct4, Nanog and Sox2 was
quantified relative to the housekeeping gene Gapdh, as described in section 2.2.5.2.
Figure 4.13 shows the results regarding these three genes. All three of the
pluripotency-associated transcription factors were down-regulated within both GXG
conditions and the control condition after the 12-day spontaneous differentiation in
medium without LIF, with relative expression < 1 evident for all data points. Further
proof of the slight delay between gene regulation and actual GFP expression is
certainly evident when comparing these strong trends visible from the qPCR analysis
to the flow cytometric data in figure 4.12; whilst the control condition seems to
display no loss of Oct4-GFP expression, this is certainly not truly representing what is
occurring within the cells’ genotype.
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Figure 4.13 Relative expression of Oct4 (top), Nanog (middle) and SOX2 (bottom)
to Gapdh by Oct4–GFP mESCs after a 12-day spontaneous differentiation on
GXG substrates and control tissue culture plastic in medium without LIF. The
data shown is from three biological repeats; the error bars represent one standard
deviation above the mean. A paired students t-test was performed to quantify the
significance between the data; * refers to a p < 0.05, ** p < 0.01 and *** p < 0.001.
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Importantly, there was a large difference in down-regulation of the three genes
within the GXG conditions compared to the control condition. Specifically, there was
a 66 % drop in the relative expression of Oct4 within the 35 kPa GXG condition
compared with the control condition and a 48 % drop within the 5 kPa condition (p <
0.05 for both). Regarding Nanog expression, there was an 80 % decrease within the
35 kPa GXG condition (p < 0.01) and a 45 % decrease within the 5 kPa condition (p <
0.05), whilst there was a 89 % drop in Sox2 expression within the 35 kPa GXG
condition (p < 0.001) and a 51 % drop within the 5 kPa condition (p < 0.01). Further
to the flow cytometric data seen previously, this is proof of the ability of the GXG
conditions to encourage differentiation within the cell population and thus enable a
greater loss of the early pluripotency markers.
Also clear from the qPCR analysis was a difference in down-regulation of the
genes between the two GXG conditions. Interestingly, the trend between the two E
values was reversed between the two methods of analysis; whilst the flow cytometry
data highlights that culturing on the softer GXG matrix resulted in a greater loss of the
percentage of the population expressing Oct4-GFP, the qPCR analysis highlights that
in fact the harder GXG matrix significantly encouraged a greater down-regulation of
two out of three of the pluripotency genes. Here, there was a 64 % drop in the relative
expression of Nanog and a 78 % drop in the relative expression of Sox2 within the 35
kPa surface compared to on the 5 kPa surface (p < 0.05 for both). Less of a drop in the
relative expression of Oct4 was evident between the two GXG conditions, with only a
35 % drop within the 35 kPa surface compared to on the 5 kPa surface (p > 0.05).
This indication that both GXG conditions down-regulated genomic Oct4 expression to
a similar degree could be due to the role of the Oct4 gene within early stages of
neuroectodermal differentiation, as described later in section 4.4.
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One further stage of qPCR analysis was undertaken, in order to further prove
that spontaneous differentiation was indeed occurring within the GXG conditions to a
higher degree than on the control tissue culture plastic. Within normal spontaneous
differentiation each stem cell will start to specify down one particular lineage i.e. one
of the three germ layers, as described in section 1.5. This initial specification will
result in the cell displaying an up-regulation of genes key to that lineage. Further
qPCR analysis was thus performed at this stage in order to quantify the expression of
genes representing each of the three germ layers. The germ layer markers chosen for
analysis

were

Nestin

(highlighting

ectodermal

differentiation),

BrachyuryT

(mesodermal) and SOX17 (endodermal) (Ying et al., 2003b; Rohwedel et al., 1998;
D'Amour et al., 2005). It was highly possible that within the encouragement of
spontaneous differentiation already evident by the GXG cultures, a specific lineage
was being selected for; a greater presence of one of the germ layer markers would be
able to prove this.
Figure 4.14 shows the qPCR results from each of these three genes. It is
evident that the 35 kPa GXG condition encourages the expression of all three of the
genes associated with germ layer differentiation, compared to the control tissue
culture plastic. There was a 1.6 fold increase in the relative expression of Nestin
within the 35 kPa GXG condition compared to the control condition, a 19.6 fold
increase in BrachuryT expression and a 3.9 fold increase in SOX17 expression (all
with a p < 0.01). This is in agreement with the qPCR data shown in figure 4.13
highlighting the down-regulation of key pluripotency markers. The 5 kPa GXG
condition also resulted in a 9.0 fold increase in BrachuryT expression (p < 0.05) and a
3.2 fold increase in SOX17 expression (p < 0.01) compared to the tissue culture
plastic, but there was no increase with regards to relative expression of the ectodermal
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Figure 4.14 Relative expression of Nestin (top), BrachuryT (middle) and SOX17
(bottom) to Gapdh by Oct4–GFP mESCs after a 12-day spontaneous
differentiation on GXG substrates and control tissue culture plastic in medium
without LIF. The data shown is from three biological repeats; the error bars represent
one standard deviation above the mean. A paired students t-test was performed to
quantify the significance between the data; * refers to a p < 0.05, ** p < 0.01.
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marker Nestin evident, instead an insignificant 16 % drop in expression (p > 0.05).
Once more, the 35 kPa GXG condition was able to encourage expression of the germ
layer markers to a higher degree than the 5 kPa GXG condition, resulting in a 1.9 fold
increase in Nestin expression and a 2.2 fold increase in BrachuryT expression (p <
0.05 for both) and though not to a significant degree as with the other genes,
nonetheless a 24 % increase in SOX17 expression (p > 0.05).
This spontaneous differentiation experiment was repeated one further time, to
see if comparable results could be achieved. All conditions were kept the same and
P35 Oct4-GFP mESCs were seeded onto the layers and the control condition at the
same seeding density. However, this time six biological repeats were fabricated for
each culture condition and after the 12-day culture had elapsed, half were harvested
for flow cytometry and the remaining half were fixed and stained following the ICC
protocol described in section 2.2.2 for the pluripotency marker OCT-4.
Figure 4.15 shows the flow cytometry results at day 5 and at day 12.
Immediately evident in comparison to the previous flow cytometry data shown in
figure 4.12 is an increased loss of GFP expression at day 5; here, for all three
conditions, between 60 and 70 % of the population is expressing Oct4-GFP after the
initial 5-day differentiation period, whereas in figure 4.12, around 88 % of the
population, again for each of the conditions, is expressing Oct4-GFP. This increased
loss seen at the 5-day stage could be due to the slightly higher subculture number of
the Oct4-GFP mESCs used in this repeat experiment. Nonetheless, clearly evident
within figure 4.15 is a greater loss of Oct4-GFP expression on the GXG cultures
compared to the control culture after the 12-day period as elapsed. There was a 66 %
drop in the percentage of the population expressing Oct4-GFP within the 35 kPa GXG
condition compared to the control (p < 0.001) and a 71 % drop within the 5 kPa GXG
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Figure 4.15 Percentage of the mESC population expressing Oct4–GFP after a
repeated 12-day spontaneous differentiation, with re-seeding at day 5, on GXG
substrates and control tissue culture plastic in medium without LIF. Cells were
pooled and analysed at day 5 (filled-in black columns) and at day 12 as three
biological repeats (diagonal striped columns). The error bars at day 12 represent one
standard deviation above the mean. A paired students t-test was performed to quantify
the significance between the data; * refers to a p < 0.05, *** p < 0.001.

246

condition (p < 0.001) after this 12-day spontaneous differentiation. There was also
still a difference between the two E values, with a 15 % drop in the percentage of the
population expressing Oct4-GFP on the 5 kPa surface compared to on the 35 kPa
surface (p < 0.05).
It is important to note that the apparent increase of Oct4-GFP expression
between the two time points within the control condition is somewhat unlikely and
could be due to an anomaly in the count of the pooled cells at the day 5 stage. It could
also indicate the difficulty in differentiation on tissue culture plastic, since the
confluency after twelve days of culture, visible in the images shown in figure 4.11,
could be affecting the entire population’s stem-cell characteristics and thus genotype.
Throughout the GXG culture periods it was difficult to image the GFP signal
from the cells using standard fluorescence microscopy, due to the thickness of the
GXG layer making it both hard to achieve good resolution and contributing towards a
high background signal. This made it complicated to analyse the loss of pluripotency
and hence it was only flow cytometry that could be utilised to quantify the loss in
expression of the GFP molecule. In situ staining was desirable though, as further
proof to the results already seen from the flow cytometry and qPCR.
After the samples were stained and imaging using the standard Nikon upright
florescence microscope resulted in little success, confocal microscopy was employed
to image the cells. The main obstacle to overcome in preparing the sample for the
imaging was the removal of the GXG layer from the 6-well plate. Due to the thickness
of the layer and the fact that the cells to be imaged were positioned at the top of this
layer rather than all the way through, it was impossible for the objective used in
confocal microscopy to be able to reach the cells. After investigating a number of
methods for removal of the layers, a hot-wire cutting device was developed with
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Martin Town at the Department of Biochemical Engineering, UCL. This constituted a
length of copper wire suspended around 1 cm above a surface and held in place with
two crocodile clips at either end. A current was passed along the wire until it was
visibly red-hot and the plate was then pushed slowly into the wire, which cuts the bulk
of the plate away when coming into contact with the plastic. The six wells of the
culture plate remained, which were in turn individually cut out using a hand-held
version of the cutter. Each well containing its GXG layer was then placed into a petri
dish, covered with DPBS and then when ready for imaging, removed from the DPBS,
dried and placed on the stage of the confocal microscope. The objective was now
easily able to reach the cell surface and images were captured; these are shown in
figure 4.16.
Looking at left-hand side column of images within the figure, it is evident that
the cells cultured within the control condition are present in a more uniform colony,
displaying a more homogenous shape and have an even expression of OCT-4.
Imaging of cells on this tissue culture plastic is clearly much easier than on the thick
GXG layer and the result is higher quality images. Comparing subtle changes in
expression of markers is difficult using this method compared to the flow cytometry
and qPCR methods already discussed and certainly, resolution issues make it difficult
to compare GXG conditions with tissue culture plastic. Despite this, there is very
minimal OCT-4 positive staining evident within both of the GXG cultures shown in
the centre and the right-hand side columns of figure 4.16, compared to in the control
condition. This is consistent with the flow cytometry data represented in figure 4.15,
along with both the flow cytomtery and qPCR data shown within the previous
experiment; the GXG conditions are encouraging the spontaneous differentiation of
the Oct4-GFP mESCs, in the form of increased loss of stem-cell markers.

248

Figure 4.16 Confocal microscopy images of Oct4–GFP mESCs after a repeated
12-day spontaneous differentiation, with re-seeding at day 5, on GXG surfaces
and control tissue culture plastic in medium without LIF. Left column, cells
cultured in control tissue culture plastic condition; middle column, on 35 kPa GXG
surface; right column, on a 5 kPa GXG surface. The cells were fixed in situ after the
12-day culture and stained using DAPI to highlight the position of the nuclei (top
row) and OCT-4, localised with Alexa Fluor 555 (bottom row). Images were captured
at 10 x magnification and then zoomed in according to the scale bar; scale bars on
left-hand column of length 101 µm, in middle column of length 118 µm and on righthand column of length 124 µm.
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4.3 46c Sox1-GFP mESCs

In this section, the culture of the 46c Sox1-GFP mESCs is described. These cells were
used for investigation here since their GFP expression could be quantified for an
immediate measurement of whether the cells were being successfully directed down
the neuronal lineage or not. This is due to the involvement of the Sox1 gene in early
stages of neuronal differentiation, as described in section 1.5.
Maintenance of their stem-cell state is included below, followed by directed
neuronal differentiation, both in standard tissue culture plastic conditions. This is
followed by results from the spontaneous differentiation and finally the directed
neuronal differentiation of these cells on the GXG substrates compared with control
tissue culture plastic.

4.3.1 Standard culture on plastic

4.3.1.1 Maintenance of pluripotency in LIF containing medium

46c Sox1-GFP mESCs were successfully thawed, cultured and banked throughout the
course of these investigations. Their morphology was quite different to that seen with
the Oct4-GFP mESC line and their subculturing was carried out at a much higher split
ratio also than that previously used for both mESC lines; a confluent flask would be
split generally between a ratio of 1:11 to 1:13. This flask would subsequently be
confluent once more and ready again for subculturing after the normal 3-day culture.
The high split ratio was necessary to ensure the maintenance of stem-cell like
morphology within the 46c mESC cultures and demonstrates the large propensity for
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proliferation that these cells exhibit, making them relatively easy to culture and
expand.
Upon thawing the 46c mESCs, mostly present within the culture were
flattened, single cells, non-uniform in shape. After a few days the culture was ready to
be subcultured, but unlike the Oct4-GFP mESCs, the 46c mESCs never developed
into rounded colonies. Figure 4.17 contains a phase-contrast image of 46c mESCs in
normal culture. Their cell morphology was more similar to the E14 mESCs, with
larger, flattened cells that would extend out across the culture surface from the edges
of the colonies (see dashed arrow). A few small regions within the cultures contained
the smaller, rounded and bright cells (see full arrow), but these were generally fewer
in number. The cells proliferated well and a working bank was soon formulated from
which cells for experiments were continually thawed.
Full characterisation of these stem cells was essential, especially considering
the varied morphology that they exhibited. First, the cells were analysed by flow
cytometry, using the baseline GFP value that had been calculated using the E14
mESCs as mentioned previously. Figure 4.18 contains dot plots of the results from
flow cytometric analysis of P30 46c mESCs. The cells’ viability was measured using
the maker pI; here around 92 % of the cells were viable and hence non-stained by the
pI. The small 4 % positive GFP signal present is most probably due to the mESCs
expressing a low level of Sox1, and hence GFP, throughout their culture, whether in a
stem cell state or indeed specifying towards a neuronal lineage. By any means, this
level is sufficiently small as this stage, so any up-regulation of this neuronal gene
within an experiment will be able to result in a visible difference in GFP expression
from the non-differentiated population.
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Figure 4.17 Phase-contrast image of P34 46c Sox1-GFP mESCs after two days in
culture. Both small, round cells (full arrow) and larger, more irregularly shaped cells
(dashed arrow) are evident within the relatively heterogeneous cell population. This
picture was kindly donated by Kate Fynes at the Department for Biochemical
Engineering, UCL. Image taken at 10 x magnification with a scale bar of 100 µm.

Figure 4.18 Dot plots showing P30 46c Sox1–GFP mESCs analysed by flow
cytometry. 3.5 % of the viable cell population expressed Sox1–GFP.
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ICC was then carried out to check the pluripotency marker expression. Figure
4.19 shows phase-contrast and fluorescence images from P37 46c mESCs stained for
the intracellular transcription factors OCT-4, Nanog and UTF-1 and the surface
marker SSEA-1. Cells were stained positive for these four markers of mESC
pluripotency, showing them to be exhibiting the standard stem cell characteristics. No
GFP signal was captured since these cells were at the pluripotent stage and hence the
Sox1 gene was not at this stage upregulated to result in any emission of GFP. Again,
secondary only and isotype controls were both performed and correctly showed no
staining; the isotype control results can be seen in Appendix 7.9.
One further characterisation was carried out for these cells, due to the irregular
morphology seen upon culture. Cells from normal culture were harvested and stained
for OCT-4 and Nanog, then analysed on the High Performance Flow Cytometer as
described in section 2.2.3. OCT-4 was highlighted using a FITC secondary antibody
and Nanog highlighted with a PE secondary antibody. The only modification to the
protocol described was that a different buffer was used during the staining protocol,
consisting of 0.25 % triton in 1 % BSA solution.
Figure 4.20 shows the results. The top of the figure shows how all the results
were gated on a cell population highlighted from a dot-plot of the forward scatter
signal versus the side scatter signal, in order to distinguish nucleated cells apart from
both debris and dead cells. The first row of histograms show unstained cells analysed
through both channels to check no background fluorescence was present, whilst the
second row of histograms show the secondary antibody controls. The bottom row of
histograms within the figure shows the results from the OCT-4 (FITC) and Nanog
(PE) staining, as gated on the secondary antibody controls. Analysing the results it
was evident that a large proportion of the cells were positive for each of the
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Figure 4.22 Phase-contrast images showing 46c Sox1–GFP mESCs after six days
of spontaneous differentiation on GXG substrates and control tissue culture
plastic in medium without LIF. Cells were either cultured in the control condition
on tissue culture plastic (left column), on GXG layers with an E of 35 kPa (middle
column) or on GXG layers with an E of 2 kPa (right column). Some of the neuronal
type cellular projections and processes were evident within the GXG conditions (see
arrows). Top row of images taken at 4 x magnification with a scale bar of 500 µm and
bottom row of images taken at 10 x magnification with a scale bar of 100 µm.
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Figure 4.23 Sox1–GFP expression by mESCs after six days of spontaneous
differentiation on GXG substrates and control tissue culture plastic in medium
without LIF, as quantified by flow cytometry. Four biological repeats were
measured for each condition and the error bars represent one standard deviation above
the mean. A paired students t-test was performed to quantify the significance between
the data; * refers to a p < 0.05, ** p < 0.01.
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significant difference between the two E values, with a 28 % increase within the 35
kPa condition compared to the 2 kPa condition (p < 0.05).
Since this differentiation was not specifically neuronally directed, the final
degree of expression at this 6-day stage is not high; the maximum degree of
expression out of all three of the conditions, as exhibited by the cells harvested from
the 35 kPa GXG condition, is only around 23 % GFP positive. This is a much lower
value compared to the expression quantified after the 7-day culture in NDiff described
in section 4.3.1.2. It is also highly possible that not changing the media throughout the
6-day culture, along with seeding the cells at too high a density, both contributed to
limited differentiation of the cells. The potential for autocrine regulation by LIF in the
mESCs is a key factor affecting the differentiation here (Rathjen et al., 1990; Zandstra
et al., 2000). This would inhibit differentiation in cultures with no media changes,
since if the LIF secreted by the cells into the media is not removed, then it may
contribute towards maintaining pluripotency. Also, larger numbers of stem cells
present in the cultures could result in potential maintenance of stem cell markers,
through cell-to-cell signalling as previously mentioned.
Although a significant result has been quantified, it was more desirable at this
stage to investigate the potential of the GXG substrates to support directed neuronal
differentiation, hence this was next resolved.

4.3.2.2 Directed neuronal differentiation in NDiff media

The final stage of the 46c mESC investigations was to quantify the effect of GXG
culture upon directed neuronal differentiation. GXG layers, in the 6 cm dish format,
were again constructed using the two extreme gelatin concentrations: 3 % gelatin in
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DPBS, to result in layers with an E value of 2 kPa, and 6 % gelatin in H2O, to result in
layers with an E value of 35 kPa. Four biological repeats were fabricated for each
condition and the control condition once more consisted of tissue culture plastic precoated with 0.1 % gelatin. P33 46c mESCs were seeded onto the respective conditions
in medium without LIF at a seeding density of 7 x 104 cells / cm2; this is slightly
lower than the density used previously and was used with the aim of accentuating the
differentiation process (Zhou et al., 2008).
After 1 day of culture at 37°C / 5 % CO2 the media was changed to NDiff to
induce specific neuronal differentiation. The cells were then cultured for a further six
days, with media changes every two to three days. After the 7-day culture period had
elapsed, the cells were imaged and harvested from their respective conditions for flow
cytometric analysis.
Figure 4.24 shows images of the cells after the 7-day differentiation, with
heterogeneous cell colony morphologies present throughout each culture condition.
All conditions exhibited similar confluencies and contained both the smaller, stem
cell-like cells, as well as the larger, darker cells. Few of the axonal type extrusions
typical within neuronal cultures were visible from the cells at this stage, though again
the nature of the GXG substrate made it hard to accurately image.
Figure 4.25 shows the Sox1-GFP expression as quantified by flow cytometry.
At the 7-day stage, a few of the cultures within different conditions had failed due to
contamination; no antibiotic antimycotic solution had been supplemented to the media
here and the larger 6 cm dish layers were more prone to contamination. Hence the
number of repeats represented within the graph in figure 4.25 is below four for some
of the data points and for those, two sample, equal variance t-test’s were performed to
calculate the significance. Nonetheless, following the trend previously seen, the
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Figure 4.34 Fluorescence images of β III-tubulin positive 46c Sox1-GFP mESCs
after a 13-day directed neuronal differentiation. Cells shown here were cultured in
the control condition on tissue culture plastic. Nine βIII-tubulin positive colonies were
chosen at random and phase-contrast (top) and fluorescence (bottom) images
captured. All images taken at 10 x magnification with a scale bar of 100 µm.
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Figure 4.35 Fluorescence images of β III-tubulin positive 46c Sox1-GFP mESCs
after a 13-day directed neuronal differentiation. Cells shown here were cultured on
GXG substrates made with 5 % gelatin in H2O with an E of 24 kPa. Nine βIII-tubulin
positive colonies were chosen at random and phase-contrast (top) and fluorescence
(bottom) images captured. All images taken at 10 x magnification with a scale bar of
100 µm.
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Figure 4.37 Confocal microscopy images showing β III-tubulin stained 46c Sox1–
GFP mESCs after a 13-day directed neuronal differentiation on GXG substrates
and control tissue culture plastic. From left to right, cells cultured in the control
condition, on GXG layers with an E of 25 kPa and finally on GXG layers with an E of
5 kPa. There was expression of βIII-tubulin present in all the cultures, as highlighted
using the Alexa Fluor 555 antibody (red); DAPI was used to highlight the position of
the nuclei (blue). Images were captured at 10 x magnification and then zoomed in
according to the scale bar; from left to right, scale bar corresponds to a length of
92 µm, 106 µm and 238 µm respectively.
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4.4 Discussion

Just as the phenotypic and genotypic behaviour of a cell will be heavily regulated by
its surrounding microenvironment in vivo, variables within the man-made niche for
cells cultured in vitro will significantly alter the cells’ morphology, location,
proliferation and genotype. The translation of these effects is modulated by chemical
cues, temperature, oxygen up-take and mechanical signals, all mediated by highly
complex signalling pathways. The work presented in this chapter highlights just how
sensitive to one of these variables, the surface elasticity of the in vitro culture system,
mESCs can be, both in the maintenance of their stem cell state and in the journey
towards a somatic status.
The first major conclusion that can be drawn from the work on the GXG
substrates was that mESCs can be maintained in their stem-cell state in a comparable
manner on substrates of varying elasticity to that on 0.1 % gelatin pre-coated tissue
culture plastic. This was a vital step in showing that the novel gelatin culture system
was not having a detrimental effect on the mESCs and was permitting normal growth
and phenotype. Undoubtedly, these data were obtained after a number of preliminary
experiments undertaken to investigate the feasibility of the novel culture system.
These preliminary studies were able to bring to light essential modifications that were
necessary in the fabrication protocol, when it was observed that the occasional layer
failed to support mESC growth. This was clear when the cells seeded failed to grow
into viable colonies, merely attaching to the gelatin substrate in a single cell manner;
when cells were harvested from these failed layers they were non-viable as quantified
via flow cytometry. Modifications to the protocol were thus made, but in the
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meantime the failings of some meant that substantial biological repeats were not
obtained for a few of the preliminary differentiation experiments.
These amendments to the protocol involved addressing issues regarding
contamination, equilibration post-reduction and pre-seeding and culture method
protocols. During the preliminary stages of investigation, a number of the GXG
substrates would fail due to contamination of the media. This occurrence was heavily
reduced by switching from a 6 cm dish format to a 6-well plate format; the 6 cm dish
GXG layer was prone to contamination due to the added thickness of the substrate
resulting in a higher level of the media to the top of the dish, meaning it was more
likely to touch the edge of the wall or the lid during handling procedures. The scaleddown substrates fabricated in 6-well format meant less media was needed, whilst the
more complex nature of the dish means the media is less likely to come into contact
with the edge or the lid. Contamination issues were also reduced by introducing a
syringe-filter sterilisation stage in the making up of the DPBS/NaBH4 reducing
solution and completely eradicated by the introduction of antibiotic antimycotic
supplements in the media. Equilibration issues were brought to light after a prediction
that a 2-hour incubation period between reducing the GXG substrates with the
DPBS/NaBH4 solution and seeding the cells was not long enough to allow for
removal of any residual elements from the toxic reducing solution. Thus this period
was increased to a minimum of 5 hours (longer was favoured if able to be
incorporated), along with three vigilant DPBS washes for each layer after this period
was complete and before adding fresh media to seed the cells into. Finally,
modifications to the culture procedure for these GXG substrates involved leaving the
cultures for a longer period post cell-seeding and before the first media change to
allow for any differences in attachment rates, along with a greater care taken in
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changing the media, so as to not disturb the penetrable gelatin surface to any great
degree.
Harvesting the cells from the thick gelatin layers presented a bigger challenge
than harvest from standard tissue culture plastic. After a standard 3-minute incubation
period with the T/E solution, a large proportion of the cells would remain attached to
the GXG surface and would not come off into suspension. Efficient removal of the
cell suspension was achieved from a longer DPBS rinsing stage as well as a longer
period of incubation at 37 °C, after this time if any cells remained attached to the
surface they could then be lifted off using the cell scraper into the cell suspension.
Trypsinisation on the GXG substrates was observed as being easier when harvesting
from stem cell cultures maintained in LIF-containing medium compared to
differentiated cell populations. This was perhaps due to a possible increase in ECM
protein deposition across the differentiated populations, potentially making it harder
for the T/E solution to access and disperse across the monolayer.
Nonetheless, the GXG substrate method proved to create a suitably sterile
culture method for mESCs. To date, this is the first report of the growth and
differentiation of mESCs on mechanically tuneable substrates made from gelatin, the
same substance used to pre-coat the tissue culture plastic within normal feeder-free
culture of the cells. This also represents a rapid and relatively simple method for
fabricating mechanically tunable substrates able to support cell growth. The
publications discussed in section 1.9 present a range of methods for constructing
culture surfaces capable of investigating the effect of E on cells. Saha et al (2006)
cultured ESCs on BioFlex culture plates pre-coated with Matrigel and
consequently exposed the plates to strain. With the mechanical variable only being
enacted onto the cells during the exposure to strain, this method does not represent a
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constant culture system in a varied E environment to normal tissue culture plastic. Pek
et al (2010) used a polyethylene glycol(PEG)-silica nanocomposite gel for 3D cell
culture, previously developed by the authors (Pek et al., 2008). Rather than requiring
cross-linking in order to gelate, the gel can be liquefied by adding a shear stress
during vortexing; it is at this point that the cells are introduced into their culture
system. However, the actual synthesis of the PEG-silica gel is complicated, with one
particular stage involving a washing step that takes place over several days. Engler et
al (2006) used polyacrylamide gels to culture MSCs in their experiments, with the
concentration of cross-linker defining the E, whilst a coating of collagen I supported
the adhesion and promoted the differentiation of the cells. Once again the method of
construction of the gels, previously reported by Pelham and Wang (1997) but
originally presented sixteen years earlier (Aplin and Hughes, 1981), is complex. It
involves extensive washes, coatings, two UV photoactivation stages and an overnight
incubation with collagen. The GXG system represents a significantly more feasible
system for routine use in tissue culture. Its ease of construction in formulating culture
substrates that exhibit a range of elasticities means that cells can be easily
manipulated into culture environments displaying a constant, pre-characterised E.
One key finding from the experiments involving mESC culture on the
substrates, additional to affecting the cells’ gene expression, was that the morphology
of the mESCs was observed to be different in all GXG conditions compared to tissue
culture plastic. The elasticity of the GXG substrate resulted in increased 3D-like
colonies compared to normal tissue culture plastic, with the outermost cells spreading
slightly less outwards from each colony and instead the whole colony projecting
upwards in relief from the surface. This was clear when observing the layers under the
microscope, since the plane of focus for each colony in a GXG culture was visible
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over a greater range than the single point of focus for cells on tissue culture plastic.
Again alongside the mechanical cues directly affecting gene regulation, this variation
of morphology of the cell aggregates visible in the GXG differentiation experiments
also could have played a role in encouraging differentiation. Moving a step away from
a monolayer towards encouraging a 3D-like culture may possible promote loss of the
stem cell state, as it more closely mimics the original method of differentiation via EB
formation (Itskovitz-Eldor et al., 2000). Importantly, however, whether it is primarily
the morphology of the colony affecting the gene expression or indeed vice versa is
unknown at this stage. The morphology within the Oct4-GFP mESC GXG culture in
LIF-containing medium experiments does not seem to affect the genotype, but as
described later, here it could be that any chemical signals present (i.e. LIF) are overriding another possibly morphologically enacted effect. A key aspect to the varied
morphology within the GXG substrates is the unknown percentage of cells actually
exposed to the E exhibited by the substrate. Since the degree of clumping of the cells
does not change from the softer substrate to the harder, then there are no obvious
differences in cell-cell contact within the colonies and the result on the morphology
must be an effect from the E.
There are separate proposed mechanisms linking mechanosensitive responses
to cytoskeleton remodelling to those resulting in changes in gene expression. The
former consequence most likely results from the involvement of focal adhesions
(FAs) which are the mechanosensitive protein complexes that link the actin-myosin
cytoskeleton to ECM proteins (Beningo et al., 2001; Miyamoto et al., 1995).
Phosphorylation (i.e. activation) events occurring within FA signalling pathways
result in coupled changes in protein-protein interactions, to eventually alter the makeup of the cytoskeleton (Ballestrem et al., 2006; Bershadsky et al., 2006). Thus it is
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most probably the FAs that are translating the mechanical cues into biochemical
signals to eventually alter the cells’ morphology and spreading ability on the GXG
substrates

compared

with

the

tissue

culture

plastic.

With

regards

to

mechanotransduction, as described in Section 1.9, it is the complex of proteins linking
the cytoskeleton to nuclear envelope proteins that translate the mechanical signals
through to the nucleus to affect gene expression (Crisp et al., 2006; Wang et al.,
2009b). The proteins mediate attachment and most probably force generation by the
cytoskeleton into the nuclear matrix, just as the FAs do so from the ECM to the
cytoskeleton, and once translated into the nucleus, these dynamic signals will affect
the E-sensitive genes to result in down or up-regulation (Buxboim et al., 2010). There
may also be other mechanotransductive pathways translating mechanical cues and
operating through differing complexes within the cell, but the mechanism discussed
here does represent one possible route through which the signal is translated.
It was clear to see in the results from the differentiation experiments that there
was a strong effect of matrix elasticity on both the spontaneous differentiation and the
directed neuronal differentiation of mESCs. This differed from the results seen during
the maintenance of mESCs on GXG substrates, where mechanical forces alone could
not influence the expression of pluripotency markers when the cells were cultured in
LIF-containing medium. Firstly, this demonstrates the previously described
synergistic role between chemical and mechanical cues within cell regulation (Saha et
al., 2006). Whilst E can affect the expression of pluripotency and differentiation
markers by cells cultured in medium without LIF, when cultured in the presence of
the cytokine, the expression of pluripotency markers is unchanged by variations in E.
Importantly however, this also reveals how the mechanical forces exerted by the
matrix elasticity are unable to override LIF signalling pathways to either induce or
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inhibit differentiation events. As introduced in section 1.1, LIF acts through a receptor
complex containing LIF-R and gp130, to induce downstream activation of associated
tyrosine kinases (Gearing et al., 1991; Narazaki et al., 1994). This results in activation
of both the mitogen-activated protein (MAP) kinase (ERK) signalling cascade and of
the latent transcription factor STAT-3 (Boulton et al., 1994; Lutticken et al., 1994;
Akira et al., 1994). Phosphorylated STAT-3 is then translocated to the nucleus where
it will affect target gene transcription; activation of this transcription factor is essential
for the LIF-R/gp130 mediated ESC self-renewal (Niwa et al., 1998). Aspects of the
mechanotransduction signalling pathway by which mechanical stimulus affects gene
expression must therefore be also regulated by the LIF pathway, with signalling from
the latter able to override any potential result enacted mechanically. Thus whilst the
ESCs are expressing pluriptoency markers induced from activated STAT-3 signaling,
they are incapable of any change in gene regulation induced through the
mechanotransductive pathway.
With regards to the spontaneous differentiation of Oct4-GFP mESCs, after the
extended 12-day culture period in general there was a greater down-regulation of
pluripotency genes and up-regulation of germ layer markers between the harder 35
kPa GXG condition and the tissue culture plastic, compared to the softer 5 kPa GXG
condition. This suggests that whilst the harder E induces non-specific differentiation,
the softer E to some degree actually inhibits differentiation. There is a difference
evident between the qPCR and the flow cytometry data, as in the latter, the greatest
loss in the percentage of the population expressing Oct4-GFP is promoted by the
softer E GXG substrate. A delay in gene regulation and protein expression can again
account for this, and thus also highlights the possibility of mechanosensitive pathways
affecting gene expression to different degrees depending on the state of
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differentiation. From day 5 (where no effect of E on Oct4–GFP expression was
visible) onwards, there is a greater down-regulation of the pluripotency marker
occurring from the softer substrate. However as the differentiation proceeds and
approaching day 12, there is actually a change in the sensitivity to E and the harder
substrate starts to promote a greater loss of the pluripotency marker. At this stage the
cells have already been harvested, so whilst the qPCR is demonstrative of this latter
conclusion, the actual degree of Oct4–GFP expression within the 35 kPa condition
has not yet been deduced.
Specifically with regards to germ layer marker expression, evident within
figure 4.13 is an up-regulation of the markers Nestin, BrachuryT and SOX17, (the
latter exhibits the same trend but to an insignificant degree; p > 0.05) within the 35
kPa GXG condition compared to the softer 5 kPa. This is not consistent with the upregulation of lineage specific markers in MSCs cultured on a range of elasticities
reported by Engler et al (2006). Here, the authors selected an E of around 1 kPa to
match brain tissue, 10 kPa to match muscle and 100 kPa to represent bone, and indeed
they found an up-regulation of markers within the differentiating MSCs representative
of the tissue they were specifying for. However there is a clear distinction between the
GXG culture experiments and those presented by Engler et al (2006), regarding the
specific cell type involved. Whilst MSCs are multipotent stem cells derived from the
mesoderm, the ESCs are immature, pluripotent cells derived from the developing
embryo. The earlier the cell is derived could well affect its mechanosensitive
pathways, and there is a possibility that the less mature ESCs are actually incapable of
replicating the same sensitivity to E in specification down lineages representative of
the culture surface elasticity. The ESCs are sourced before the developing embryo
gains any significant complexity, and though it is unknown currently how the E
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changes during germ layer formation, it can be predicted that the rheological
properties will develop and differences in E across the embryo will increase.
Certainly, there have been reports of dynamic changes in the E of a mouse zona
pellucida during early embryo development, with a 4 fold increase in the E of a 2-cell
embryo, 13.80 + 3.54 kPa, compared to that of an early blastocyst, 3.39 + 1.86 kPa
(Murayama et al., 2006). Further to Chowdhury et al’s report (2010) describing the
inability of mESCs to spread significantly on varying E substrates compared to 5-6
day differentiated cells, it can be further concluded from the results presented within
this chapter that early events governing pluripotency gene expression within ESCs are
also insensitive to the mechanical cues.
The ectodermal marker Nestin is also significantly upregulated within the
harder 35 kPa GXG condition compared with both the softer 5 kPa GXG (p < 0.05)
and to the tissue culture plastic (p < 0.01). There is no significant difference in
relative expression however between the softer GXG condition and the tissue culture
plastic. This could potentially signify the high propensity that these cells have towards
the ectodermal lineage, hence resulting in a significant amount of Nestin up-regulation
within normal tissue culture plastic conditions. Previous reports of considerable
differences in the differentiation propensity of various stem cell lines support this
hypothesis (Osafune et al., 2008). Interestingly, the qPCR analysis on the
pluripotency markers for this same spontaneous differentiation experiment
highlighted an insignificant down-regulation in relative expression of Oct4 within the
35 kPa GXG condition compared to the 5 kPa (p > 0.05). This differed from the flow
cytometric result, where there was indeed a significant difference in the percentage of
the population expressing Oct4-GFP between the two GXG conditions (p < 0.001). A
delay from gene regulation to actual protein expression within the cells, or an error in
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translation of the transcript, may easily result in this discrepancy between the two
methods of analysis. Oct4 expression is known to be maintained in the ectoderm
within mouse embryo formation (Pesce and Scholer, 2001), so if indeed the
propensity of the particular mESC line used here is towards a neuronal lineage, then
as the 35 kPa GXG condition is encouraging a greater amount of differentiation, this
may well coincide with a less significant loss of the pluripotency marker.
With regards to neuronal differentiation of mESCs, there was a large upregulation of the neural stem cell markers PAX6 and NCam1, along with the panneuronal marker βIIItubulin, within the softer 2 kPa GXG surface compared to the
harder 35 kPa GXG condition after the 7-day differentiation. This trend was reversed
for the longer 12-day differentiation period, after which time these markers, along
with Nestin, MAPII and two out of three of the specific neuronal markers, were upregulated within the harder 35 kPa GXG condition instead. These data further suggest
that a differentiating ESC’s sensitivity towards E is highly dependent on its state
within its particular differentiation protocol. If these cells are able to demonstrate
some degree of specificity relative to the E of their culture substrate, then there is
strong feasibility for certainly the 2 kPa substrate to be promoting neuronal
differentiation, with a similar E to brain tissue previously reported (Engler et al.,
2006). It is less clear as to why 35 kPa is inducing significantly more differentiation at
the later 12-day stage. There were no visible differences in proliferation or confluency
observed across the various conditions at the end of the experiment, as with all GXG
experiments carried out.
Two of the specific neuronal genes were significantly up-regulated within the
35 kPa GXG substrate compared to the 2 kPa GXG substrate, after the 12-day
directed neuronal differentiation. A 3.9 fold increase in the relative expression of the
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dopaminergic neuron marker Th and a 2.3 fold increase in the relative expression of
the GABAergic neuronal marker Gad2 (p < 0.05 for both) was evident within the
harder substrate condition compared to the soft. Finally, the pattern was reversed upon
quantification of Cnpase, a marker for oligodendryocytes; this marker was
up-regulated within the 2 kPa GXG condition (2.8 + 0.5), whilst minimal upregulation occured within the harder 35 kPa GXG condition. This clearly
demonstrates the key effect that mechanical strength plays in the specification of
neuronal sub-types, as well as during the first stages of progenitor development. The
harder substrate is able to selectively promote dopaminergic and GAGergic neuronal
formation, whilst the softer substrate tends towards specifying for the oligodendrocyte
lineage.
There have been a small number of reports demonstrating how different
neuronal sub-types are able to variably sense substrate stiffness. Neurons cultured
within agarose hydrogels have demonstrated a loss in the rate of 3D neurite extension
correlating with an increase in concentration (i.e. rigidity) of the gel (Balgude et al.,
2001). In another report using acrylamide/bis-acrylamide substrates, astrocytes have
instead been shown to exhibit small, round morphology on softer substrates,
compared to more typical, highly spread morphologies on harder substrates (Balgude
et al., 2001; Georges et al., 2006). Here, astrocyte adhesion actually decreased on the
softer acrylamide gel, mean shear modulus of 200 + 50 Pa, after a 24-hour culture,
with less cells initially adhering to the surface 4 hours after seeding, compared to the
harder substrate, mean shear modulus of 9 + 50 kPa. (The mean shear modulus differs
from E in that it represents the material’s response to shear strain instead of linear
strain).
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The mechanotransduction pathway proposed to be key in linking in matrix
elasticity with neuronal differentiation again involves signalling from the cell surface
receptors that are able to attach and translate the force signal. As mentioned in
Chapter 1, β-catenin is a protein essential for neuronal differentiation and it has been
reported that accumulation of this protein is associated with the activation of integrin
linked kinase (ILK), an FA protein involved in binding of integrins to the ECM
(Otero et al., 2004; Hannigan et al., 1996). In a recent study looking at differentiation
of hESCs on a collagen matrix, it was found that a majority of the differentiated cells
resembled ectodermal cells, describing the likelihood that increased surface tensional
forces offered by the matrix were transduced via ILK to promote β-catenin
accumulation and thus encourage neuronal differentiation (Sridharan et al., 2009).
Additionally, if considering the similarity between gelatin and collagen, the signalling
pathways induced by integrin binding to gelatin are potentially very similar to those
induced by binding to collagen, further proving the likeliness that the specific E that
promoted neuronal differentiation did so in an ILK-related manner.
In summary, the work in this chapter has highlighted the acute sensitivity to
matrix elasticity that stem cells exhibit during their culture. The methods by which
mechanical strength can affect the morphology and gene expression of ESCs are
clearly interlinking with key mechanisms translating other variables within the stem
cell niche. These experiments have highlighted key involvement of this factor within
one particular lineage specification, but further studies and investigations into the role
of E in later differentiation stages will be essential in understanding the role of
mechanical rigidity in the cell microenvironment.
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5. Conclusions and Future Work

The work presented in this report has been carried out with the aim of improving the
expansion and differentiation processes of ESCs, via the creation of reproducible and
efficient culture processes. Investigations into engineering the growth substrate for
these cells have yielded key observations regarding both the complexity involved in
hESC culture and the involvement of a major culture variable in mESC self-renewal
and differentiation.
In order to overcome challenges presented by the standard method for hESC
culture, a scalable, novel feeder layer for hESC maintenance has been developed,
using alginate to immobilise mEFs into a biphasic culture system. Investigations into
the suitability of the layer highlighted the necessity to involve a peptide, RGD, known
to encourage cell attachment. Analysis of proliferation and viability of mEFs within
CaAlgRGD/mEF layers compared to standard culture proved the suitability of the
immobilisation in mimicking the standard feeder layer system. Results from shortterm maintenance of hESCs on the modified layer highlighted the feasibility for this
system to successfully promote attachment of the stem cells, maintaining proliferation
and expression of essential markers for pluripotency. Longer-term analysis of hESCs
passaged continually on the CaAlgRGD/mEF novel system showed that the cells
remained viable and proliferating, as observed by recording cell numbers and viability
via flow cytometry. However, SSEA-4 staining and PCR showed that other factors
essential for long-term maintenance of the embryonic state were missing. Minimal
ECM marker staining in standard feeder layers alone proved that the lack of markers
found in CaAlgRGD/mEF layers was not a main cause for the failings of the layer.
ECM production resulting from hESC/mEF contact can be predicted, however, as
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being a key aspect affecting the success of the novel culture system, due to the cellcell contact being significantly altered.
These results highlight the importance in analysing new potential culture
systems for reproducibility across a number of hESC subcultures, since it was this
analysis that demonstrated the true efficacy of the CaAlgRGD/mEF layer. This is an
essential step in the characterisation of any viable alternative to the standard mEF
feeder layer and will help the development of appropriate xeno-free culture systems
suitable for large-scale expansion.
It is quite clear that a much more intricately defined culture system, with a
tight regulation between the nature of the culture surface and factors present in the
cell media, would be required as a suitable alternative system for hESC maintenance
and expansion. Hence one of the first key steps in developing the CaAlgRGD/mEF
system as described in Chapter 3 would be to increase the complexity of the culture
system. It would be interesting to see if the addition of exogeneous Activin A or
TGFβ-1 factors to the culture media would aid the maintenance of hESC pluripotency
over another long-term culture period within the biphasic system (Beattie et al., 2005;
James et al., 2005). Improvements could also be made to the culture surface. Further
ECM analysis could highlight the vital proteins involved in hESC maintenance and
peptides (other than the RGD sequence) mimicking the crucial ECM proteins could be
incorporated into the alginate polymer before construction of the layers via
carbodiiamide chemistry, a protocol described in one of the early successful
derivatisations of alginate for cell culture (Rowley et al., 1999). Introducing a coating
of such ECM components onto the CaAlgRGD/mEF layer or indeed co-casting the
layers with the complete proteins could also yield a better culture surface for hESCs
to attach and be maintained on. Similar to that reported by Kim et al (2007),
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characterisation of the mEF/hESC contact within the novel biphasic system would be
useful in quantifying the effect of a surface coating or co-cast protein on the hESCs.
Undoubtedly, eventual exclusion of the mEF cells within the CaAlgRGD/mEF layer
would be highly desirable, with suitable compensation via addition of essential factors
as described here.
Considering the effects of mechanical strength on ESC phenotype evident
within the results presented in Chapter 4, further quantification of E in the
CaAlgRGD/mEF layer using AFM techniques could indeed be investigated.
Construction of layers with differing E values using the viscosity or concentration of
the alginate solution as the variable parameter could be optimised for hESC
maintenance and indeed directed differentiation, as in the report presented by Engler
et al (2006) regarding the differentiation of MSCs. Indeed, further qPCR could be
carried out on the cell populations harvested at the end of the long-term experiment
described within Chapter 3; since the cells had demonstrated a significant loss of
pluripotency markers, it would be interesting to see if any particular lineage had
already been selected for by analysis of germ layer markers.
From the work described throughout this thesis so far, it is clear that other than
the choice of substrate, multiple variables within the culture system affect ESC
growth and lineage specification. The work described in Chapter 4 has highlighted the
key effect that E has in influencing cell fate decisions. mESCs were cultured on
elastically tuneable GXG surfaces, with varying degrees of stiffness found to affect
maintenance and differentiation of the cells to differing extents. The GXG surfaces
provided a suitable culture substrate for the mESCs and the cells maintained their
pluripotency comparably with those cultered on standard tissue culture plastic, when
cultured in LIF-containing medium. In subsequent spontaneous differentiation
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experiments there was a clear effect of E on the cells, with the GXG substrates
encouraging the loss of pluripotency markers, along with significant up-regulation of
germ layer markers. The same was evident within directed neuronal differentiation of
mESCs, with utilisation of a Sox1-GFP cell line for immediate detection of the
neuronal lineage. In most of the experiments, the harder 35 kPa GXG surface was
able to encourage differentiation and loss of pluripotency to a greater extent than the
softer GXG surface investigated.
In summary, the work presented here has shown that there is a marked effect
of E on mESCs, regarding the expression of pluripotency markers, regulation of
spontaneous differentiation and efficiency of directed neuronal differentiation. This
highlights how adequate control of E is critical within differentiation processes and
thus needs to be maintained in order to achieve the necessary increased yield of stem
cell bioprocesses. Understanding the mechanical parameters involved in stem cell
culture in vitro and the behaviour of tissues in vivo will also be essential in the
development of effective tissue engineering processes, as successful construction of
culture environments effectively mimicking the in vivo conditions will only be formed
with full control of the surrounding elasticity.
There is also substantial further analysis that could be achieved within the
GXG culture system. Alike to the CaAlgRGD/mEF layer, alternative ECM proteins or
culture components known to have key roles in differentiation processes could be
coated on top or indeed co-cast within the gelatin layer during construction. This
could further aid differentiation of the mESCs, in a synergistic manner with the effect
from E. In order to gain understanding of the mechanism by which mechanical
stimulus is able to affect gene expression it would be of great interest to investigate
the involvement of the proposed signaling pathways described in section 4.4, for
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example analysis of ILK activation or β-catenin expression. Additionally, it would be
interesting to further analyse the crossover of mechanically stimulated gene
expression with the LIF signaling pathway. This could be undertaken by quantifying
the activation of the MAP-kinase signaling pathway under mechanically varying
culture conditions.
Further analysis into the long-term structural stability of the GXG substrates
would be essential in characterising the culture system. Other components such as
agarose or indeed even alginate could be co-cast within the layers to improve the
structural stability for extended culture periods. This, combined with improved swift
harvesting techniques of the cells, could be utilised in the long-term culture of mESCs
on substrates of varying elasticity, to see if the parameter plays a role towards the
latter stages of differentiation processes. Of course, shorter culture periods on the
varying substrates could also be incorporated, with subsequent culture on tissue
culture plastic, to see if the rigidity of the culture surface affects mESC phenotype and
genotype at singular specific stages of culture.
Whilst the two substrates investigated within this research have been used for
different purposes, it would also be interesting to investigate certain aspects that arise
from working with one of the materials onto the other one. This could be performed in
a number of ways. Considering the high sensitivity of hESCs to new environments
outside of their normal culture system, testing the CaAlgRGD layer’s ability to
support the growth of mESCs could certainly be of interest. Since the mESCs are
already grown feeder-free in the presence of LIF, then moving the cells from the
tissue culture plastic onto a CaAlgRGDmEF feeder layer could be less of a change in
environment compared with the same attempts with the hESCs. (Whilst a small
culture of mESCs within alginate is described within Chapter 3, this was only

300

investigated temporarily). On retrospect it might also have been easier to quickly
obtain the large cell numbers of ESCs required for a high number of experiments if
the mouse cells had been used for the intial investigations into CaAlgRGDmEF
layers, with the potential to move to human cell culture after a certain degree of finetuning of the culture system.
Considering the results from Chapter 4 showing the effects of E on ESC
pluripotency being quite varied depending on the state of differentiation of the cell,
culturing hESCs for shorter periods on finely tuned and rheologically characterised
CaAlgRGDmEF layers could certainly be of interest. Similar qPCR analysis to that
performed in Chapter 4 would be able to demonstrate any up or downregulation of
genes corresponding to the particular E used. If varying the repeating unit
construction of the alginate was not able to reproducibly produce layers of defined E,
then it could certainly be of interest to use the GXG substrates to culture the hESCs
under differeing elasticities, and thus investigate the effects of E on the differentiation
of these cells.
Taking both Chapter 3 and Chaper 4 into account, it is noticeable that the
intial steps in taking stem cells out of their standard in vitro conditions and culturing
them in alternative ways are undoubtably challenging and can be problematic.
Certainly though, as the culture system can be further honed to providing every
suitable need for the cells it can thus be modified and perfected to get as reproducible
and suitable as possible.
In conclusion, careful engineering of the growth substrate for ESC culture is
vital in creating viable culture methods for expansion of these cells. Finely tuned
control of multiple parameters within the stem cell niche can be utilised in improving
culture methods of ESCs for effective stem cell bioprocessing.
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7. Appendices

Appendix 7.1

Primer sequences for the five genes targeted throughout the course of all the PCR
experiments performed (refer to section 2.2.5.1). With regards to the hESCs, the
pluripotency markers Oct4, Nanog and the housekeeping genes βactin and Gapdh
were targeted with primers designed by Minal Patel at the Department of Biochemical
Engineering, UCL. Regarding the mESCs, the housekeeping gene βactin was the only
gene targeted, with a primer designed by Diana Hernandez at the Department of
Biochemical Engineering, UCL. This was due to significant amounts of qPCR being
employed for the mESC experiments, using pre-validated primers manufactured by
Qiagen, once successful fabrication of the c-DNA strand had been dertermined.

Species
Human

Mouse

Gene
Nanog
Gapdh
βactin
Oct4
βActin

amplicon size
(bp)
105
114
83
98
156

Fwd 5'-3'
gcaatggtgtgacgcagaa
cagcctcaagatcatcagc
aaccgcgagaagatgacc
acactgcagcagatcagcca
cagcttctttgcagctcctt

Rev 5'-3'
ggaaccttccaatgtggag
tcatgaccacagtccatgc
ctatccaggctgtgctatc
cagaagggcaagcgatcaa
cacgatggaggggaatacag
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Appendix 7.2

Dot plots of immunocytochemically stained SHEF-3 hESCs analysed via flow
cytometry. A, SHEF-3 hESCs stained with IgG mouse SSEA-4 primary antibody and
IgG mouse FITC secondary antibody, where 79 % of the cells are positive for FITC;
B, SHEF-3 hESCs stained with IgG mouse FITC secondary antibody only; C, SHEF3 hESCs stained with IgG mouse isotype control and IgG mouse FITC secondary
antibody; D, SHEF-3 hESCs stained again with isotype control, this time IgM mouse
and IgM mouse FITC. The secondary antibody only sample was used to set a
threshold between negative and positive fluorescence (B); using this threshold, 79 %
of the SHEF-3 hESCs are positive for SSEA-4 (A), 3 % positive for IgG mouse
isotype control (C) and 2 % positive for IgM mouse isotype control (D).

A

B

C

D
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Appendix 7.3

Top, a screenshot of the Database Tool Realplex software (Eppendorf) showing the
standard curves performed on one of the human qPCR housekeeping genes βactin.
(refer to section 3.1.4.3). The Pfaffl method was then used to calculate the efficiency,
E, from the slope of the graph of amount of c-DNA i.e. number of copies, against Ct
value; where E = 10(-1/slope) (Pfaffl, 2001). In the case of βactin here, E was calculated
as 1.89. Bottom, a table showing the efficiencies of all the human qPCR primers
calculated using the same method.

Gene
Oct4
Nanog
SOX2
Htert
Gapdh
βactin

Efficiency
1.794
1.898
1.892
1.894
2.096
1.887
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Appendix 7.4

Top, table containing the different gelatin concentrations used to construct GXG
substrates and their corresponding E value, as measured by AFM by Andrew Pelling
at The London Centre for Nanotechnology (LCN), London, UK. Bottom, graph shows
the trend of E for the GXG substrates constructed using H2O as the solute; a trendline
of best-fit was used to estimate the E of GXG made up using 2 % gelatin in H2O as 5
kPa.

Solute Gelatin concentration / % E / kPa
3
2
4
5
DPBS
5
8
6
12
3
10
4
18
H2 O
5
24
6
35
40
35
30

E / kPa

25
20
15
10
5
0
0

1

2

3

4

5

6

7

Gelatin concentration in H2O/ %
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Appendix 7.5

ICC isotype control results from 2-day P32 Oct4-GFP mESCs. Left-hand column
contains phase-contrast images showing the cells’ morphology, middle-left column
contains DAPI images highlighting the cells’ nuclei, middle-right column shows the
GFP signal from the Oct4 gene and the right hand column shows the antibody staining
results. Alexa Fluor 555 secondary antibody was used to highlight IgG mouse isotype
control (top row) and IgM mouse isotype control (bottom row). The cells can be seen
to be negative for both isotype controls, showing no unspecific staining. All images
taken at 20 x magnification with a scale bar of length 100 µm.
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Appendix 7.6

A table showing the efficiencies of all the mouse qPCR primers calculated from
standard curve analysis on the Database Tool Realplex software (Eppendorf) (refer to
section 3.1.4.3). The Pfaffl method was used to calculate the efficiency, E, from the
slope of the graph of amount of c-DNA i.e. number of copies, against Ct value; where
E = 10(-1/slope) (Pfaffl, 2001).

Gene
Oct4
Nanog
SOX2
Gapdh
βactin
Nestin
SOX77
BrachuryT
PAX6
NCam1
βIIItubulin
MAP2
Th
Cnp
Gad2

Efficiency
1.688
1.835
1.934
2.039
2.071
2.143
1.840
2.069
1.983
1.967
1.997
2.003
1.965
2.124
2.070
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Appendix 7.7

Image of the agarose gel electrophoresis showing presence of the housekeeping gene

βactin in the PCR product from reactions using c-DNA from Oct4-GFP mESCs after
a 12-day culture in LIF containing medium on 2 kPa and 35 kPa GXG substrates and
control tissue culture plastic. From top left to bottom right of the gel, bands are
present in 13 lanes signifying correct formation of c-DNA for each of the four
biological repeats of the three conditions respectively, as well as for the start
condition. In between the wells where bands are evident, a control PCR reaction using
RNA was carried out and has correctly resulted in no band, showing it to be truly cDNA present for the other samples. A reaction control containing neither c-DNA nor
RNA was also performed and run on the gel in the second to last lane on the bottom
row; this correctly resulted in no band evident. Hyperladder II, with high intensity
bands at 300 bp, 1 kb and 2 kb, and Hyperladder V, with high intensity bands at 100
bp and 200 bp (both Bioline, UK) were used in the first and last lanes respectively in
both rows. This helped to mark out the correct position for the 156 bp size βactin
gene.
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Appendix 7.8

Image of the agarose gel electrophoresis showing presence of the housekeeping gene

βactin in the PCR product from reactions using c-DNA from Oct4-GFP mESCs after
a 12-day spontaneous differentiation on ~5 kPa and 35 kPa GXG substrates and
control tissue culture plastic, in medium without LIF. From left to right of the gel,
bands are present in 13 lanes signifying correct formation of c-DNA for each of the
four biological repeats of the three conditions respectively, as well as for the start
condition. In between the wells where bands are evident, a control PCR reaction using
RNA was carried out and has correctly resulted in no band, showing it to be truly cDNA present for the other samples. A reaction control containing neither c-DNA nor
RNA was also performed and run on the gel in the second to last lane; this correctly
resulted in no band evident. Hyperladder V, with high intensity bands at 100 bp and
200 bp was used in the last to help mark out the correct position for the 156 bp size

βactin gene.
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Appendix 7.9

ICC isotype control results from 2-day P37 46c Sox1-GFP mESCs. Left-hand side
column contains phase-contrast images showing the cells’ morphology, middle
column contains DAPI images highlighting the cells’ nuclei and the right-hand side
column shows the antibody staining results. Alexa Fluor 555 secondary antibody was
used to highlight IgG mouse isotype control (top row) and IgM mouse isotype control
(bottom row). The cells can be seen to be negative for both isotype controls, showing
no unspecific staining. All images taken at 20 x magnification with a scale bar of
length 100 µm.
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Appendix 7.10

Image of the agarose gel electrophoresis showing presence of the housekeeping gene

βactin in the PCR product from reactions using c-DNA from 46c Sox1-GFP mESCs
after 7 days of directed neuronal differentiation in NDiff on 2 kPa and 35 kPa GXG
substrates and control tissue culture plastic. From left to right of the gel, bands are
present in 7 lanes signifying correct formation of c-DNA for each of the two
biological repeats of the three conditions respectively, as well as for the start
condition. The band for the start condition (shown in the second lane) is slightly
weaker than the others, but a band was definitely evident. In between the wells where
bands are present, a control PCR reaction using RNA was carried out and has
correctly resulted in no band, showing it to be truly c-DNA present for the other
samples. A reaction control containing neither c-DNA nor RNA was also performed
and run on the gel in the second to last lane; this correctly resulted in no band evident.
Hyperladder II, with high intensity bands at 300 bp, 1 kb and 2 kb, and Hyperladder
V, with high intensity bands at 100 bp and 200 bp (both Bioline, UK) were used in the
first and last lanes respectively. This helped to mark out the correct position for the
156 bp size βactin gene.
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Appendix 7.11

Image of the agarose gel electrophoresis showing presence of the housekeeping gene

βactin in the PCR product from reactions using c-DNA from 46c Sox1-GFP mESCs
after 12 days of directed neuronal differentiation in NDiff on 2 kPa and 35 kPa GXG
substrates and control tissue culture plastic. From top left to bottom right of the gel,
bands are present in 12 lanes signifying correct formation of c-DNA for each of the
four biological repeats of the three conditions respectively, apart from one repeat from
the 35 kPa condition which was lost to contamination, as well as for the start
condition. In between the wells where bands are present, a control PCR reaction using
RNA was carried out and has correctly resulted in no band, showing it to be truly cDNA present for the other samples. A reaction control containing neither c-DNA nor
RNA was also performed and run on the gel in the second to last lane on the bottom
row; this correctly resulted in no band evident. Hyperladder II, with high intensity
bands at 300 bp, 1 kb and 2 kb, and Hyperladder V, with high intensity bands at 100
bp and 200 bp (both Bioline, UK) were used in the first and last lanes respectively.
This helped to mark out the correct position for the 156 bp size βactin gene.
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