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Abstract

Embryonic stem cells (ESCs) are pluripotent celiattrepresent a potentially
unlimited supply of specialised cells for drug itegtand cell therapy. However, a
more robust, reproducible and efficient proceseequired for successful expansion
and differentiation of these cells. One variablat tBxhibits a large effect on ESC
culture is the growth substrate. Modifications tee tcurrently accepted standard
culture system have been made and a novel feegar $gstem for human (h) ESC
maintenance has been created in the research weédare. Standard hESC culture
involves maintenance on supportive feeder layersniwbtically inactivated mouse
embryonic fibroblasts (mEFs). The presence of tleesmiltured cells in pluripotent
hESC cultures and during differentiation does geséanical challenges to large-scale
production, thus there is a need for biphasic sbaleoculture systems. Here, alginate
modified with the RGD peptide sequence (commonhlised for stimulated cell
adhesion onto synthetic surfaces) has been usedntobilise mEFs into a biphasic
culture system as a possible replacement to tlititnaal feeder layer. Analysis of
proliferation, viability and ECM production of mERgthin alginate is described in
this project, as well as results from both shond &ng-term maintenance of hESCs
on the modified layer. Apart from the choice of suwate, there are other variables
within the culture system that affect ESC growtld dimeage specification. Upon
characterisation of the Young’'s modulus (E) of &sically tuneable glutaraldehyde
cross-linked gelatin culture system, mouse (m) EB&& been cultured on surfaces
exhibiting varying degrees of stiffness. Investiga$ into the effect of E on the
expression of pluripotency markers, regulation pbrganeous differentiation and

efficiency of directed neuronal differentiation leabeen carried out. The results



strongly suggest that adequate control of E maygriieal in order to increase the

yield of stem cell bioprocesses.
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1. Introduction

Since embryonic stem cells were first discoveredreat deal of research has been
undertaken into utilising these cells for both \gatherapeutic functions and in the
enhancement of current understanding of diseadtidrchapter, the developments in
stem cell research since their discovery is brigftyoduced, including more detail on

specific areas regarding the investigations preskint this report.

1.1 Mouse Embryonic Stem Cells

Mouse embryonic stem cells (MESCs) are pluripowsils derived from mouse
blastocysts, which have the ability to continuous{f-renew, as well as differentiate
into any somatic cell in the mouse embryo. Thescetere first directly isolated from
mouse blastocysts and established in tissue cuitu®81 (Evans and Kaufman).
Other success in obtaining pluripotent cell cubkuneas also demonstrated around this
time but only after teratocarcinoma formationvivo, resulting in the formation of
embryonal carcinoma (EC) cell lines (Martin, 198Ekans and Kaufman (1981)
predicted that there is a key development stagendiryo development that would
successfully result in a pluripotent mESC line. [us initial derivation, the cells
harvested from the blastocysts developimgitro were trypsinised and subcultured
onto pre-gelatinised Petri dishes of mitoticallgdtivated feeder cells. It was not yet
clear why the feeder cells maintained the mESCigtency, but subculturing
without feeder cells resulted in the formation ofteyoid bodies, natural aggregates

arising from the spontaneous differentiation ofrjplatent cells.
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Investigations into the necessity of feeders came head six years later,
when it was discovered that using medium pre-cayrgtd by Buffalo rat liver (BRL)
cells, undifferentiated mMESCs could be maintaineedér-free (Smith and Hooper,
1987). The reason was attributed to the presenca pblypeptide factor named
differentiation inhibitory activity (DIA) secretelly the BRL cells. One year later DIA
was purified from BRL-conditioned medium and it waported that the molecule
was similar in structure and function to leukaemmiibitory factor (LIF), thus the
latter was proposed as an alternative regulatartofdor ES cell systems (Smith et
al.,, 1988). LIF had been successfully cloned, sece® and expressed already
(Gearing et al., 1987).

The pathway by which LIF maintains mESC pluripaters one that has been
extensively studied and characterised, in ordemtterstand the chemical signals that
are occurring in the maintenance and differentatid the embryonic stem cell state.
After LIF was proposed as a vital mESC regulatatdr, it was discovered that the
factor was acting through a receptor complex cairtgithe signal transducer gp130
(Gearing et al.,, 1991). This was possible only raftes structural similarity to
interleukin-6 had been concluded, of which the péme had already been
characterised as the same signal transducing dufaga et al., 1989). A critical role
for the latent transcription factor STAT3, a memloéra family of proteins that
activate target gene transcription downstream ef th= receptor (LIF-R)/gp130
complex, was soon established in mESC self-rene(dlva et al.,, 1998).
Considerations into the effects of serum on thenteaance of pluripotency resulted
in bone morphogenetic proteins (BMPs) being foumédt in combination with LIF

to sustain self-renewal, by inducing the expressibmhibitor of differentiation (Id)
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genes via a pathway involving Smad transcriptioctdiss downstream of the BMP
receptors (Ying et al., 2003a).

Recently, further investigations into the plurgaty pathway have revealed
the capability of RE1-silencing transcription fac{®EST) to maintain mES self-
renewal, a factor highlighted to play a key role thre repression of neuronal
differentiation (Singh et al., 2008). The actuaportance of cytokine induced mESC
self-renewal has also been debated. The extritigntils acted upon by the cytokines
has been shown to be dispensible, with self-renewstead being enabled by
eliminating signalling from mitogen-activated priotkinases (MAPKS), a pathway
involved in fibroblast growth factor-4 (FGFstimulated differentiation (Ying et al.,
2008). Not all MAPK signalling has been found to lolved in promoting
differentiation however, with epidermal growth fac{EGF) induced activation of a
gap junction protein Connexin (Cx), mediated by aARK pathway, partially
contributing to mESC proliferation (Park et al. 08).

Investigations into the pluripotency pathways doabt have been possible
without the ability to characterise the undiffefated state, thus a large number of
genes that are typically expressed in such celle baen characterised. Up-regulation
of theOct4 gene, which encodes for a POU transciption faatesent in the embryo,
OCT-4, was found to be strongly associated with #mbryonic state, upon
consideration of its role in the totipotency cydt germline cells (Scholer, 1991,
Yeom et al., 1996). Further investigations into ithle of OCT-4 have established the
factor as a master regulator of pluripotency, mdy @ontrolling self-renewal but also
lineage commitment during differentiation (Niwa at, 2000). The homeodomain
protein Nanog is another vital transcription facfound to be capable of maintaining

MESC self-renewal independently of the LIF/STAT3hpay mentioned above and
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also playing a central role as a pluripotency ragud transcription factor (Mitsui et
al., 2003; Chambers et al., 2003).

Nanog is thought to function in conjunction withet®ct4 gene, and both
genes thought to work in combination with SOX-2¢otlwer transciption factor found
to be essential in the pluripotent lineage of thdyemouse embryo (Wang et al.,
2006; Avilion et al., 2003). Telomerase, a protessential for maintaining the length
of telomers (regions at the end of chromosomesff@r @rotection from mutation
during replication) exhibits high activity in mESQkus the gene human telomerase
reverse transcriptasen{ERT encoding for the protein is a common target for
characterisation (Sharma et al.,, 1995). An addiiooofactor, undifferentiated
embryonic cell transcription factor (UTF-1) was mouto be present at the blastocyst
stage of a developing mouse embryo and is swiftywrdregulated upon
differentiation, thus is another significant factéo analyse for pluripotency
guantification (Okuda et al., 1998).

Whilst mESCs have been extensively characteriseemselves, this is
commonly with the aim of gaining further understaigdof the processes occurring in
the equivalent human cells. However, whilst sinitil@s are certainly present, not all
fully characterised protocols can be directly tfatesl from one species to the other,
with differences in proliferation, self-renewal addferentiation between cell lines
from the two species evident (Grigorian and Krugia 2009). Hence the validity of
research is often improved when analysing celklimem both species independently,

SO as to avoid problems arising if extrapolatintadecross.
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1.2 Human Embyronic Stem Cells

Human embryonic stem cells (hESCs) are pluripotsils derived from human
blastocysts. They have a vast potential for useegenerative medicine, since their
ability to differentiate into cells in any of theree germ layers of an embryo, means
they can potentially provide an unlimited supplyamily cell type for therapeutic use.
Their immortality means that hESCs also have thiéityalito be maintained and
expanded for extended periods of time in culturg@sulations of undifferentiated
cells.

Human EC cells were derived soon after their maegevalents (Andrews et
al., 1984), however the first attempts to isolaESE@s were not reported until ten
years later, when inner cell mass (ICM) cells frooman blastocysts were isolated
and cultured on human tubal epithelial feeder kyer the presence of human LIF
(Bongso et al.,, 1994). However, the cells couldyobke maintained for two
subcultures before differentiating or apoptosirggpite the presence of serum and the
choice of feeder cell due to efficacy previouslgrsén blastocyst culture. Four years
later, five hESC lines were successfully derivestead on supportive feeder layers of
mitotically inactivated mouse embryonic fibroblagteEFs), in fetal calf serum-
containing medium (Thomson et al., 1998). Subsetfyyethe same research group
who had reported the earlier unsuccessful derimatd hESCs, two years later
confirmed the ability to derive hESC lines from hammblastocysts on mEF feeder
layers, proving their previous failings to be doeat lack of embryonic feeder cell
support (Reubinoff et al., 2000).

The successful derivation in 1998 reported isofatiuman ICMs from

developing embryos at the day 6-8 stage of embnegys; figure 1.1 shows a
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Figure 1.1 A schematic of the embryogenesis pathwalyom a fertilised egg up to
a 6-day blastocystHuman embryonic stem cells are isolated from tineircell mass
(ICM; arrow B) after the blastocyst has hatchede T@M comprises 70-100 cells and
gives rise to all the cells of the body, whilst thater layer of cells in the blastocyst,

the trophoblast (arrow A), develops into the plaaen
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schematic of the pathway from fertilisation up histstage. Once the egg has been
fertilised by the sperm at day O and forms a zygoiavage occurs until the day 4
stage, at which point the cells start to lose thatipotency and compact to form a
morula (Wolpert et al., 2006). At day 5 the embdevelops into a blastocyst and
usually within a day the glycoprotein membrane @umding the embryo, the zona
pellucida, degenerates to release the developagidayst for future implantation into
the uterus. The blastocyst is composed of outphtiblastic cells (arrow A in figure),
which go on to form the placenta during normal grmagensis, and ICM cells (arrow
B in figure), a clump of 70 — 100 cells that givese to all the cells present in the
embryo. At this stage the cells have lost totipoyerthe ICM cells have become
pluripotent, losing their ability to form any paof the placenta, whilst the outer
trophoblast cells have lost their ability to formyapart of the embryo. In normal
embryogensis, the hatched blastocyst will go omttach to the uterus. It is at this
stage, or soon after, that the ICM will be harvésted cultured, if the blastocyst is to
be used for derivation of hLESCs (Wobus and Boh205).

Alike to mESCs, extensive characterisation of theipotency pathway has
been carried out in hESCs, with the aim of undaditay the mechanisms of hESC
self-renewal. However, a key difference distinginghthe signalling mechanisms
between the species is in the lack of ability df kb maintain feeder-free cultures of
hESCs in an undifferendiated state, despite balpthsence of gp130 and the ability
for human LIF to induce STAT3 phosphorylation (Themn et al., 1998; Reubinoff et
al., 2000; Daheron et al.,, 2004). Consideratioro imther signalling cascades
highlighted a prominent role for T®F in early cell fate decisions during
embryogensis and activation of the T&&ctivin/nodal branch by these ligands has

since been found to be vital in the maintenanagh®fundifferentiated state of hESCs,
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via the activation of the intracellular signallingediator protein SMAD2/3 (Harland
and Gerhart, 1997; James et al., 2005). In therlatiudy, addition of exogenous
Activin A to the culture medium was able to promdiESC self-renewal via
maintaining the SMAD2/3 in an activated phosphdedastate, whilst a separate
pathway including the WNT signalling molecule wa®wn to act in a combinatorial
manner with TGB in also activating the intracellular protein (Jane¢ al., 2005). The
Wnt signaling pathway had previously been evaluatedritical in regulating the self-
renewal of hESCs as well as in mESCs, via inagtimadf glycogen synthase kinase-
3 (GSK-3) and thus allowing for the nuclear accuwatiah of the proteirb-catenin,
which in turn results in the activation of the sanption ofWnttarget genes (Sato et
al., 2004; Moon et al., 2002).

Investigations into the importance of TkbkRave extended past solely being
active in the hESC self-renewal cycle. In one stutEF feeders purposely
immortalised with oncogenes were found to lack #imlity to support hESCs,
however were able to have their detrimental behaveversed upon the addition of
recombinant TGFE to the culture medium (Chen et al., 2006). Indeesijlts from the
analysis of fibroblast growth factor 2 (F&gFa factor secreted by mEFs vital for
hESC self-renewal, suggested it to be an upstregulator of TGB signalling in
hESCs (Greber et al.,, 2007). This further demotesdrathe interconnecting
relationships between the various components sfdbimplex culture system.

Clear similarities to mESC pluripotency marker egzion are evident in
hESCs, with demonstration of OCT-4 expression uripbtent hESCs and down-
regulation upon spontaneous differentiation ofdéks, soon apparent upon the initial
derivation of the human cell lines (Reubinoff et, &2000). The transcriptional

regulator SOX-2 acts in conjunction with tBet4 protein and the synergistic action
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of the complex formed promotes transcriptional tegon downstream of the FGF

signaling molecule (Yuan et al., 1995). Furtherikinty between characterisation of
embryonic stem cells (ESCs) from the two specievident in expression of UTF-1,
hTERT and Nanog in the human cells (Ginis et &Q4 Darr et al., 2006; Tan et al.,
2007).

Other than transcriptional factors, cell-surfacdigems, especially stage-
specific embryonic antigens (SSEA), which demomsteahigh degree of regulation
during early embryogenesis, are widely used as enarlo characterise human ES and
EC cells as well as their murine counterparts,caigin significant differences in
expression patterns between the two species aderdgv(Henderson et al., 2002).
After their initial indentification in human EC dgl SSEA-3 and SSEA-4 are
commonly used glycolipids for characterisation oflififerentiated hESCs, along with
related proteoglycans including TRA-1-60 and TRA&1l-(Andrews et al., 1984,
Thomson et al., 1998; Reubinoff et al., 2000; Dragteal., 2004a). In contrast to the
expression in mouse ES cells, human EC and ES aelfsexpress SSEA-1 upon
differentiation, despite the specific epitope rethtto the SSEA-1 antigen being
present within the cells in their pluripotent std&lver et al., 1983; Wright and

Andrews, 2009).

1.3 Regenerative Medicine

Since the first derivation, the vast potential téns cells for use in regenerative

medicine has been greatly considered. Regenenaigekcine is a branch of medicine

that specifically looks at mechanisms the body twmgepair itself and ways of

harnessing this power to treat various diseases@iand Dunnill, 2008). Other than
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the use of hESCs in this medicine, adult stem csillsh as that which are found in
the bone-marrow and the limbal region of the eyw adult somatic cells, such as
fibroblasts and epithelial cells, have both beehsat for therapeutics (Limb et al.,
2006; Kellar et al., 2001). Whilst these former teall types represent less scientific
challenges in the harvesting and processing, th&y @epresent less potential for
therapy, since their lack of potency reduces tlpesof their application in the clinic.
Valuable applications for both of these cell typese nonetheless been derived and
have helped to expand the field of regenerativeicnezlsignificantly.

There are two main aspects of this field of medici@ne encompasses cell
therapy, which can be defined as the process abduating new cells, either
autologous (derived from the patient’'s own body)atiogeneic (derived from an
alternative individual), into a tissue in the badyorder to treat a disease. Advantages
and disadvantages are associated with both pratoeniolving feasibility, cost and
contamination issues (Mason and Dunnill, 2009). ré€htty, therapies are being
investigated for a wide range of therapeutic appilbnis including Parkinson’s
disease, type 1 diabetes and heart disease (AaasQ and Yuan, 2009; Haller et
al., 2008; Yeo and Mathur, 2009). The swift growftthe field can be demonstrated
by the fact that the first hESC-derived cell thgrdyas already been approved for
clinical trials in humans. Geron Corporation (US#&E undergoing the first clinical
trial investigating the application of oligodendyte progenitor cells in the repair of
injured spinal cords, based on research showingcéitle to have great success in
animal models (Keirstead et al., 2005).

Tissue engineering is the other main aspect offibid. This is investigated
with a view of creating bio-engineered alternathasue constructs for use in the

body, using an arrangement of human cells, a ddafifw the cells to grow either on
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or around and a combination of factors to mainthim cells at their desired state.

Apligraf™

, which is a bilayered construct consisting of olager of human
keratinocytes and another of human fibroblastsedsga in a collagen matrix, has
been used to treat chronic wounds in patientsyer a decade, after research showed
it to be over 60 % more effective in achieving wducosure than the control
standard compression therapy normally utilised $swmch cases (Falanga and
Sabolinski, 1999). Clinical trials have been corgie to investigate replacing
dynsfunctional bladders with a tissue-engineeratitact fabricated with autologous
urothelial and muscle cells in patients with bopima bifida and spinal cord injury,
with the trials replicating the success previousien with the use of the construct
(Atala et al., 2006).

The potential use of hESCs for regenerative medi@uarposes is highly
advantageous; their extended culture possibildaiss pluripotency mean that hESCs
can potentially be derived, differentiated and ungdtl to form the exact cell that the
treatment of the disease requires. However, extendbaracterisation and
qualification of differentiation protocols and brogessing investigations are required
before the cells can be put to use. If regeneratiedicine is to succeed, large-scale
production of undifferentiated hESCs will be regdirand the technical challenges
that this idea presents have certainly promotedstiét expansion in understanding

hESC culture.

1.4 Developments in the maintenance of pluripotency

As described in section 1.2, unlike mESCs, LIF mahle to support feeder-free

culture of hESCs. This discovery paved the wayaf@ignificant amount of research
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into the role the feeders play in the culture. \8thihe coculture system is fully
efficient at maintaining hESC pluripotency, theatale degree of complexity within
fabrication creates problems in its use.

The mono-layer of mEF feeder cells normally begindetach after around
five to seven days of culture and hence new feém@rs have to be constructed
frequently, as well as demonstrating a decreadsés iability to support hESC self-
renewal and evidence of an up-regulation of apaptgenes after one week from
fabrication (Villa-Diaz et al., 2009). Adding fughto the cost and the construction
process itself, the mEFs have to have their pralifee ability arrested pre-seeding in
order to stop the cells from growing faster thae HHESCs and taking over the
cultures. This inactivation is carried out by cagssignificant damage to the nucleic
acids in the cell's DNA. It can be carried out \@aposing the cells to ionising
radiation, which causes DNA damage such as doutdeebreaks and can result in a
variety of cellular responses (Tachiiri et al., @8D0Also, commonly used for
inactivation is the aziridine-containing chemotlpgraagent mitomycin-C, which
covalently cross-links two complementary strandsDdfA, thus preventing the
strands from separating during cell replicationcfiiai et al., 2006; Bizanek et al.,
1992; Nieto et al., 2007). These necessary stepadditional cost and labour in the
construction process of feeder layers, whilst aidmducing more variables during
fabrication, thus bringing reproducibility furthaway from a uniform culture system.

Further problems associated with regards to cayuhESCs for regenerative
medicine purposes circle around the exposure of(sE® xeno-products such as
animal sera or proteins derived from the mEFs tledves. Culturing human cells in
conjunction with murine cells and serum from yebthier species (e.g. bovine) means

there is a possibility of transfer of any zoongtathogens or undefined retroviruses to
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the human cells, rendering them unsuitable for huoel therapy. All in all, feeder
layer-free and serum-free conditions are highlyirdbte 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 iopsed for hESC culture,

significant developments into modifying the acttedder cell have vastly improved
the forecast for therapeutically viable hESCs. Witheing highly unlikely that any

therapeutic processes involving the murine cellsld/de approved for clinical use,
the ability for qualified human feeder cells to bsed in an equivalent coculture
system is highly desirable and fortunately techgwially possible (Stacey et al.,
2006).

Human fetal muscle, fetal skin and adult fallopitube epithelial cells,
originally used in the early attempts to isolateSKIES in the presence of hLIF, have all
been shown to support undifferentiated growth c86E for over twenty subcultures,
allowing between seven and nine days between duwipesl|(Richards et al., 2002).
Though the colonies grown on the human feeder d#dislayed a larger surface area
and appeared thinner and flatter, the individuiscdisplayed similar morphology to
that on mEF feeder cells (small, round cells witbnpinent nucleoli), maintaining a
normal karyotype and maintained pluripotency maskgsression. A more prolonged
hESC culture of over seventy subcultures has besmodstrated on feeder layers
derived from newborn babies’ foreskin tissue; hursarum and serum replacement
(SR; a defined formulation consistent in qualitygres also incorporated into the

study, bringing the culture system into the anifneé realm (Amit et al., 2003).
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However, not all human feeder cells support hESGwth in a similar
manner, let alone to a comparable degree as mig=acel this, along with the aim of
eliminating any ethical concerns regarding humaedée cell source, has led to the
development of autogeneous coculture systems (Rishet al., 2003). In one study,
fibroblast-like cells that were harvested from lew®ld cultures of spontaneously
differentiated hESCs were used as feeder cellagpa@t the growth and maintain the
pluripotency of the very same hESCs they origindteth (Stojkovic et al., 2005b).
Two hESC lines were investigated, with resultseating maintenace of pluripotency
of each hESC culture on feeder cells derived batbgeneically from the same line
or allogeneically from the other line. A separatadg published soon after further
demonstrated the ability of hESC-derived feederstontai hESC pluripotency, as
they supported not only undifferentiated growth dwer thirty subcultures, but also
the derivation of hESC lines from the initial stagé ICM isolation from the

blastocyst (Wang et al., 2005b).

1.4.2 Understanding the role of the ECM in hESGurab

Full characterisation of the feeder cell environmenessential for the ability to
mimic the niche artificially. Other than providinmutrients, feeder cells produce a
physical substrate and organisational framework HRISCs via the extracellular
matrix (ECM), which is an intricate network of manrolecules assembled by the
cells residing within (llic, 2006). ECMs provide a3 for cell proliferation and
differentiation, store growth factors and cytokinemnd provide support and
scaffolding for tissues and cells (Kleinman et &003). Fibroblast-like cells

synthesise several types of fibrous and amorphagomolecules that comprise the
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ECM in which they live, whilst maintaining the sammorphology at all times, thus
not indicating the various roles being carried lmpthe cells (Doljanski, 2004).

Collagens are the most abundant of the groupsrwdtstal glycoproteins that
constitute the critical component of the ECM, whiibronectin contributes to the
organisation and cell-ECM attachment (llic, 2006pllagen is the major fibrous
protein in the ECM and is secreted by fibroblastsonnective tissue; mostly present
are types |, Il and lll, which form structures onhg fibrils, but type IV can also be
present, which forms a two-dimensional network (sbd2000). The protein has a
stabilised triple-helix quaternary structure comsg of three left-hand helix
polypeptide chains twisted together; over thirtffedent peptide sequences of each
left-hand helix chain have been sequenced, all mgef a repeating motif of a
tripeptide sequence beginning with glycine (Aunagiland Gayraud, 1998).

Whilst fibronectin regulates the shape of cells @hnel organisation of the
cytoskeleton, its primary role is as an adhesiagim as it acts, along with laminin,
to link the ECM with the internal cytoskeleton wviategrin dependent junctions
(Daley et al., 2008). Early fluorescence microscegperiments with epithelial cells
were able to characterise how the cells’ actin skateton attaches to fibers of
fibronectin (Duband et al., 1988). Separate studre®pithelial cells with synthetic
peptides highlighted that one of the distinct ciiface receptors for fibronectin
involves binding the cells to an arginine-glycirspartic acid (RGD) peptide
sequence within the protein (Duband et al., 19&®in8ers and Bernfield, 1988). Full
analysis of the nature of RGD attachment highlighteto be thea5b1 integrin that
fibronectin is the binding ligand for (RuoslahtB88; Skorstengaard et al., 1986). Its

composition had been characterised previously adinger of two polypeptides
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consisting each of a number of repeats, of whichrethare only three types
(Skorstengaard et al., 1986).

Laminin is another important multiadhesive matrpotgin and is the most
abundant glycoprotein in basement membranes (Mamid Timpl, 1987). After
collagen, it is the most prevalent constituent asdl laminae, the thin sheet-like
network of ECM components upon which most epithediad endothelial cells rest
(Lodish, 2000). The protein is bound by a large hamof integrins and helps to
mediate many of the interactions of cells with Inaset membranes, with differing
isoforms of both the integrins and the proteinlitgxisting to result in differing
binding specificities and affinities (Nishiuchi &t, 2006). The structure of laminin is
characterised as a disulfide-bonded complex ofetip@ypeptide chains, with some
similarities evident in the peptide sequence betwtbe three chains (Cooper et al.,
1981).

These three constituents, along with other protgtags and adhesive factors,
are the main constituents of the ECM that the m&#@ete from the mEF feeder
layer. It is most likely that a combination of diteontact between the hESCs and the
mMEFs, transfer of specific factors from the mEFentkelves and absorption of
harmful factors in the culture media by the mEHFseal alongside the ECM structure
to maintain hESC pluripotency; the closer the mitithis complex system, the more

successful it is in maintaining stem cell self-reak

1.4.3 Developing feeder-free hESC culture

The first stages in developing feeder-free hESQuoes involved moving towards

more unified culture conditions with human compdsenia the use of SR and mEF-
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CM. Early reports of clonal derivation of hESC bnaeported the use of
KnockOutSRM (KO-SR) with human recombinant basic EGi maintaining hESC
pluripotency, observing an increase in cloningcefficy using the SR-containing
medium (Amit et al., 2000). The use of SR in hE®@ure medium provides more
standardised culture conditions compared to FCS @arthinly reports of poor
maintenance of hESC with other xeno-free serumaogphents have highlighted KO-
SR to be the only valid alternative to FCS manufisezt to date (Rajala et al., 2007).
However, the constituent still contains certaimaadiderived products and thus does
not represent a completely xeno-free environment.

Numerous reports regarding the use of F@Ffeeder-free culture show the
factor to be vital in maintaining pluripotency aakbng with SR and CM, it has been
shown to be a key component for hESC self-reneXaldt al., 2005a; Wang et al.,
2005a; Ding et al., 2006; Levenstein et al., 20063F, has been shown to act in
conjunction with noggin, a BMP antagonist, to resréd8MP signaling and sustain
feeder-free hESC growth; studies highlighted BMgnalling to be highly active
within spontaneously differentiating hESC culturasd thus the presence of an
antagonist to such signalling is highly desirabku (et al., 2005b). However,
supplementing medium with FGEloes have problems associated with it, including
variability between batches, along with levels @H; receptors differing between
hESC lines and even within the same line, depenaings extent of subculture (llic,
2006).

Harnessing the role of the ECM within hESC cultias led to the use of vital
constituents in feeder-free systems for succegssi@ihtenance of pluripotency. A
recent report highlights just how vital the matisx in describing the maintenance of

undifferentiated hESCs for over 6 months on an Efidpared by early passage
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mitotically inactivated (mito) mEFs (Klimanskayaadt, 2005). MitomEF layers were
formed, cultured for 1-3 weeks and consequentlyntii-s removed, via solubilising
most of the cellular material. The hESCs were thdtured on top of the remaining
matrix, with subsequent enzymatic or mechanicatsitibring. This proposed method
was able to reduce, however not eliminate, the ofskeno-component transfer. An
early report of successful feeder-free hESC culused a Matrigél' coating and
mEF-conditioned medium (-CM) to maintain hESC gotency for up to 180 days of
subculturing (Xu et al., 2001). The mEF-CM contaarsy soluble factors that the
mEFs secrete to help maintain pluripotency, wHillsttrigel™ contains a complex
mixture of ECM components including laminin, cokeglV and enactin, In the same
study, when the individual components were usedoasings for culture it was clear
that collagen 1V or fibronectin coated surfacesultesl in a higher differentiation rate
of hESCs than cultures on a laminin coating.

Early demonstration of successful expansion of deéete undifferentiated
mESCs on Matrigé!! as on gelatin has led to routine use of the satesars a coating
for feeder-free culture and it has been used inynséudies to demonstrate successful
maintenance of hESC self-renewal (Greenlee e2@05; Mohr et al., 2006; Ludwig
et al., 2006a). However, use of Matrigéldoes not result in an animal-free
environment, since the material is derived from s@tumor. Thus problems arising
from batch-to-batch variability and the need fanare defined culture substrate (i.e.
without murine constituents) has led significanvelepments in feeder-free culture
away from using the costly substrate and insteadids integrating specific ECM
components into culture (Ludwig et al., 2006b).

Various reports highlight the success of using tamialone as a culture

substrate in supporting feeder-free ESC growth selfirenewal (Li et al., 2005;
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Miyazaki et al., 2008; Domogatskaya et al., 20@8)e study demonstrated the ability
to maintain hESCs feeder-free on the substratevier twenty subcultures, using SR-
contatining medium supplemented with Activin A, &é#nocyte growth factor and
nicotinamide (Beattie et al., 2005). These thremvyn factors were found to be vital
in maintaining stem cell self-renewal after narnogvdown a large number known to
modulate cell growth, whilst Activin A was in fafdund to be secreted by the mEF
feeders themselves. However when bone morphogepetiein-4 (BMP-4; a fellow
member of the TGEB- superfamily known to maintain pluripotency in mE3Qvas
used in replacement for Activin A in the feederefreulture, the hESCs lost
expression of Nanog and OCT-4 after only one wéékg et al., 2003a; Beattie et
al., 2005). A separate study showed successful ter@nce of hESC pluripotency
using TGFbl supplemented media, also containing SR and ajhawth factor
combinations including both FGFnd LIF, whilst on a fibronectin matrix (Amit et
al., 2004). This different effect between BMP-4 ditel-b1 can be accounted for due
to their respective signalling pathways. Thoughs¢hearticular ligands bind to the
same type | kinase receptor to activate intracil@mad proteins, there are two
different types of Smad protein specifically actech (Miyazawa et al., 2002). These
encompass the activin/T@Fspecific AR-Smads and the BMP specific BR-Smads,
the latter interacting with other proteins and s@iption factors less efficiently than
the former. Another report regarding the use ofiAttA describes its ability, when
used in conjuction with FGFRand a human fibronectin matrix, to maintain hE®{-s
renewal for over ten passages, further highlighting important role the growth
factor supplement can play in maintaining pluripate(Baxter et al., 2009).

With the aim of further establishing culture commhts based entirely on

recombinant and synthetic substrates, a relatikedent study analysed the integrin
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and ECM protein expression profiles of three inaelmt hESC lines, before
culturing the cells with defined media supplemeartd ECM proteins (Braam et al.,
2008). After a minimal difference in expressionfpes between the hESC lines was
qguantified, culture in the presence of specific EQivbtein receptor blocking

antibodies highlighted vitronectin to be a suitablernative to Matrigel and human
recombinant vitronectin supported feeder-free ghoafthESC in defined, non mEF-
CM media for up to twelve subcultures. This defisgdtem presented for long-term
self-renewal of hESC is based entirely on humanpmrants, a key step towards
eliminating any cross-species issues that couiaas described previously.

Alike to the autologous feeder-cell systems for GESfurther movement is
evident towards creating a genotypically consisteaetler-free culture system suitable
for hESC expansion. Fibroblast-like cells obtain®d differentiating hESCs and
immortalised via enhancing the expression of hTERaVe been used to provide CM
capable of supporting growth of hESC in feeder-fteaditions on Matrigel (Xu et
al., 2004). The same report mentioned in sectidridescribing the use of fibroblast-
like cells harvested from spontaneously differaeiahESCs as feeder cells to
support hESCs, also describes how CM obtained fthen fibroblast cells also
supported feeder-free growth of hESCs on Matrigel Up to fourteen subcultures
(Stojkovic et al., 2005b). Despite the CM evidentiyntaining undefined levels of
growth factors and exhibiting degrees of variapilihe use of human cells instead of
mouse is certainly favourable with respect to crmmstamination issues, especially if
originating from the cell line itself (Mallon et.aR006). Finally, FGf-has been used
in conjunction with SR and culture surfaces coat&tt human serum derived from
clotted blood to support undifferentiated growth bESCs for nearly thirty

subcultures (Stojkovic et al., 2005a).
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The long-term stability of hESC lines is a vitapect of feeder-free culture
and demonstration of maintenance of pluripotenay laighly importantly, karyotypic
stability, has been demonstrated in hESC after ywars in feeder-free culture
conditions reported previously (Rosler et al., 2084 et al., 2001). This long-term
approach for testing alternative culture protogsisital; chromosomal abnormalities
have been demonstrated to result in feeder-freeresl of hESCs after only twenty-
five subcultures on MatrigBf and such karyotypic changes could potentially ltesu
from cells adapting from standard mEF feeder caltto the harsher feeder-free

conditions (Draper et al., 2004b).

1.5 Differentiation of hESC

Other than the ability to self-renew indefinitedyfurther key characteristic of ESCs is
the ability to differentiate into somatic cells finoany tissue or organ in the entire
human or mouse body. Spontaneous differentiatioBRIEs will readily occur when
one or any number of factors regarding the culeimaronment are altered beyond the
normal range that the cells are able to cope vidinected differentiation of ESCs
towards specific lineages is undertaken throughtrobmof the stem cell niche and
understanding of chemical modulators of differdrdia

Allowing ESCs to spontaneously differentiate haeerb part of the
characterisation of the stem-cell state since tkdescovery. Included in the first
reports of successful derivation of hESC lines werperiments regarding their
ability to differentiate towards known cell typestbin vitro andin vivo (Thomson et
al., 1998; Reubinoff et al., 2000). In threvivo testing in these reports, hESCs were

injected into severe combined immunodeficient (SCibice to form teratomas,
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which were then examined histologically betweem fand eight weeks after injection
and demonstrated to contain derivatives from a#lélembryonic germ layers.

The three germ layers refer to the very early tagfelineage specification
that occur during embryogenesis, as the cells withe ICM begin to lose their
pluripotency. The layers are referred to as theodadn, mesoderm and ectoderm,
each containing multipotent cells that, amongsteothell types, specify down
lineages towards cells present in the lung andneascin blood and cardiac muscle,
and in the brain and skin, respectively. In manythed papers reporting on hESC
characterisation since 1998, differentiatationhaf tells towards all three germ layers
has been used as a vital indicator of pluripote@yer than formation of the three
germ layers, it has also been shown that hESCéocanthe extra-embryonic tissues
that differentiate from the embryo before gastiatat BMP-4 was added to hESCs
cultured on Matrigel with mEF-conditioned medium iteduce differentiation to
flattened, enlarged cells that expressed genesedel®d the development of the
trophoblast (Xu et al., 2002). In agreement with thescription of their signalling
pathways as described in section 1.4.3, in thisquéar study, TGH1 and Activin A
did not induce the same morphologically visiblerales in the hESCs as addition of
BMP-4 did.

The methods of differentiation reported normallly fiato two categories, the
first being via formation of cell aggregates speaify named embryoid bodies (EBS).
Differentiation of hESCs into EBs and formationdwrivatives from all three of the
germ layers has been demonstrated by transferriffgChto plastic Petri dishes
(Itskovitz-Eldor et al., 2000). Here, the hESCs evdrarvested via enzymatic
treatment with either trypsin or collagenase andsequently cultured in medium

without FGF, or LIF, two factors used in their growth mediuniopito differentiation.
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Chemical modulators can also be used to act one thiesee-dimensional (3D)
aggregates to specify differentiation pathways.amother study from the same
authors, the effects of a large number of growtiidid on the specification of EBs
was quantified (Schuldiner et al., 2000). Amongdkeos, Activin A and TGHB1 were
highlighted to induce mainly mesodermal cells, wthiktinoic acid, BMP-4 and FGF
induced ectodermal, as well as mesodermal, spatiditc Formation of functional
cardiomyocytes has been widely reported and comynamcurs in protocols
involving EB formation for both mouse and human BES@ith the cells of
mesodermal origin appearing after 4-8 days of ocellin mouse EBs and after 10
days of culture in human EBs (Hescheler et al.,719%9 et al., 2003). Lineage
specification occurs promptly upon EB formationjdewce of the early mesodermal
marker Brachury T, along with the neuroectodermatker PAX-6, has been shown
in EBs after only 1-2 days of culture (Rohwededlgt1998).

EB formation and quantified presence of the threenglayers is commonly
used as an ESC characterisation protocol. The 3Hurenaof the induced
microenvironment associated with the spontaneofisrélintiation makes externally
induced lineage specification hard to control. Tlegree of spontaneity is debatable,
as studies on the Wnt signalling pathway known ¢oabtive within the primitive
streak formation (one of the first signs of gasitioin in the embryo) in EBs have
shown the aggregates to display a high degreelbigmnisation (ten Berge et al.,
2008). A lack of a basement membrane (thin sheeE<CM) within a developing EB
formed from mMESCs, has been found to result in lacted mesodermal
differentiation (Fujiwara et al., 2007). This higjtits that the complexity soon gained
within the 3D aggregate indeed plays a key rolehm fate of the cells, alongside

addition of any exogenous factor. Certainly thoygioducing the pure populations of
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somatic cells required for therapeutic use doeseprtelarge technical challenges to
this method, as a lack of access to the bulk oEBenakes it hard to characterise the
cells within and thus deduce purity.

In contrast to EB formation, another commonly uspddtocol for
differentiation involves inducing a monolayer of &Stowards specific lineages via
coculture with other somatic cells or chemical icion. Homogeneous
differentiation of hepatic progenitor cells has meehieved via coculture of mMESCs
in hepatocyte culture medium on top of a collagayet containing primary rat
hepatocytes, resulting in a 95 % pure, endoderm-tigll population (Cho et al.,
2008). After a 10-day endoderm induction on theatepyte layer, maturation of the
hepatic lineage of the mESC-derived cells was edrout for 20 days on either
collagen alone or feeder layers made from fibrdblake initial hepatocyte/collagen
coculture was only carried out to induce the fatsiges of endodermal differentiation.
As a member of the TGB-superfamily and harnessing its key role in cejhaling,
Activin A has been used as a factor to induce mayesk of hESCs towards definitive
endoderm in low serum conditions, quantified wititregulation of the endodermal
markers SOX-17 and FOXA2 (D'Amour et al., 2005)ord with its distinct role in
the pluripotency pathways of hESCs as describeskation 1.2, Activin A was used
in this study as a mimic of Nodal, which has pregly been shown to be essential for
specification of endoderm during gastrulation irtenfLowe et al., 2001). Indeed, in a
more recent report, inhibition of the Activin/Nodagnalling pathway in EBs resulted
in no endoderm formation, quantified by a negagxgression for SOX-17, with
specification towards neuroectoderm evident insteaal an abundance of neural

rosette structures arudll-tubulin positive neurons (Smith et al., 2008).
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Building on the mesodermal and endodermal difféeatioh mentioned above,
ectodermal formation, specifically highly clinicaltelevant formation of functionally
active neurons, has been widely reported. In arkeyement away from protocols
requiring EB formation, mESCs were efficiently imgd to a neuronal fate in an
adherent monoculture by treatment with retinoiadda@A) in media supplemented
with insulin, transferrin, selenium and fibronec{iiSF) (Pachernik et al., 2002). A
subsequent report of adherent monoculture desctiteedheuronal differentiation of
MESCs in medium without LIF or serum, with addiabsupplements of N2 and B27
to increase the population of cells commiting te tieuronal lineage (Ying et al.,
2003b). The ability to determine immediate presermdfe neuronal stem cell
commitment was enabled by the use &x1GFP mESC line, fabricated due to the
prior detection of SOX-1, a transcription factolated to the gen&ry, present early
in the neuroectoderm of a developing mouse emb@@lignon et al., 1996; Wood
and Episkopou, 1999). Other than expression of 3OpGsitive staining for the early
neuronal markers Nestimlll-tubulin and GABA, along with more specific type
present later in the differentiation process suesh naarkers for astrocytes and
oligodendryocytes, highlighted by GFAP and CNPa&spectively, demonstrated the
success of the neuronal differentiation medium @yt al., 2003b). Addition of the
factors FGE and sonic hedgehog increased the numbers of rewwhibiting a
marker of dopaminergic fate, tyrosine hydroxyladeH), two factors that had
previously been shown to increase the yield of Difive neurons from mESCs (Lee
et al., 2000).

Regarding the differentiation of hESCs, there hbgen extensive reports of
neuronal specification, with regards to selectibbath early neural progenitor cells,

as well as functional, somatic neurons for eventisd in therapeutic solutions for
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Parkinson’s disease, spinal cord injury or othertanaeuron-related disorders
(Sonntag et al., 2007; Pomp et al., 2005; Ercegl.e2009). The ability to induce
neuroectodermal differentiation from hESCs wasudel in the report from one of
the first derivations of hESC lines; after threeeke& of differentiation, cells
expressing the neural cell adhesion molecule (N-GANI glutamate decarboxylase-
65 (GADG65), an enzyme important in the neurotrattemig-aminobutyric acid
(GABA) biosynthesis encoded by the gegbad2 were both evident (Reubinoff et al.,
2000). An enriched population of neuronal cells wekieved from adherent cultures
of the stem cells in serum-free medium supplememtigd FGF, and retinoic acid
(RA), with more than 90 % expressing neuron-spedntigensblll-tubulin and
MAP-II (Baharvand et al., 2007). Nonetheless, hsaeeful mechanical isolation of
morphologically distinct neuronal populations waguired at a number of stages to
result in a suitably enriched population, addingh& complexity of the differentiation
process and thus reducing its capability for scgle-The yield and purity of
functional dopaminergic neurons derived from hES@&gain quantified via TH
expression, has been shown to be dramatically asede via coculture with
immortalised human astrocytes, highly suggestimgsiinccess in utilising knowledge
of the somatic cell niche desired in the derivatidrfunctional neurons from ESCs
(Roy et al., 2006). Other extrinsic factors, sushcantrol of oxygen tension, have
also been incorporated into differentiation protedo aid selection of the neuronal
fate, with an over 50-fold increase in yield ofbl@cells expressing neuronal markers
resulting from culture in hypoxic conditions (Momagdon-Teran et al., 2009).

Further characterisation of the stem cell niche lmghklighted the roles that
many other variables in the culture environmentgay on differentiation. Certainly,

matrix elasticity has a key effect on a cell’'s pbgpe, unsuprising when considering
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the changes in physical plasticity of both the wehoéll and the nucleus that occur
during differentiation of ESCs (Pajerowski et aD07; Chowdhury et al., 2010). This
is discussed in more detail later in section 1.i8h wespect to the role it plays in both

ESC pluripotency and differentiation.

1.6 Bioprocessing

As described in section 1.3, if the full potentihlhuman embryonic stem cells are to
be realised for viable therapeutic use, large-spabeluction of the pluripotent cells
must be possible. Thus, a key addition to the agwveents of workable feeder- and
xeno-free culture conditions, as well as greateleustanding of the stem cell niche, is
the successful translation of laboratory-basedareseinto practical bioprocessing
solutions. A greater understanding of the stemraetie through research will help to
prioritise the necessary requirements at each sthtyfee process, from harvest of the
initial stem cells to delivery of the final product

Following on from section 1.5, one of the mairuess surrounding the use of
hESCs for cell therapies is the need for 100 % paunck fully differentiated somatic
cells arising from efficient differentiation protals. The danger of retaining even a
minute population of stem cells within a ‘fully thfentiated’ product can be easily
understood when considering teratoma formationnduttieir characterisation; reports
of tumor formation from stem-cell treatments havmewen the cells can undergo
detrimental uncontrolled growth once implantedivo, a highly undesirable outcome
from a therapeutic treatment (Fujikawa et al., 20080 et al., 2006). Justifying that
full differentiation has occurred is carried out fynctional measurements of the

somatic cells depending on their desired utiligz in a report of the derivation of
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GABA-producing neurons from mESCs, immunostaininghvanti-GABA, GAD65
and whole cell patch clamping to quantify the elmaiysiological properties, was
able to characterise a population of GABAergic nesy incidently lacking the
electrophysical characteristics of mature neur@ig(zi et al., 2009).

Quialification of the end-stage purity of such setlan be carried out by
following such immunostaining using fluoresencawated cell sorting, other flow
cytometry methods and also image analysis softwenést the numbers of stem cells
remaining can be quantified in the same manneguduripotency markers. However
other methods more competent at sorting the aelés sterile manner are required so
as to result in a population with the ability to bé&her re-cultured or directly
harvested. Separation via exploitation of diffel@ntmagnetic attachment in
chromatographic separation techniques, as wellehads utilising density gradient
separation with centrifugation, are reported asrgasuccess in purifying populations
of stem cells from mixed cell suspensions (Odabas ,e2008; Fong et al., 2009).

By the end of the processing stages, even if hhignriched population of
active cells for transplantation is available, ffiert difficulty remains in ensuring the
cells’ survival once placeth vivo, in directing the cells to the desired locatiord an
also ensuring a fully functional graft to the si&®r example in a report regarding the
application of myoblasts to treat cardiac diseése,cells that managed to make it to
the desired coronary artery actually engrafted tnedmethod for, and location of,
injection induced variable results (Wollert and Xee, 2005; Siminiak et al., 2005).

Alongside optimising differentiation and deliveprotocols, the ability to
achieve the large numbers of cells that are reddoethis branch of medicine can be
predicted as nearly impossible, given the currentuce techniques. Culturing cells

on tissue culture plastic is relatively difficuti scale-up; whilst industrial scale Cell
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Factories (Nunc, Thermo Fisher Scientific) and S@itks" (Corning, Intl) offer a
temporary solution for the expansion of adherenis,ceulture with these devices
requires a great deal of manual labour, is not edffgctive, is complicated with
regards to concentration gradients of pH anda@d still is unable to produce the vast
guantities of cells required to realise the fultgiial of ESCs. Microcarriers offer
one solution for the expansion of adherent cellsjng as substrates for cell
attachment whilst cultured in spinner flasks olerobottles. The demonstration of
successful expansion of mMESCs on such particlestitred culture systems is a
positive step towards their large-scale use (Feteswret al., 2007; Abranches et al.,
2007). The use of large-scale bioreactors for ¥paesion of cells as cell aggregates
offers a standardised method for the productiornumfmited quantities of cells,
however, a report demonstrating the reduced diffeagon capability of mESCs in
stirred bioreactors highlights the large challengesuccessful translation of culture
techniques, as well as showing just how sensitinesd immature cells are to the
mechanical environment (Baghbaderani et al., 20@&ni et al., 2009).

One other key aspect regarding the scale-up primiuct hESCs concerns the
use of automation in culture. Inherent variatiomgnanual handling procedures acted
upon the cells by the various handling stages h&en shown to have a detrimental
effect on the expansion and differentiation of mES@Gighlighting the need for
controlled culture systems incorporating a highrdegf reproducibility (Veraitch et
al., 2008). Successful semi-automated mechanicasgging of hESCs has been
reported using a Mcllwain tissue chopper (MicklegiBeering, Surrey, UK) and the
stem cells were maintained in an undifferentiatedesfor over 100 days using the
techniqgue (Joannides et al.,, 2006). The CompacTec$el(The Automation

Partnership, Cambridge, UK), Cell-IQ (Chip-Man Teclogies Ltd, Finland), and
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Cellerity and Freedom EVO (both Tecan, Switzerlaralg automated culture
platforms that have demonstrated capabilities fitieht culture and expansion of
either fibroblasts or hESCs, highlighting that greging technological advances with
both advanced engineering and a deep understaoflthg cell culture process is able
to produce viable alternatives to manual culturarkNahti et al., 2007; Thomas et al.,
2009; Durner et al., 2005; Muller and Graf-Haus2€Q6).

Another development in the bioprocessing of hE&C¢he transferring of
culture conditions from allogeneic to autologousy ko reducing risks from negative
immune response actions towards the cells, as agefrom any animal component
present. Other than the use of feeders derived ftloen hESCs themselves, as
mentioned in section 1.4, a more recent developtosvdrds a genotypically constant
hESC culture is the discovery of the ability to ragyam somatic cells to become
pluripotent stem-cell like cells (Takahashi et &007; Takahashi and Yamanaka,
2006). This was reported not long after the eqemabuccess was found in mESCs
(Takahashi and Yamanaka, 2006). In the reportrdagg human cells, four
transcription factors (OCT-4, SOX-2, c-MYC and KHérwere transfected into adult
human dermal fibroblasts using retroviruses, giviisg to induced pluripotent stem
(iPS) cells equivalent to hESCs in morphology, espion of pluripotency markers
and differentiation capabilities. Since this diseny IPS cell derivation protocols
have been enhanced with the aim of making the oatlee viable for clinical use,
including eliminating contact with both oncogenesl airal delivery systems, whilst
the ability of the cells to then differentiate, btdllowing alternative lineage
specifications to their original source, has algerb investigated (Huangfu et al.,

2008; Silva et al., 2009; Dimos et al., 2008; Wegrat al., 2008). Use of patient-
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specific cells ultimately has the potential to ehate any immune rejection from the

use of a therapeutic, thus increasing the charfcascoess of the cell therapy.

1.7 Alginate

One specific solution to the issues surrounding shale-up of ESC culture is
utilisation of a polymer to support the growth bktundifferentiated stem cells; a
material suitable for supporting stem cell renevaald able to be successfully
manipulated into large-scale vessels. Alginatens such polymer, with properties
making it viable for use in many biological appticas for regenerative medicine. It
is inert to cells that are placed on or withinntdaundergoes a reversible cross-linking
process to form a solid gel, making it easy to tabdth in this gelated state and as a
liquid. The polymer is widely used for cell immabdtion and encapsulation,
alongside other general uses including as a thingeagent for drinks and ice-cream,
as waterproofing and fireproofing fabrics, and magid medicines e.g. Gaviscon®.
Alginate is a linear, unbranched polysaccharidenghsourced from brown
seaweeds, marine algae and produced by bactegatwihrepeating units that make
up the polymer are -(1,4)-linked b-mannuronic acid (M) and -(1,4)-linked
L-guluronic acid (G) arranged in a block-wise, negular order along the chain; the
two units are epimers i.e. they differ only in #treangement of atoms about the chiral
centre C-5 (Loredo et al., 1996). The structure fivas elucidated via an isolation of
alginic acid; sodium alginate is the sodium salthef alginic acid residue, where the
sodium ions replace the hydrogen atoms on the gglibocacid groups from both

units (Hirst et al., 1939). Figure 1.2 shows thhacdtre of GGMM alginate.
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Figure 1.2 Structure of alginate.Two G residues linked by an1,4-glycosidic link,
followed in the chain by two M residues linked bybdl,4-glycosidic link, thus
overall demonstrating the structure of a MMGG segeeof alginate. The lines at
either end of the diagram represent the continalvain.

Figure 1.3' Representation of the structure formed when divalet cations bind to
alginate. Carbon atoms are shown in light blue, oxygen atommed, hydrogen atoms
in white and the cation i.e. €ashown in dark blue. Cross-linking of the calciumns
with oxygen atoms in the alginate chain results gelation and the polymer

strengthens.

! http://mww.Isbu.ac.uk/water/hyalg.html
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Alginate possesses a unique process leading tofagelation; when a
monovalent cation, such as & present in the polymer, this binds to the oaytic
acid groups on the residues to form the sodium aalimentioned above. However,
the sodium salt can be replaced by another catidnfahis happens to be divalent, as
is C&*, then this cation possesses the ability to criogsHetween various carboxylic
acid functional groups from more than one residarg] thus changing the alginate
from a liquid to a solid gel. This immobilisatioechnique can be reversed, simply by
replacing the divalent Gacations with monovalent Naons again. Figure 1.3 shows
a representation of the structure formed when divtatations cross-link residues
within the polymer to form a gel-network.

The ratio and combination of the G and M units tiglwout the polymer
affects its properties with regards to binding itcatént cations and thus its strength as
a polymer. The specific binding of divalent catidoghe polysaccharide is a process
that predominantly involves consecutive G resicuesthe complexation is explained
in terms of an ‘egg-box’ model, however strictlyeahative MG sequences have also
been found to have a direct involvement in thengdlvork (Grant et al., 1973; Donati
et al., 2005). Sodium alginate solutions high inrgSidues are more viscous than
solutions made from alginate high in M residuesiciwlare more elongated along the
chain.

The porous structure of alginate, its inertnessetts and reversible single-step
immobilisation procedure, make it the ideal matetgause as a scaffold for tissue
engineering and regenerative medicine purposesioMartypes of cells have
previously been encapsulated in alginate and ctersation of mechanical and

biological properties of the cells and gels, alenth investigations into the suitability
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of resultant constructs for implant models, hasnbearried out (Li et al., 2006a;
Mitchell and Blanshard, 1976; Bhattarai et al., 20Bakai et al., 2005).

Alginate has also been reported for use with stells.cA 3D porous scaffold
consisting of alginate combined with chitosan,redir polysaccharide consisting of
glucosamine and acetyl-glucosamine, was recentiyvshto maintain hESCs for 21
daysin vitro (Li et al., 2010). The cells fully infiltrated the&ructure and maintained
their viability and pluripotency, proving the bioopatibility of the combined
polymers. Longer periods of culture time have beramined; feeder-free alginate
encapsulation of hESCs resulted in maintenancduipptency and no germ-layer
formation after an extensive 260-day culture (Bmnail et al., 2008). However, a
decrease in expression of a combination of thepmtency genes was evident by the
end stage of this particular culture period, somé¢he point of no detection at all.
Data presented regarding the effect of alginateagswation on mouse and human
ESCs for transplantatiom vivo suggested a drop in cell number and viabilityrafte
culture periods varying between one week and thmemths, combined with a
decrease to around 60 % viability of encapsulate8@s cultured for 2 weeks vitro
(Dean et al., 2006). The suggestion that the Idssiability in vivo was due to
ischemia resulting from competition for limited nanbts implies that the alginate
encapsulation was having somewhat of a toxic effattthe cells, which was
ultimately resulting in cell death. Alginate encalagion has also proved successful in
supporting directed differentiation protocols. Oreport describes how mMESCs
encapsulated within alginate were successfully eteffitiated towards insulin-
producing cells over a 14-day culture period, vaxtensive diffusion studies proving
successful penetration of growth factors and supeids into the alginate/cell beads

(Wang et al., 2009a).
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Many reports describing successful encapsulatiah gnowth of cells with
alginate also report on the inclusion of a peptdataining the RGD sequence,
consisting of arginine, R (side chain = £8H,-CH,-NH-C(NHy),), followed by
glycine, G (side chain = H), followed by aspartiwda D (side chain CHCO,H).
Figure 1.4 shows the sequence included in a peptidpewith a subsequent glycine at
the N-terminal side of the peptide and a tyrosemdue, Y (side chain = GHCgH4-
OH) ending the pentapeptide at the C-terminal skilece RGD peptides were found
to promote cell adhesion, the RGD sequence has $igeificantly utilised as the
most effective peptide sequence for stimulated adliesion on synthetic surfaces,
based upon its considerable biological impact ol a&echoring, behaviour and
survival (Pierschbacher and Ruoslahti, 1984; Hestal., 2003). The RGD sequence
is part of the cell attachment domain of fibronectlongside being the attachment
site of a large range of other adhesive extra@ellatatrix, cell surface and blood
proteins, including vitronectin, fibrinogen and l@m, and the sequence is recognised
by nearly half of the over 20 known integrins ireithadhesion protein ligands
(Ruoslahti, 1996). Integrins are the most commdhamthesion receptors mediating
cell-cell interactions and cell-ECM interactionsdaoonsist of two non-covalently
associated subunit®, and b, the particular combination of which determines th
ligand specificity of the integrin (Hersel et a2003). Integrinabbl is a widely
distributed cell surface receptor for the extradall matrix glycoprotein fibronectin
and the major binding site for this integrin is RE€D sequence (Mould et al., 1998).
It is also suggested that tlaeb3 integrin is involved in the binding of the pepwtid
sequence, an integrin expressed on smooth mudtdeand a receptor for fibrinogen,

amongst other proteins (lkari et al., 2000).
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Figure 1.4 Chemical formula of the GRGDY peptide sguence.From left to right,
the N-terminus, glycine (G), arginine (R), anoti&raspartic acid (D), tyrosine (Y)
and the C-terminus. The side chains correspondingath amino acid are labelled

within the figure.
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Through the derivation of alginate via the freebcawylic acid group on the
repeating units of the polymer, peptides containing RGD sequence have been
attached and the resultant effects on cell culhaee been investigated. In major
work from a group with wide reports of using theidatised polymer, mouse skeletal
myoblasts were seeded onto GRGDY-coupled algingitrolgels and observed to
attach and spread on the surface during 24 houtts extensive proliferation evident
after 3 days, compared to little seen on non-dased alginate surfaces (Rowley et
al., 1999). Around the same time a separate regestribed injecting gels of the
derivatised polymer containing suspended fibrobladb rats, with the volume of the
construct shown to be fairly well maintained in tast to gels made without the
RGD inclusion and without fibroblasts, thus highligg the derivatised polymer’s
potential for use as a tissue engineering scafidirler et al., 2000). However, when
the construct was visualised histologically aftsein vivo, whilst the fibroblasts that
had been suspended in the gels were certainly estilent, none had extended
processes or contributed to new tissue formatiora later report, increasing the G-
content of alginate increased the proliferatiommfuse skeletal myoblasts on top of
RGD-derivatised polymer, whilst an increased praporof cellular fusion was also
visible following a directed differentiation protwlc(Rowley and Mooney, 2002). In
the same study, myoblast proliferation and difféegion was observed to be also
dependant on RGD-ligand density, with the greatatds of each process found on
alginate surfaces with the highest ligand density.

Previous work in the department of Biochemical Begring, UCL, by Julia
Markusen and coworkers used the same carbodiimgenistry described in the
reports mentioned above to prepare alginate desadivith the peptide GRGDY, for

use as a biodegradable polymer tissue engineeonstroict (Markusen et al., 2006).
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Successful encapsulation of human mesenchymal stds (hMSCs) within the
derivatised alginate was demonstrated, with thés gehintaining high viability. It
was also shown that the alginate-GRGDY derivativeoaraged cell attachment and
elongation to form a dense network of cells, calyanecessary for a successful tissue
substitute. However, minimal proliferation was ent within the polymer beads,
whether or not the peptide was included, possitdynfrestricted nutrient transfer to
the tightly packed cells. Attempts to combine thezivhtised polymer with hESC

culture were not made.

1.8 Alternatives to Alginate

Whilst there is certainly a vast amount of repoftalternative polymers for use with
many different cell types, reports concerning tee af polymers for ESC culture are
slightly fewer in number. Finely tuning the novelstems to maintain stem cell
phenotype requires a great deal of complexity &edhighly sensitive nature of stem
cells makes the transition into novel feeder-, seriand animal-free culture
challenging.

One of the first reports of successful maintenasfceESC self-renewal on a
polymer system described the use of a complex mystemposed of semi-
interpenetrating polymer networks (sIPNs) croskdoh with acylated peptide
molecules, further modified with peptide functiaeatl linear chains at varying
concentrations (Li et al., 2006b). The hESCs weaintained feeder-free for 5 days
in SR-containing mEF-CM, which was a positive stewards removing the xeno
contaminants. The following year, hyaluronic acidAj] was proposed as an

alternative hydrogel, with properties making it & for use in hESC self-renewal
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and expansion after being identified as a bioldbicactive molecule secreted by
mEF feeder cells (Gerecht et al., 2007a). A phdiator was used to crosslink
methacrylated HA containing suspended hESCs anadhstruct cultured in mEF-
CM for a 20-30 day period, with the hESCs maintagntheir pluripotency, along
with their ability to differentiate once decapseldt Incidently, HA is a linear
polysaccharide of glucuronic acid and acetyl-glacome, therefore very similar in
structure to alginate.

A complex porous membrane technique using a trahsmsert to separate
MEF feeders from hESCs demonstrated success inaimang the hESCs in their
undifferentiated state for up to 10 subculturesinoprporating a mechanical isolation
subculturing technique (Kim et al., 2007). In thistem feeder cell/hnESC interaction
was maintained and comparable proliferation of hEESIOnies, as in normal culture
methods, was evident. Interestingly, scanning edacticroscopy revealed the two
cell types interacting with each other through tBemm pores of the insert,
highlighting in this particular system the neceassit direct interaction between the
cells for successful hESC attachment and prolitemat

Many advances into alternative culture systems lads@ been employed for
applications in ESC differentiation. Acquiring a 3&ulture system is a highly
desirable aspect for many differentiation method®e and although the step-up in
complexity presents significant challenges in tbemiulation, the ability to more
closely mimic than vivo niche compared with a 2D tissue culture plastifase can
result in great success. An early report of thdedghtiation of hESCs on 3D

constructs fabricated from a combination of polgtilaco-glycolic acid) (PLGA) and
poly( -lactic acid) (PLLA) showed that combining appregpei physical support with

the correct chemical cues was able to support fpration, differentiation and
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organisation of hESCs into 3D structures (Levenbetgal., 2003). These two
biocompatible materials have since been used inumber of applications for

enhancing stem cell attachment and 3D differentia{Alvarez-Barreto et al., 2007;
Lees et al., 2007; Inanc et al., 2008; Schofet.e@09). Indeed, PLGA microspheres
have been embedded with alginate hydrogels to er@auitable microenvironment
for neural stem cell transplantation, with the ustbn of alginate lyase to allow for
controlled enzymatic degradation of the hydrogetl dhus able to support the
proliferation of NSC neurospheres (Ashton et @07). Another porous 3D scaffold
fabricated via photopolymerisation of a poly(glyalero-sebacate)-acrylate (PGSA)
elastomer has been used to encapsulate hESCs ppdrted cell proliferation and

spontaneous differentiation into all three lineag&erecht et al., 2007b). The
bioelastomeric material is proposed as a suitalilernative to biodegradable
polymers, with the structural integrity providingssential support to the cells
distributed uniformly within.

Primate ESCs have been cultured on top of a 3@&get matrix and induced
to differentiate via inclusion of human neonatakgkin fibroblasts within the matrix,
with the cells successfully differentiating into Itple lineages, as well as
successfully secreting an ECM highlighted by thespnce of laminin and fibronectin
(Michelini et al., 2006). Type 1 collagen is the shabundant collagen in the body,
thus its use as a 3D differentiation matrix is hyghiable; in a collagen-carbon
nanotube composite, hESCs exhibited enhanced ehifieation capacities on the
substrates, with especially increased stimulatiowatds the ectodermal lineage
evident (Sridharan et al., 2009). In this reporpguae collagen growth substrate also
specified the ectodermal lineage of the differam@ghESCs, but around 3 days later

than the composite, most likely due to the diffeeeim microstructure and stiffness
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between the two culture conditions. Another reaepbrt highlighting the suitability
of carbon nanotubes for ESC differentiation demmastl that the substrates (without
the collagen coating) are able to selectively d#fdiate hESCs into viable neuronal
cells (Chao et al., 2009).

Gelatin is a partially hydrolysed form of collagand is routinely used in
culture as a coating on tissue culture plasticidocall attachment. It is composed of
polypeptide chains that are largely made up frogtige, however also contains a
large amount of proline and 4-hydroxyproline resisluGelatin scaffolds have been
constructed using glutaraldehyde as a cross-liakdrin combination with agar, with
the aim of use in tissue engineering applicatidofexrrha et al., 2007). The scaffolds
constructed with an equal ratio of gelatin to agapported attachment of mouse
fibroblast cells via the presence of RGD sequemgdsn the gelatin peptide chains,
whilst the semi-interpenetrating network-like stwre fabricated from adding
glutaraldehyde after the mixing of the two polymersured even entrapment of the
gelatin occurred. This particular cross-linking rigehas been used in other
applications to reduce degradation whilst enhancthg material strength of
constructs and also within enzyme immobilisatiomposed reaction mechanisms
involve the aldehyde groups present on the molecedeting with several of the
functional groups in reactive amino acid side chawithin the material under

investigation (Fabela-Sanchez et al., 2009; Weetll4; Migneault et al., 2004).

1.9 Matrix Elasticity

It is obvious from the topics discussed above thatsurrounding environment plays

a very important role on the stem cells’ behavigyreatly affecting proliferation,
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organisation and differentiation. The high sen#itivof the cells to the local
environment makes them acutely responsive to aghtsthanges around them, thus
finely-tuned control of temperature, oxygen concaian and presence of chemical
modulators is necessary in order to keep the celisitained in the desired state.
Recently it has come to light that mechanical feredso play a key role in the
regulation of cellular functions, often translatgdintegrins providing the mechanical
link between ECM adhesion sites and the cell'ssikateton (Clark et al., 2007). Thus
matrix elasticity or the rigidity of a culture sade is an important variable within the
culture environment that can be seen to influencellzss behaviour hugely.

One can classify the rigidity of the culture sudacsing a constant known as
the Young’'s ModulusE) defined as the ratio between the rate of chahgé&ess and
strain. To date, various techniques have been tsecharacterise the constant.
Rheological studies can be used to measure thendation or ‘strain’ exhibited by a
material after a load or ‘stress’ is exerted orntaMitchell, 1980). The tensile
properties of alginate hydrogels have been charaeterheologically and high G-unit
containing alginates have been shown to form segngore ductile hydrogels than
high M-unit containing alginates (Drury et al., 200The formation of alginates with
varying E values were thus achieved by gelation of eithehdnds- or higher M-unit
containing alginates. A separate novel protocotuess the central indentation of a
clamped material using a ball of known weight arehsurement of the corresponding
displacement, proposed as a technique to charsettdhe viscoelastic properties of
alginate constructs and the effects of seedediosilde (Ahearne et al., 2005).

E can also be determined using atomic force mici@gsq@FM), a high-
resolution type of scanning probe microscope, whieh measure various forces

exhibited by the material under investigation. Th&roscope has a small probe
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attached to a spring-loaded cantilever held in acnwith the surface of the sample;
as the probe is moved slowly across the surfaegréicking force between the tip and
the surface is monitored (Daintith, 1996). Analysidorce versus tip motion curves
after performing AFM on specific substrates hasb®ealuated in order to deduce the
local elastic properties of that substrate andifipalty the localE deduced, once the
elastic deformations of the tip have been accoufdeqHeuberger et al., 1995n
setting up suitable experimental parameters, tliboas! defined the range & for
medium substrates, i.e., polymers, to be betwetrafd 10 x 1®Pa, and the range
for soft substrates, i.e., biomaterials, to be leetw0.1 and 100 x 1®a. One value of
E for alginate, though deduced using stress/stralicutations and not via AFM, has
been calculated at 36.35t4 kPa, thus located in the middle of the acacepage for
soft substrates (Yamaoka et al., 2006).

One of the first reports highlighting the importanaf this area of research
described how mechanical strain, applied to a dedble elastic substratum upon
which hESCs were cultured in mEF-CM, was foundntabit the rate of spontaneous
differentiation and promote self-renewal of thelxébaha et al., 2006). It was clear
that a direct relationship between the hESCs’ bielbavand mechanical stimuli was
occurring, since no change in secretion of chenfaabrs in the media was evident.
Importantly however, when the cells were culturechormal media, not mEF-CM,
there was no visible difference in the rate ofatétiation whether mechanical forces
were applied upon the cells or not, thus highligiptine synergistic role these forces
must play along with chemical signals deliveredrfrmEF-CM. Following this, the
authors later reported on the mechanism by whiehniechanical strain is able to
repress differentiation, highlighting a significantinvolvement of the

TGFo/Activin/Nodal signalling pathway, known to be highimportant to the
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maintenance of pluripotency (see section 1.2) (®als., 2008b). Through assessing
changes in expression of T@kgands, in the presence of mechanical strain,d&2i3a
(a modulator involved with the T@®Fsuperfamily) was found to be phosphorylated,
whilst TGF1, Activin A and, to a lesser extent, Nodal, weik faund to be
upregulated, highlighting the importance of sigingll through these ligands for
mechanically-induced repression of hESC differeiutn

The sensitivity of cells to ECM stiffness was highted in a key report
describing mesenchymal stem cells (MSCs) specifiomgards lineages depending on
the rigidity of the culture surface they were ctgal on (Engler et al., 2006). The
MSCs differentiated towards neurons, myoblastsasteoblasts on soft (0.1 — 1 kPa),
medium (8 — 17 kPa) and stiffer (25 — 40) polyzemyide gels respectively. The
range of elasticities were selected in agreemettt thie range oE that solid tissues
within the body demonstrate; brain tissue hak& af around 1 kPa, muscle around 10
kPa and collagenous bone around 100 kPa. An u@tgulof genes corresponding to
the correct lineage in the MSCs cultured on eacthefsurfaces proved the selective
capabilities of the cells, based purely on meclarfiarce stimulus. Similar results
were recently reported regarding MSCs culturedDnp8lyethylene glycol-silica gels
of varying rheological properties (Pek et al., 201® few months later,
micropatterning techniques were used to investifa@emechanical sensing by MSCs
and further highlighted the important role mechahgtrain plays in differentiation,
with heterogeneous responses in gene regulatioendept upon the direction of
uniaxial strain (Kurpinski et al., 2006). Understang the response of cells to uniaxial
strain could thus be harnessed in tissue engirgeésmspecific structures where the

organisation of the cells is key to the final ut¢he construct.
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Whilst there is evidence of a loss in nuclear pd#gt during stem cell
differentiation, one can certainly not rule out tle®ntinued role that the
mechanotransduction pathways play in the speadificadf cells from embryonic
towards somatic state (Pajerowski et al., 200 e, there is clearly a differential
response to mechanical cues depending on what stagemmitment originally
pluripotent cells are exhibiting (Hsiong et al.,08). Nonetheless, somatic cell
populations do exhibit a degree of sensitivity ket mechanical surroundings.
Isolated embryonic cardiomyocytes were found tot bmaimally on a matrix of
similar elasticity to the heart; unsurprising sitice nature of the cells within the heart
requires the cells to attach to the ECM, which umntmust display sufficient
compliancy for the actomyosin forces to pump tharhdEngler et al., 2008).
Incorporating mechanical compression in  hydrogskelda chondrogenic
differentiation of mesenchymal progenitor cellduehced the differentiation capacity
of the cells, with increased gene expression dflage-based markers upon exposure
to the mechanical compression (Terraciano et #&Q72 In this particular case,
direction towards the chondrogenic lineage was @mnlgouraged once the essential
chemical factor for the specific differentiationdhbeen added in, again highlighting
the synergistic role between mechanical and chédmiess.

Neuronal populations of cells have also showniqder sensitivity to the
surrounding elasticity and studies similar to thosported above have highlighted
just this. Variable moduli interpenetrating polymeetworks were used to culture
adult neural stem cells (NSCs) over a range of 4@PL0 kPa, with a peak level of
the neuronal markeblll-tubulin visible in NSCs cultured in serum-freeeuronal
differentiation medium on hydrogels with &of around 0.5 kPa (Saha et al., 2008a).

In varied differentiation conditions, mixed poputets of neurons were favoured; a
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promotion of either neuronal or glial structure niation (quantified via GFAP
staining) was found whether cultured on softer amdbr gels respectively. In another
study, NSCs were found to proliferate optimallysubstrates with lovie values and
full neuronal differentiation, including oligoderaiyte maturation and astrocyte
formation, favoured on the softest surfaces beld#4 (Leipzig and Shoichet, 2009).
In agreement with non-neuronal cell studies, magppire forces generated by NSCs
has further demonstrated the loss of cell-generftexts in the transition from self-
renewal to differentiation, with a loss of forceoguced by the cells exhibited in
parallel with an increase of phenotypic neuronfflecentiation markers (Shi et al.,
20009).

The nature of the cells’ morphology is also dependn the elasticity of the
material on which it is attached to. Studies pented on fibroblasts cultured on
regions of varying local elasticity have shown tiedls are able to spread more on
harder substrates and, using chemical modulatorgedere with actin flament and
microtubule formation, showed that disrupting tlygoskeleton altered the projected
cell area (Chou et al., 2009). Recent investigatiato cell spreading have shown that
MESCs have a smaller projected cell area than thiéarentiated counterparts (the
latter formed from a 5-6 day culture in medium with LIF, but containing retinoic
acid), along with exhibiting minimal sensitivity iprojected area to changes En
(Chowdhury et al., 2010). Here, the mESCs spredidnafly on a 0.6 kPa substrate,
however still exhibited a 2 fold decrease in cekaaon this optimal substrate
compared to the differentiated cells. These, intrash, were found to increase their
projected cell area with substrates of increasingvhilst also failing to spread in

response to external stress, unlike the pluripatde$Cs.
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Further studies with fibroblasts and hMSCs havenshboth cell types to be
acutely responsive to the mechanical propertigh@tubsrate, contracting fibrin gels
and increasing the local stiffness so as to achaptemal spreading (Winer et al.,
2009). As previously mentioned, cells attach to H@M via their transmembrane
receptors (integrins), which have their cytoplasntomains anchored to the
underlying actomyosin cytoskeleton (Clark et aD0?2). These integrins determine
the levels of tensional forces in the cells cytéesicen and the forces can in turn affect
the expression of signalling proteins in the céadharan et al., 2009). Myosin Il is
the major motor protein regulating contractility nmuscle and non-muscle cells via
generating tension within the actin cytoskeletord as activated by integrin
engagement (Krendel and Mooseker, 2005). Cadhemresother transmembrane
adhesion proteins that also mediate the signal tlemECM; epithelial-cadherin (E-
cadherin) is a key member of the protein familytthas an intracellular domain
binding b-catenin, in turn a protein with key roles in entmgc morphogensis,
neurogenesis and in regulating actin filamanenhéiion in the cytoskeleton (Aberle
et al., 1996; Otero et al., 2004).

The mechanosensing pathways by which cells aretalbdense th& of the
ECM involve the translation of forces through focaihesions connecting the
integrins to the cytoskeleton (Baker and Zaman,020The cytoskeleton becomes
more stiff depending on thEé of the ECM and analysing the cytoskeletal stiffnes
required to deform the ECM in turn results in amprapriate biochemical response
from the cell. The mechanotransduction of forcepliag at the surface of a cell
through to the nucleus occurs though a complexnclediintegrins, cytoskeletal
filament networks and nuclear scaffolds (Wang et2009b). Specifically, once the

force signal has been channeled onto the actirskgteton via the focal adhesions, it
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is then translated via the outer nuclear membrao&eips, nesprins, through to the
inner nuclear membrane proteins, SUNs. This pdaicaomplex of proteins is
termed the linker of nucleoskeleton and cytoskel§tdNC) complex (Crisp et al.,
2006). These proteins are connected to nucleamlamateins that form the nuclear
scaffold, which in turn attaches to chromatin ardiAD

All these signal mediators, ligands and recepamtstogether in conjunction
with growth factors and matrix environment to imfhce stem cell behaviour,
phenotype and genotype. Recent reports have higbtg the importance of
characterised mechanics within the cell cultureiremvment and careful control of

this variable is key towards efficient ESC maintareand differentiation.

1.10 Aims of the research

The aim of the first part of the research was teestigate the construction of a
modified biphasic culture system and explore theemmal of this system for both
replacing the traditional feeder layer procedure H&ESC culture and in analysing
specific components of the feeder layer that angontant in maintaining successful
hESC culture. Fabricating a successful alternatorgture system for hESC
maintenance remains a complex and challenging psod&/hilst alternative hESC
culture systems have been explored, the long-tentakslity of such novel systems
for specific expansion of these pluripotent celds mot been reported on. Repeated
subculturing of hESCs on synthetic polymers withoghr of maintenance of
pluripotent marker expression has not previousgnbg#escribed.

The construction and characterisation of a modiB&d biphasic feeder cell

system is presented here, using mEF cells immedlilisn calcium alginate
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(CaAlg/mEF). Figure 1.5 shows a model of the n®ystem. The construct involves
keeping the mouse and human phases separate, mglofer potentially less
complicated hESC colony harvest, and is a systatalfows for scalable production
of undifferentiated hESCs. Also, minimising the ibas from the accepted culture
system towards the novel alginate layer was interideough use of the same mEF
cells within the novel system as those used in abfeeder layers for hESCs.

The mEF cells are immobilised in a layer of calcialginate, formed by the
cross-linking of sodium alginate with divalent aalo ions. The polymer is inert with
regards to the cells, can be easily manipulateagusie reversible gelation process, is
manufactured to a high degree of sterility and ingsstigated to see if it could play a
role in keeping the proliferation of the fibroblastlls successfully arrested, thus
eliminating the need for preliminary use of mitommycor girradiation. The
CaAlg/mEF layer also potentially allows for resdmngto the specific factors that are
secreted from the mEF cells, especially with respe¢he ECM, and the role these
have on hESC culture and pluripotency. Immobilising mEFs in calcium alginate
may allow for longer survival of the cells, and berextend the culture period of
hESCs when compared to culturing on inactivated rfegleler cells, which start to
detach after 5-7 days. The work presented in Chaptdescribes the results found
regarding the success of the novel feeder layer.

The second part of the research was carried oimvestigate the effect di
on the expansion, pluripotency and early diffelsman of mESCs. Whilst there have
been a number of reports recently regarding thigyabf ESCs to sense tHe within
their culture environment during differentiationhete has not been extensive
investigations into the effects of this variabletba pluripotent cells themselves. Also

not vastly reported on is the sensitivityEaluring 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 GAIg/mEF feeder layer
system Mouse embryonic fibroblast cells are immobilisadan even distribution
throughout a layer of alginate, on top of whichmamn embryonic stem cells are
cultured. The whole layer is cast inside a transwalich sits in the well of a 24-well
plate and allows the media on top and in the sadimg well to diffuse through.

media

MESCs
GXG layer

Figure 1.6 Diagram of model for elastically tuneal# system for culture of
MESCs.The 3D layer consists of gelatin cross-linked vglhtaraldehyde (GXG), on
top of which mESCs are seeded. The whole layeetisvghin a 6cm dish or 6-well

plate.
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specification by ESCs. Understanding these easlyaeses to mechanical cues would
help towards perfecting the ESC microenviromamtvitro, as well as in the
exploitation for enhancing ESC differerentiatiootoicols.

Both of these factors were investigated using MESQKured on a
mechanically tuneable system. Investigations usimggmouse cells instead of their
human counterparts were carried out for these @xpets, due to the feasibility of
achieving the high cell numbers (in feeder-free ditbons) required for the
experiments. Another novel culture system is predpgonsisting of an elastically
tuneable 3D layer of gelatin cross-linked with ghaldehyde (see Figure 1.6).
Fabrication of the culture substrates using diffemncentrations of gelatin solutions
results in layers with varying values. Investigations into the ability of mMES®s t
attach and proliferate on the layer were carrietd Dois was followed by experiments
into the effect the various values had on the mESCs with regards to maintenahc
pluripotency and ability to spontaneously differatd, along with the effect on
specific neuronal differentiation. The results frahese experiments are presented
within Chapter 4.

In summary, the aims of this project were as folow

Investigate the feasibility of constructing a novE€bAlg/mEF layer, with
homogeneous distribution of mEFs.

Quantify any toxic effects from the alginate to th&F cells immobilised within,
with respect to viability, proliferation and ECMqtein expression.

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

Achieve reproducible construction of mechanicallpgable cross-linked gelatin
substrates and demonstrate successful maintenan#&SCs cultured on top.
Investigate the effects dE on the expression of pluripotency markers during
maintenance of pluripotency, spontaneous diffeatioth and directed neuronal
differentiation of the mESC:s.
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2. Materials and Methods

In this chapter, the methodology involved with aulig all the cell types investigated
is presented, along with the analysis techniqued @ the cells. This is followed by
the protocols involved in both construction of ti@vel biphasic feeder system using
calcium alginate and in fabricating the mechanjcalineable cross-linked gelatin
culture substrates. All work was carried out in alkér Class Il Safety Cabinet
(Manchester, UK) with gloves and lab coat worn latimes. Any item introduced
into the safety cabinet was wiped clean with 70 tfameol and all solutions and
materials were sterilised to avoid contaminatiofi. sdlutions used for cell culture
were warmed in a 37C water bath, prior to contact with the cells, gsl®therwise
stated. Where use of Dulbecco’s Phosphate BuffSaedohe (DPBS) has been noted,
this corresponds to a 1 x solution of DPBS contgrmo calcium or magnesium,
unless otherwise specified. Cells were incubate@7atC in 5 % CQ in air in a
Heraeus HERAcell incubator (Thermo Fischer Scientific Ind/altham, MA, USA)
and cultured in Nuncldd (Thermo Fischer Scientific Inc.) tissue culturasks and

plates.

2.1 Culture of cells

This section describes how the cells were cultuveith a description of thawing,
subculturing and banking protocols for each cgbetynvestigated. Further detail is
included regarding the description of ESC cultwéh a thorough description of
MESC maintenance and differentiation, as well aghfe maintenance of hESCs and

preparation of feeders for these cells.
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2.1.1 Culture of neonatal fibroblasts

One vial of human neonatal fibroblasts (NNF) (sedrcfrom Karocell Tissue
Engineering AB, Stockholm, Sweden, isolated frommho neonatal foreskin,
catalogue number F0514, batch number 133:2) wagethand expanded to make a
working cell bank. The cells were cultured in IsesvModified Dulbecco's Medium
(IMDM; Gibco Invitrogen, Paisley, UK), supplied by the manufizet with added
GlutaMAXO (a stabilised form of L-glutamine manufactured@ijpco Invitrogen)
and 25 mM HEPES buffer system and supplemented Mttt heat-inactivated FCS
(Invitrogen). The FCS had been previously heattigated by submerging in a water
bath set at 57 °C for thirty minutes.

The cells were thawed according to the followingtpcol. One vial was taken
from the master bank and immediately placed in®@ 4C water bath, until the liquid
had completely thawed. The contents were careftdlysferred to a 25 ml centrifuge
tube (Sarstedt AG & Co, Numbrecht, Germany), toch#20 ml of room temperature
media was then added in drops over two minutes. chmeents were centrifuged at
1200 rpm for three minutes, the supernatant remewvetthe pellet re-suspended in
fresh media. The cells were then transferred te2& Tlask and incubated at 5 % €0
[ 37 °C until confluent. A sample would often be takermr fwunting with a
haemocytometer, after the cells were re-suspendé@sh media and before seeding
into the T-25 flask.

Once the cells reached full confluency, which naltynoccurs after two to
three days, they were subcultured. The cells wesshed with 5 ml 1 x DPBS
(BioWhittaker, Walkersville, MD, USA) and 5 ml ofZb % Trypsin-EDTA (T-E;

Sigma-Aldrich, St. Louis, MO, USA) was then addex the flask, which was
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subsequently incubated at 5 % £/B7 °C for three to four minutes. The flask was
tapped and a phase-contrast microscope was usebtetk that all the cells had
detached from the surface. If the cells had indkstdched, then 10 ml of fresh media
was added to quench the T-E reaction; if not, thenflask was placed back into the
incubator for a further minute or two and was clpseonitored until the cells had
successfully detached. The cells were rarely |t whe T-E solution for longer than
six minutes in total. The suspension was trandetoea 25 ml centrifuge tube and
centrifuged for three minutes at 1200 rpm, afteample was taken for counting. The
supernatant was removed and the pellet re-suspandadcknown volume of fresh
media. The cell suspension was then split 1:3 ihtee new T-75 flasks, recording
the subculture number. The cells were monitored thnty achieved confluency, at
which point they were subcultured once more.

Once a sufficient amount of cells had been expadridem the original vial,
they were cryopreserved in order to create a wgrkiell bank. The same protocol
was followed as for subculturing, however this tithe cell pellet was re-suspended
in freezing media, consisting of 90% normal medna 40% dimethyl sulfoxide
(DMSO; VWR International, LLC, West Chester, PA, A)S1 ml aliquots were
dispensed into fully labelled Nalgene cryovials (RWnternational), which were
subsequently transferred into a ‘Mr Frosty' to allfor gradual freezing. This was
placed into an —80 °C freezer overnight, after Whike 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 (N@B$lertfordshire, UK) at PO.
Subsequently, banks of mEFs were isolated from da0-thouse embryos in
collaboration with Ludmila Ruban, Diana Hernanded &linal Patel at UCL. A large
cell bank was created following the same protosothat for the NNFs (see section
2.1.1) and stored under liquicbNThese cells were used both for making mitotically
inactivated feeders for the hESCs (see sectiod.2)land to create the immortalised
mEF cell line (see below).

Primary mEFs were thawed and subcultured usingséimee protocol as that
for the NNFs. However their culture medium differen that it consisted of
Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco Invitrogen), also
supplemented with 10 % heat-inactivated FCS. A $arfmom one T-25 flask of
mEFs at P1 was analysed on the Cedex HiRes (Insp@drmany) cell counter.

To create the cell line, primary mEFs were expdrated subcultured past the
stage of normal senescence (around P7-10) by dsrefanitoring their growth and
respective re-seeding at suitable densities. The were generally used up to P40,
but two cultures were taken up to around subcuhuraber 60 and banked at various
stages along the way, again following the sameopodtas that for the mEFs and
NNFs. These cells were given the name mEF-E1 anB-B{E (two cell lines were
established, with slightly differing morphology).

These cells were cultured with the same base mesial for the mEFs,
however extra supplements included 1 % non-es$emtizno 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 tieohdy Stem Cell Sciences
(Cambridge, UK). Three different cell lines wereltoted across the period of
experiments. The first mESC line cultured was theeptal E14Tg2a cell line.

The cells were thawed following the same protoclaed for NNFs into a
T-25 culture flask, which was pre-coated this timiéh 0.1% gelatin. 0.1% gelatin
was made by dissolving 500 mg porcine gelatin (Sigmto 500 ml DPBS and
sterilised via autoclaving. The T-25 flask was telaed by covering the surface area
with the 0.1 % gelatin and leaving for a minimum thirty minutes at room
temperature; the solution was removed from théflast before cell seeding.

Occasionally, if the recovery of viable cells wasv] a duplicate vial was
thawed into pre-gelatinised 6-well plates or evénn2ll plates. The medium used to
culture the cells was Glasgow’'s Minimum Essentiabdidm (GMEM; Sigma-
Aldrich) containing 10% FCS (SLI Ltd, Crawley, UK1% each of NEAA, L-
Glutamine and Pyruvate (all Invitrogen), 50Dof 0.1 M b- mercaptoethanol (VWR
International) and 5xE0U Leukeima inhibitory factor (LIF) (Millipore, Bliérica,
MA, USA). The pre-coating of gelatin onto the cuétisurface and the inclusion of
LIF within the media helped to maintain the undiéfietiated ESC state in the feeder-
free culture.

Once the thawed cells had reached confluency withllsto medium sized
colonies covering around 80 % of the culture s@fdéloey were subcultured into new

pre-gelatinised flasks, or corresponding platesmiéller culture surfaces were used.
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The cells were first rinsed with DPBS and 0.5 ml $Etrypsin was then
added. The mESC trypsin was fabricated by dissgl\2rb g porcine trypsin, 0.4 g
EDTA, 7 g NaCl, 0.3 g N&iPO,.12H,0, 0.24 g KHPO,, 0.37 g KCI, 1 g D-Glucose,
3 g tris buffer and 1 ml phenol red in 1 L watehisTsolution was then adjusted to a
pH of 7.6 using concentrated HCI and then filtariised, aliquoted and frozen at
-20°C. (In essence this corresponds to a 0.25 éagin trypsin solution made up in a
Tris-buffered Hanks Buffered Salt Solution (HBSS8yitrogen). This protects the
cells from any detrimental effects from a changeosmolarity or sugar content
between incubation with media and trypsin, whils¢ inclusion of the tris-buffer
helps to regulate the pH in the culture environment

The flask was incubated at 5 % €037 °C for three minutes, after which
time it was removed from the incubator and tappedatilitate detachment of the
cells from the surface of the flask. Around 4 mineédium was added to the flask to
guench the trypsin and the whole cell suspensios pyetted up and down a few
times, vigorously enough so as to achieve a simglk suspension. The cell
suspension was transferred into a centrifuge tutzk aentrifuged at 1200 rpm for
three minutes, the supernatant removed and thetpelsuspended in fresh medium.
The equilibrating gelatin solution was removed friira fresh T-25 flasks and the cell
suspension was then split at the appropriate sgeaténsity into the new flasks. The
flasks were topped up with fresh medium to around| %otal volume and placed in
the incubator.

The cells were visualised using a Nikon Eclipse G®RU upright
fluorescence microscope regularly throughout tleeiture, to monitor morphology
and green fluorescence protein (GFP) expressiosy Were subcultured every two to

three days, with daily media changes to ensureplh@potency was maintained as
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high as possible. Cell banks were constructed thighexpanded mESCs and the cells
were frozen following the same protocol as thatdufee the NNFs and mEFs. The
freezing media was modified however to a solutionsisting of 90% complete media
and 10% DMSO. It was predicted that the high canté-CS in the complete media
helped to preserve the cell integrity upon freezing

The second line to be cultured was@ct4-GFP cell line, derived from the
parental line E14Tg2a cell line, but transfectethvai green fluorescent protein (GFP)
coding sequence upstream of tBet4 promotor. Hence these cells fluoresced green
whilst the transcription factor, itself a strongdicator of pluripotency, was still
expressed. The culture of these cells was iderttictile protocol described above for
the parental E14Tg2a cells. For the results desdrib Chapter 3, norm&ct4GFP
MESCs were used, but for the work desribed in Ghapta sub-clone of th@ct4
GFP mESC cell line was used. This was produced and Hernandez at the
Department of Biochemical Engineering at UCL, iderto produce a cell line with
visibly high expression dDct4i.e. strong green fluorescence.

The third line cultured was similar to tli@ct4GFP cell line, however this
time the open reading frame of ti¥®x1gene had instead been replaced with the
coding sequence for GFP (Ying et al., 2003b). Tivia gene involved in the first
stages of neural stem cell differentiation, as deed in Chapter 1. These cells,
named 46¢ cells, were highly useful in neurondled#ntiation studies, as their GFP
expression could be quantified for an immediate sueament of whether the cells

were being successfully directed towards the naliomeage or not.

76



2.1.3.2 Spontaneous differentiation

Spontaneous differentiation was easily inducedh&hESC cultures by removing the
LIF from the media. The cells were subcultured asmal following the protocol

described above, but upon centrifugation, they wersuspended in media without
the final addition of LIF. These cells were seede&nown densities onto the culture
surface, topped up with extra culture media (agaithout LIF) and then cultured for

a specific period of time. During spontaneous ddfdiation the media was changed
every two to three days and the morphology and &fi*ession monitored closely,

until the differentiated cells were ready for hatvand analysis.

2.1.3.3 Directed neuronal differentiation

Following the spontaneous differentiation of mES&sidies into directed neuronal
differentiation were performed on the 460xXGFP mESCs. This was carried out by
culturing in Culticell NDiff RHB-A media (Stem CelEciences, Millipore) using
conditions previously defined (Ying et al., 2003bhe NDiff media was protected
from light at all stages by wrapping the media leottith aluminium foil. The cells
were again subcultured as normal following the qol described in section 2.1.3.1,
but upon centrifugation, they were re-suspendddDiff media and then seeded onto
the culture surface. The media was then changey &wve to three days and the cells
were closely monitored until they were ready tabealysed.

After results from the seeding of 480xtGFP mESCs in NDiff were
obtained, some investigations were carried outgusormal mESC medium without

LIF to seed the cells in initially. After the cellead attached to the culture surface
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overnight, the media was then changed for NDiff ahdn kept in this neural
differentiation medium for the rest of the cultyreriod. This is further described in

Chapter 4.

2.1.3.4 Antibiotic in media

Certain differentiation experiments described iragter 4 had increased potential for
contamination, due to the extended culture perarasthe nature of the culture. The
addition of the thick layer of gelatin in the battoof the culture plate raises the
surface closer to the lid of the culture plate aodnplicates the media changing
process. The culture medium used in these longer-teultures was thus

supplemented with antibiotic solution, to reduces tbhances of contamination
resulting in a loss of material. 1 ml of 100 x ardgtic antimycotic solution (Sigma)

was added to every 100 ml of complete media. Tleaperiments that have used the

antibiotic-containing media have been indicate@Imapter 4.

2.1.4 Culture of human embryonic stem cells

SHEF-3 hESCs were obtained from the UK Stem CefikBand were cultured on a
feeder layer of mitomycin-C inactivated mouse erohry fibroblasts (MEFs) on
gelatin coated IVF dishes and T-25s; a conventianathod previously reported
(Thomson et al., 1998). MEL-1 hESC were obtainedmfrthe University of
Edinburgh and were cultured on a feeder layer dbmmycin-C inactivated human

fibroblasts, F-D551, in IVF dishes (BD Fald8h BD Biosciences, Franklin Lakes,
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NJ, USA). HESC thawing, subculturing and vitrificat 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 miERgomEFs) were used as
feeder cells. Primary mEFs were cultured as in@e&.1.2 and used to make feeders
up until subculture number 6. Extra care was takehe construction of feeder layers
due to the high toxicity of mitomycin-C.

The mitomycin-C stock solution was made by dissgvone 2 mg vial of
mitomycin-C (Sigma) in 200 ml complete mEF med@ to a concentration of 0.001
%. After ensuring complete dissolution, the solutwas filter sterilised through a
Nalgene 0.22mm polyethersulfone (PES) membrane sterile filteWi¥ International)
and stored at 4 °C; it could be used for up toehveeks after.

Primary mEFs were inactivated by the following mdare. The supernatant
media was removed from a confluent flask of mEFd @eaitomycin-C solution was
added to the flask; 4 ml was added per T-25 andl 7added per T-75. It was
important to ensure that the mEFs were not ovefheent, as an excessively high cell
number could result in uneven or incomplete ination. The flask was then
incubated at 5 % C£ 37°C for two hours to allow for inactivation. Meanwdiilthe
required number of T-25 flasks and IVF dishes vwgiatinised.

After the two hours had passed, the mitomycin-Qitsmh was removed from
the flask and the cells were washed thoroughly \BBBS three times. The cells
were then trypsinised as normal for mEF cultureengphed to a known volume and a

small sample taken for counting on a haemocytométee cells were centrifuged at

79



1200 rpm for three minutes, the supernatant remaredl the pellet re-suspended.
After the gelatin had been removed from the newkBaand dishes, the cells were
seeded at a specific density (3.3 X per T-25 flask, 4.0 x TOer IVF dish) and the
dishes and flasks topped up with complete mEF mebee feeder dishes were
incubated at 5 % C£ 37°C until needed.

For the MEL-1 hESCs, H-D551 human fibroblasts wesed as feeder cells.
These cells were grown following the same protaa®Ifor the NNFs and mEFs,
however the medium used to culture them was Issowtbdified Dulbecco’s
Medium, IMDM, with 10 % added FCS and 1 % PeniciiBtreptomycin, P-S,
(Sigma). The H-D551s were banked and mitoticallpctivated again following the
same procedure as for the mEF feeders. Howevefe#duer density used varied for
these particular cells with between 1.0 and 1.D%cells seeded per IVF dish (no T-
25s were used in this case), a much higher nundrepared 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 cryopreservedpslun a glass capillary. The
capillary was transported under liquic & ensure no defrosting occurred during
transport or manipulation. The spent mEF mediamasved from a feeder IVF dish
and replaced with SHEF-3 complete media (see s$e@i@.4.3) and allowed to
equilibrate at 5 % C@/ 37 °C for at least thirty minutes before thawing theSKIs.
Between 0.5 and 1 ml of SHEF-3 media was also glae® a separate spare IVF
dish, which was placed into the incubator to efuatie at 5 % C@/ 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 eapilvas removed from the
liquid N, using autoclaved metal tongs and the tip of thee t(the end where the
clump of cells could be seen) was immediately mlaseder the surface of the media
in the IVF dish containing equilibrated SHEF-3 needilone. Using the light
microscope inside the dissection hood, the hES@gtucould be observed to pass
out of the capillary and into the media dish. Tlapitary was discarded and the
clumps were immediately transferred using a P20B0o@i pipette (with a sterile
200m filter tip attached) into the IVF dish containinigeders. The dish was
immediately placed into the incubator and left & %0, / 37°C for two days until it
was removed, the media changed and the growtheotdfonies observed. Careful
subculturing and re-seeding was essential duriegirthial period of expanding the
hESCs up; the initially thawed cells were cultufed longer before subculturing to
allow more time to adjust to the culture conditidran freezing. Once a successful
culture of hESCs was achieved, regular three today subculturing was instigated.

MEL-1 hESCs were thawed in exactly the same wah@SHEF-3 hESC.

2.1.4.3 Media used to culture human embryonic steatls

For the SHEF-3 hESCs, the growth medium used dealsid 80% knockout DMEM
(KO-DMEM) supplemented with 20% knockout serum agpiment (KO-SR), 1%
nonessential amino acid, 2mM L-Glutamine (all Invgfen), 0.1mM b-
mercaptoethanol (Sigma) and 4 ng/ml human deriasichkfibroblast growth factor,
FGF, (R+D Systems). The components were mixed togetmer filter sterilised
through a 0.22cém PES membrane sterile filter, ensuring full rigsiof the filter

membrane after addition of the FGF
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For some experiments with SHEF-3 hESCs mentionatiiwiChapter 3,
mEF-conditioned medium (mEF-CM) was utilised. To kemathe mEF-CM,
mitotically inactivated mEFs were seeded into petatnised T-75 flasks, at a density
of 4.2 x 16 per T-75 flask (5.6 x T0cells/cnf). The mEF medium used to seed the
mMEF cells was then replaced with complete hESC umedjalready supplemented
with FGF,)) one day before mEF-CM was required. After ovdrmhigcubation, the
medium was removed from the T-75, filter sterilisdtdough a 0.22n€mm PES
membrane sterile filter and an additional 8 ng/@H-added. The mEF-CM was then
ready for use and could be stored 4t 4or 2 weeks. Further hESC medium could be
conditioned by the mEF feeders for up to 1 weelhwollection of mMEF-CM every
day.

The MEL-1 hESCs were cultured in HEScGRO medium ef@icon
International, Millipore), an aminal component-fie@mulation containing 20 ng/ml

FGF,. The medium on both of the hESC lines was chaegedy one to two days.

2.1.4.4 Subculturing procedure for human embryorstem cells

SHEF-3 hESCs were subcultured every three to fays,donce large flat colonies
with approximately 500rm diameters were observed. Before subculturing speat
mMEF media from the feeder flasks was removed abdm-complete SHEF-3 media
(pre-warmed) was added per flask. The flasks when tplaced back into the
incubator to equilibrate for at least thirty minsitéefore being used for subcultured
hESCs.

The spent SHEF-3 media was removed from the SHRESC flask and 0.5

ml of 0.025% collagenase (Invitrogen) in KO-DMEM svadded. The flask was
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incubated for three minutes at 5 % £037 °C to allow for the collagenase to
facilitate slight detachment of the edges of thdéomies from the feeders. The
collagenase was removed from the flask and 4 mtashplete hESC media was
added. The hESC colonies were then scraped ofsuhface of the culture flask or
dish into the surrounding media using sterile ptaBasteur pipettes. The process was
visualised using a bright phase dissection micnesdocated within the laminar flow
hood. It was important not to break up the coloms too small a sized clump, nor
transfer too large a section either, since bothidcéead to differentiation in the
subsequent culture. The clumps were re-seededtloatpre-equilibrated fresh feeder
plates and their growth was monitored, with medianges every one to two days.
MEL-1 hESCs were subcultured every five to seveysda longer culture
period than the SHEF-3 hESCs. The subculturingopmtwas also different, with no
enzyme treatment and more precise cutting of hE@@nhes needed. The media on
the confluent MEL-1 hESC culture was exchangedresh, the media on the F-D551
feeder plate was exchanged for MEL-1 media and ptdates were returned to the
incubator to equilibrate for thirty minutes befaebculturing. The MEL-1 colonies
were then manually cut apart into small clumps gissterile needles attached to
sterile syringes, under the dissection microscdpe. clumps were re-seeded onto the
pre-equilibrated F-D551 feeder plate using a P28ad@iwith a 20 sterile filter tip

attached and the plate immediately returned tonthaoator for culture.

2.1.4.5 Banking of human embryonic stem cells

The hESC lines were banked once a large numbeelisf ltad been produced. They

were both vitrified following a protocol based onpaevious open-pulled straw
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technique (Reubinoff et al., 2001; Centre for St@wmll Biology, 2006). Three
vitrification solutions were prepared: holding medi (HM), consisting of DMEM

buffered with 25 mM HEPES and supplemented with%20-CS and 1 % NEAA,

vitrification solution 1 (VS1), consisting of HM pplemented with 10 % DMSO and
10 % ethylene glycol, and finally vitrifcation saln 2 (VS2), consisting of HM

supplemented with 20 % DMSO, 20 % ethylene glycodl £.5 M sucrose. All

solutions were sterile filtered through a @18 syringe filter.

HESC cultures were manually subcultured followihg procedure described
in section 2.1.4.4. The clumps were transferred arops of HM on a sterile petri
dish using a P200 Gilson with a sterile filter éfpached, in a minimum volume. 200
m drops of VS1 and 1061 drops of VS2 were prepared on a sterile peti dising
plastic Pasteur pipettes. Using a P200 Gilson fpeith sterile filter tip, 15-20
clumps were transferred from the HM drop into theI\drop in a minimum volume
of medium for one minute. After this time had paksdbe clumps were transferred to
the VS2 drop using a P20 Gilson pipette with ailstditter tip and left for a further
25 seconds. The clumps were then removed from tbp, cagain in a minimum
volume and finally expelled as three drops ontaeails culture dish. A vitrification
straw (LEC instruments, Australia) was touched oWer top of the drop and the
clumps were drawn into the straw via capillary @ctiThe end of the straw was
immediately plunged into liquid Nand the clumps in the remaining two drops were
promptly drawn into two further vitrification strasand frozen. The whole process
from the transfer of the clumps into the VS1 salntio entering the capillary was
undertaken in less than three minutes; after this,tany remaining clumps that had

not been successfully drawn into a capillary weseatded.
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The vitrification straws were transferred into dodhed Nalgene cryotube
(VWR International), with care taken not to remdkie straws from the liquid Nor
any period. This was in order to minimise the gasy of thawing that could occur
rapidly due to the small volume of cryopreservatraedium. The cryotubes were

then stored under liquidJN

2.1.4.6 Subculturing of human embryonic stem ceMNgh firepolished microtool

This work was carried out in collaboration with MayYaul and Dr Rajinderpal
Bhatti at the School of Engineering, University ®feenwich, Kent. A method of
producing microtools suitable to use for subcuttgrhESCs had been developed by
Mayur Yaul and Dr Rajinderpal Bhatti. This is domsing a glass capillary
spring-actuated puller with firepolishing of thep tincorporated during the tool
fabrication.

It was investigated whether these tools were sheitédr use in the manual
subculturing of hESCs. The tools were autoclavea ispecific holder suitable for
sterile manipulation and then used to manually slibie SHEF-3 hESC colonies in
place of the sterile plastic Pasteur pipettesp¥alhg the protocol described in section

2.1.4.4.

2.1.4.7 Ability of immortalised mouse embryonic rfdblast cell line to support

human embryonic stem cell growth

It was also investigated as to whether or not tk#+&1 cell line described in section

2.1.2 could be used as a feeder cell line to sugpEF-3 hESC growth. MEF-E1
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feeder IVF dishes were prepared via standard mitam@ inactivation as described
above and left to attach to the dish overnight iBFRmedia. The next day, hESCs
were subcultured onto the feeder plates following standard procedure and their
growth monitored as normal.

In order to compare the mEF-E1s to the normal negéérs, cultures of both
cell lines were prepared and mitotically inactiehfellowing the normal procedure
with three IVF dishes fabricated for both cell bneThe spent media was then
replaced with SHEF-3 media not containing FGKter overnight culture at 5 % GO
/ 37 °C, the supernatant was removed and fresh SHEF-& h&&lia, again without
FGF,, was added. The morphology of the cells at thegyestwas analysed. This
process was repeated for a further two days withtimoeal analysis of the cells’

morphology.

2.1.4.8 Karyotype of human embryonic stem cells

The SHEF-3 hESCs were subcultured to a significamhber over their period of
culture. (This was not the case for the mESCs, lwkwere generally used up to a
maximum of between fifteen and twenty subculturkésrdahawing.) This was due to
both the complex thawing process and the extenideel it takes for hESCs to re-
adapt to culture after being frozen. Hence a Kgpgwas carried out on the high
subculture number SHEF-3 hESCs, to check that nonabsomal abnormalities had
developed. The sample was prepared by Alexandraskégnat the Department of
Biochemical Engineering, UCL, and the karyotype vpasformed at The Doctors
Laboratory, London, UK. One T-25 of 2-day SHEF-3S@&s at P106 was analysed.

The cells were cultured for only two days beforalgsing to ensure that a maximum
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number of cells were in the metaphase sectioneotdil cycle i.e., during the stage of
synthesis of new genetic material, so that as nmaetaphase spreads were available

to aquire a representative sample of the hESC ptpal

2.15FCS

The FCS used initially for the NNF, mEF and mESCasvsupplied by Gibco
Invitrogen, but after growth studies performed bgria Hernandez at the Department
of Biochemical Engineering, UCL, on various seruypes, the FCS was later

switched to one supplied by Lonza (Basel, Switretja

2.2 Analysis

This section describes the analysis methods usemighout the course of the
experiments with the cells, including microscopynmunocytochemistry, flow
cytometry analysis, rheological measurements antynmyase chain reaction

experiments.

2.2.1 Phase-contrast microscopy

Throughout the culture of all cells, their morphplowas constantly measured by
sight and phase-contrast images captured usingkenNtclipse TE2000-U upright

fluorescence microscope. Standard morphology wssedkeand all cell cultures were
closely monitored for any signs of contaminatiorctswas rod-like structures or

fungus. If there was evidence of any contaminatitthen the cultures were

87



immediately destroyed. Additionally, if the mediaasv observed to undergo a
significant colour change and/or become cloudyntli®is was a strong sign of

contamination.

2.2.2 Immunocytochemistry

Immunocytochemistry (ICC) was carried out on maeyl samples throughout the
course of the research, generally following the esgmnocedure. The cells were
harvested and promptly fixed in 4 % paraformaldehglelFA) at room temperature
for twenty minutes. (The PFA was made by dissolvihg of paraformaldehyde
(Sigma) in 100 ml DPBS inside a fume hood, followsd heating with moderate
stirring until the solution turned from cloudy ttear. Once the solution had cooled, it
was aliquoted and frozen at —20. Should determination of intracellular markers be
required, then the cells were subsequently perrigathiwith 0.5% saponin (Sigma)
or 0.25 % triton (Sigma) for ten minutes.

The cells were then incubated for thirty minutesoaim temperature with 1 %
bovine serum albumin (BSA; made by diluting BSA gf8a) in DPBS at a
concentration of 10 mg/ml) to block unspecific bimgl of the antibodies. After this
step, the cells were incubated with the primarybaadly at a 1:200 dilution for one
hour at room temperature on a KS 260 control shék&). The primary antibody
had to be reactive to the species that the cetingeld to. For intracellular marker
detection, the antibody was diluted in a 1:1 mixedher 0.5 % saponin or 0.25 %
triton mixed with 1 % BSA; otherwise, for cell-sade markers, then 1 % BSA alone
was used to dilute the antibody. The primary amljpavas then detected using a

secondary antibody at a 1:500 dilution, for onerhiauthe dark on a shaker set to a
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low rotation. The secondary antibody had to beedhiagainst the species that the
primary antibody was raised in. The cells were tbemnterstained with 500nM DAPI
(Invitrogen) at a dilution of 1:1000 for a maximuof ten minutes and the
immunolabeled cells examined by fluorescence mampyg using a Nikon Eclipse
TE2000-U upright fluorescence microscope. Secondatjpody alone and isotype
controls for the primary antibody served as expental controls (see below). If the
samples had to be stored before imaging, then Wexg covered in fresh DPBS,
wrapped in foil and kept at 4 °C.

A number of primary and secondary antibodies weseduthroughout this
research. These are listed within Tables 2.1 a@d Both IgG and IgM secondary
antibodies were used, depending on the isotypbeoptimary antibody. Mouse 1gG
(Abcam), IgGa (R&D Systems), Igiand IgM (both Sigma-Aldrich) isotype controls
were utilised to check non-specific staining. Fdrl@C performed the secondary
antibody was matched to the primary, in that it lmathe both reactive to the species
of the first whilst also raised in an alternatiypesies to the first.

Any modifications made to the protocol to ensursifpee staining in the
alginate and gelatin layer cultures are descrilmetuli in the corresponding results

sections.
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Target Type Source
OCT-4 Santa Cruz
UTF-1 ESC Pluripotency intracellular | Chemicon
Nanog transcription factor Abcam
SSEA-3 Millipore
SSEA-4 . . Kindly donated by Peter Andrew
TRA 1-60 ag‘:g;?re”“ated ESC surface | . ihe University of Sheffield
TRA 1-81 Chemicon
SSEA-1 Surface marker for Millipore
differentiation in hESCs and
undifferentiation in mMESCs
Laminin
Elglrlgggﬁtllil/ ECM protein Sigma-Aldrich
blll-tubulin MESC neuronal differentiation

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

Fluorophore Signal Source

Fluorescein isothiocyanate (FITC) G Sigma-Aldrich
reen

Alexa Fluor 488 Invitrooen

Alexa Fluor 555 9

Phycoerythrin (PE) Red Abcam

Cy3 Millipore

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

Flow cytometry was also employed throughout theaesh described in this report.
One main use was for the quantification of GFP eggion by th&®©ct4GFP and 46¢
SoxtGFP mESC lines. The cells were harvested, ensudlisgpciation to the single-
cell level and then analysed immediately using av@uEasyCyte flow cytometry
device (Guava Technologies, Hayward, CA, USA). Tdedls were gated using
settings from a population of wild type E14Tg2alselhe addition of propidium
iodide, pl (Abcam) or ViaCount Flex (Guava Techmyps) to the cell samples
helped to highlight the nucleated cell populatidnless otherwise stated, generally pl
was used as a viability indicator with the GFP-¢fanted mESCs (staining non-
viable cells red), whilst the ViaCount Flex reagesais used with the non-transfected
MESC, hESC and mEF lines (staining non-viable g&l®w). This was to avoid any
leakage from the green GFP signal into the yellogna corresponding to the
ViaCount Flex reagent, which could result in a skdwiability result. A ten-minute
incubation period of the cells with the viabilityanker was generally used; leaving
the cells for too long in the 96-well plate befamalysis could reduce their viability
and thus give a false result. The cells were alwayalysed at a concentration
between 20 and 500 celt$/ 5000 total events were aquired in less thanetlaned a
half minutes.

Further analysis was performed on the flow cytoynefata for some of the
GFP-transfected mESC experiments described inosedt2. Specifically, extended
analysis of Oct4GFP expression was performed by splitting the @B§itive
population of the control sample into 50% high &@d6 low. This resulted in two

different areas of expression (other than negatieg) and high GFP. These settings
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were then applied to the other samples obtainedimihe single experiment and any
significant shifts in expression within tl@ct4-GFP positive population were able to
be deduced. This type of analysis was entitledhthigv’ Oct4GFP expression.

Flow cytometry was also employed to quantify seliface marker expression.
In this case, after harvesting the cells, they wieea immunolabelled before analysis.
This was performed following a similar proceduredttat for ICC described in section
2.2.2. However some modifications were made toptimeocol, due to the transition
from staining cells on a culture surface to a pellet. The cells to be analysed were
harvested and dissociated into single cells usiggsin. A plugged glass Pasteur
pipette could be used to encourage the dissociaifothe cells. The cells were
centrifuged at 1200 rpm for three minutes and tingematant removed. The cells
were fixed by re-suspending the pellet in 4 % PRA &eft at room temperature for
ten to fifteen minutes. The cells were centrifugegdin at 1200 rpm for three minutes
and the supernatant removed. Should localisatiantcdcellular markers be desired,
the pellet was then resuspended in 0.5 % sapomirnedinat room temperature for a
further ten to fifteen minutes; this step was oeditfor cell surface marker analysis.
The cells were then washed with ice-cold DPBS, rdeged at 1200 rpm for five
minutes and the supernatant discarded. The pedlsttiaen resuspended in 1 % BSA
solution and left for thirty minutes at room temgtere to allow for blocking of non-
specific binding. The cells were centrifuged agamd the supernatent removed.

The pellet was then re-suspended in primary anyitmbllited 1:200 in 1 %
BSA and the solution left at room temperature foe dour in the dark. The cells were
then washed three times by centrifugation at 13§18 for five minutes, with re-
suspension in ice-cold DPBS in each case. Afterthivel wash, the pellet was re-

suspended in 1:500 diluted secondary antibody ammksemjuently left at room
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temperature in the dark for one hour. Following wtHer three wash and
centrifugation steps as before, the pellet wasuspanded in 40@1 cold DPBS and

then analysed immediately on the Guava EasyCytainAghe addition of ViaCount
Flex reagent to the cell samples helped to highligé nucleated cell population.

Where hESCs that had been in feeder coculture ameag/sed, mEFs alone
were harvested from separate unused feeder platestained following the correct
protocol for analysis as a control sample. In sarases, quantification of cell
viability and concentration was the sole purposehef flow cytometry analysis, in
order to calculate seeding densitites, for examplere, no ICC protocol was
necessary and the cells were simply harvestedpod&sd into single-cells and
analysed immediately, with the addition of an appaie viability marker. The cell
number was calculated and correlated with the togdl number in the suspension
harvested.

Some flow cytometry analysis was performed on a I€yADP High-
Performance Flow Cytometer (Beckman Coulter Int.jh@ Wolfson Institute for
Biomedical Research, University College London.sTHow cytometer was only
utilised for a small amount of analysis on the hES(Dd this has been indicated
within the results presented in Chapter 3. 10,00énts were acquired for each
sample. All results were gated on a cell populatighlighted from a dot-plot of the
forward scatter signal versus the side scatterakighis was able to distinguish
nucleated cells apart from both debris and deal$.cHinstained cells were then
analysed through both channels to check no bachkgdrdlworescence was present
which could potentially falsify the results. Secand antibody controls were then
used to set the gate for positive antibody signal @on-specific binding signal; the

gates were set here to around 1 % positive sigpiffierent channels were used for
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analysis of different secondary antibodies, depemdin the wavelength of the
emitted fluorescence of the antibody; the peak somswavelength for FITC is
around 520 nm which was analysed on the green ehamwhilst for PE it is around
578 nm which is in the orange region of the EM spee and was thus analysed on
the red channel. The data were then analysed omagbeciated graphics software,

Summit 4.3 (Dako).

2.2.4 Rheology studies

Rheological studies were performed in collaboratigith Mayur Yaul and Dr
Rajinderpal Bhatti at the School of Engineeringjuwdrsity of Greenwich, Kent, UK.

Rheological measurements were taken of CaAlg/mérsato quantify a few
of the mechanical characteristics of the systenmerAfonstruction and culture, the
CaAlg/mEF layer was cut out of the transwell usstgrile needles attached to
syringes. The layer was then placed onto the botate of a Gemini Advanced
Rheometer (Bohlin Instruments). This was a pargllale rheometer, incorporating
technology optimised for stress and strain cordgtbtiperations.

A variety of tests were performed on the layershwinew layer used for each
new set of measurements. A viscosity test wasezhout to measure the viscosity as
a function of shear rate, which involved rotatihg top plate at increasing shear rates
and measuring the shear stress as an output. Anilyrscillatory test was performed
in order to measure both the viscous and elastiduth@as a function of frequency.
This involved measuring the strain and stress, swhihe top plate oscillated at
increasing frequencies. Finally, a creep compliastedy was performed, which

measures the ability of the gel to recover fromligpstress within its viscosity limit.
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2.2.5 Polymerase chain reaction

At all stages described in this section, Gilsorefigs were used with sterile pipette
tips. Extreme care was taken to ensure that newttpigips were used for each
manipulation, to minimise the chance of possiblatamination of DNA samples.
Separate Gilson pipettes were used for handling ARNd RNA, as well as for

preparing the reactions.

2.2.5.1 Reverse Transcriptase-Polymerase Chain Reac

Reverse transcriptase-Polymerase Chain Reacti®?C[R) was performed in order to
amplify intracellular pluripotency genes. The cellsre harvested via trypsinisation
(or a separate protocol, depending on where theg Wwarvested from) and the cell
suspension centrifuged at 1200 rpm for three msgufee supernatant was removed,
the pellet re-suspended in DPBS and the cells wemn&ifuged again at 1200 rpm for
three minutes. After this step, the supernatentrea®ved and the pellet immediately
frozen at —20 °C.

The first stage of rt-PCR involved extracting RNA from the cells and this
was done using a RNeasy Mini Kit (Qiagen, Hilderri@any). Once the pellet was
thawed, the cells were lysed, the suspension @w&bthen purified on a spin-column.
An on-column DNase treatment was carried out ineortb minimise DNA
contamination. The RNA was eluted into a dDvolume; further elution into a
additional 40m volume was possible, should it be predicted #abugh genetic
material be present. The RNA was then stored at°>&@b ensure no endogenous

activity could occur. Where cell concentrations evéaw and hence only a reduced
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amount of material was available for RNA extractitire RNeasy Micro Kit (Qiagen)
was utilised instead. This protocol involved the wd spin columns with a smaller
diameter and allowed for a final elution of RNAard 14m volume, of which 121
total volume could be recovered from the column.

The reverse transcription of c-DNA from the RNAngates was then carried
out using an Ambion RETROscript kit (Applied Biosyss Inc., Foster City, CA,
USA). The amount of RNA present in the samples Wt quantified using a
NanoDrof® Spectrophotometer ND-1000 (Thermo Fischer Scientific.). The
reverse transcription was then carried out on aitiver96-well Thermal Cycler
(Applied Biosystems Inc.) with 189 of RNA. The protocol consisted of one hour at
42 °C to allow for DNA synthesis, followed by tenrmates at 92 °C to allow for
inactivation of the DNAse enzyme and subsequerdihglat 4 °C. The c-DNA was
stored at —20 °C, until ready to amplify via PCR.

The PCR amplification was then performed using B/®TAQ™ PCR kit
(Bioline, London, UK) A master mix for each gene swiormulated, including
forward and reverse primers for each gene, spaeydbonucleotide tri-phosphates
(dNTPs) in order to fabricate the DNA sequence tredenzyme Tag polymerase,
used to amplify the DNA. c-DNA from the samples vealsled to the reaction tubes,
along with the master mix for each gene. RNA froatle sample was used as a
control and a reaction control (a blank sample,siimg of the master mix alone)
was also run. The PCR was carried out on the tHeryater following a program of
fifteen minutes at 98C to first denature the DNA template into singlests, forty
cycles of 94°C for fifteen seconds, 5%C for thirty seconds and 7ZC for thirty

seconds to enable amplification of the genes @frast (55°C corresponding to the

correct annealing temperature of the genes usetljialy 72 °C for five minutes to
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allow for any incomplete strands to be fully syrsised. The amplified DNA product
was removed from the cycler upon completion ancestat —20 °C.

A number of genes were targeted throughout theseoaf this project. For
hESC analysis, the pluripotency mark€st4, Nanog and the housekeeping genes
bactin and glyceraldehyde 3-phosphate dehydrogen@sedh) were targeted. The
primers used to target these genes had previoesly designed by Minal Patel at the
Department of Biochemical Engineering, UCL. Regagdithe mESCs, the
housekeeping genéactin was the only gene targeted. This was because-tP€R
method was merely used to check for successfuicktibyn of the c-DNA strand, so
that gPCR could then be employed (see section.2.B&ow). The primer for this
gene had been designed by Diana Hernandez at tpartbeent of Biochemical
Engineering, UCL. Appendix 7.1 shows the sequentésese five primers.

The DNA fragments were then separated out by siz@ro agarose gel via
agarose gel electrophoresis. First the buffer wapared: a 50 x stock tris-acetate-
EDTA (TAE) buffer solution was prepared by dissalyi242 g tris-base (Sigma) in
deionised water mixed with 57 ml acetic acid (Sigraad 100 ml 0.5 M EDTA
solution (Sigma). The volume was brought up totte lwith deionised water. This
was diluted before use at a ratio of 1:50 with died water, to result in a 1 x
solution. Latterly, tris-borate-EDTA (TBE) bufferas used in replacement to the
TAE solution. This was due to it having a greateffdring capacity and thus able to
give sharper resolution during the electrophoresi$0 x stock solution was made by
dissolving 108 g tris-base and 55 g boric acid rf&ipin 960 ml deionised water
mixed with 40 ml 0.5 M EDTA solution. Again, thisaw diluted before use to result

in a 1 x solution.
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A 1.8 % agar (Sigma) gel was then fabricated inajygropriate buffer, with a
comb in place to form lanes thus allowing for tbading of the PCR product. The
relatively high percentage strength gel was fabetdo allow for better separation of
the small DNA fragments that were being analyséx fgercentage strength of the gel
had to be appropriate for the size of the genenfeag that had been amplifed and
also strong enough to withstand the temperatuneced by the voltage.

After the gel had been constructed and left tothetcomb was removed and
it was placed into the electrophoresis chambenaBxuffer was then poured into the
tank, for use as running buffer. SafeView NuclemdAStain (NBS Biologicals) was
used to stain the DNA fragments on the gel. The P@Ruct was loaded along with
Gel Loading Dye (New England BioLabs) in order wlphvisualise the degree of
separation of the product, as well as ensure kfgaptoduct is sufficiently dense so as
not to be lost in the running buffer. The lid wdssed and a current between 80 to
100 volts was applied using a PowerPac Basic pewpply (Bio-Rad Laboratories,
Hercules, CA, USA) for between thirty to fifty mitas, depending on the size of the
gel. The current was halted and the gel removed free tank and imaged using a Gel
Doc 2000 UV transilluminator (Bio-Rad Laboratories) order to visualise the

position of the bands in the various samples.

2.2.5.2 Real Time or Quantitative Polymerase Ch&mgaction

Once successful fabrication of the c-DNA strand Hmskn indicated via PCR

amplification of a gene known to be present witthe cell, the c-DNA could then be

used for real time quantitative PCR (QPCR) analy8is opposed to the rt-PCR

described above in 2.2.5.1, gPCR is able to amghiéytarget DNA molecule whilst
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simultaneously quantifying the amount present. §RER employed in this research
was carried out to determine the exact number @fiip sequences in a DNA sample
by normalising to the number of sequences of thesékeeping gene present within
that same sample, and using a control sample ttrim compare against. (This
relative expression technique differs to absolutengfication, which can determine
the exact number of copies within each sample.)

As the DNA is amplified, production of the fragmesbon reaches an
exponential phase of growth, at which point theleybreshold, Ct, value can be
deduced. The more copies of the gene initiallygmesesults in the exponential phase
of DNA amplification being reached sooner, hence tésultant Ct value is lower.
The Ct value can be deduced due to the bindindv®fSYBR Green molecule to
double-stranded (ds-) DNA; the SYBR Green moleandy fluoresces once it has
intercalated the DNA. The increase in fluoresceoogelating to detection of the
PCR product is measured by 96 LEDs working indepetig of each other and
detecting the amount of fluorphore present in eaeh, within an enclosed system
housing the 96-well plate.

The gPCR reaction mix was set up in MicroAmp Qgitig6-well reaction
plates (Applied Biosystems Inc.). Each sample was in triplicate to ensure
technical accuracy. Upon analysis of the curvesdyred, this allowed for the
possibility of one of the three data points to beleded during the data analysis,
should any external factors (e.g., dust partidhes)e resulted in the datapoint being a
significant outlier from the mean. The SYBR Gree@RP master mix (Qiagen)
containing the reaction components, was combingl prie-validated qPCR primers
(Qiagen) and water, at a ratio of 5:1:4 respectivAl separate master mix for each

gene of interest was prepared, combining the dpgmiimers for that gene with the
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master mix and water. Since a total reaction volom20 m was used per well of the
96-well plate and technical triplicates were dakitee SYBR Green PCR master mix
was normally combined with water and primers tailteim a 60 total volume, per
each sample. The corresponding c-DNA was then atidéois mix: 1m was used
per 20m of PCR mix. This was then aliquoted out into 3tloé wells of the 96-well
plate.

After all the necessary samples had been prepavedalf genes being
analysed, a blank sample of master mix for eacle g&s then aliquoted into a spare
well of the 96-well plate. This negative controlsm@ecessary to check that there was
no amplification within the blank mixes before theDNA was added. A further
control was also aliquoted into spare wells on pilege to check that there was no
amplification in the original RNA sample too. Thigas made by combining the
master mix for each gene with a RNA volume corresiogtg to the c-DNA volume
used throughout the plate i.e.nl of RNA was combined with 201 of the PCR
reaction mix for each gene.

Once all the samples had been checked to ensure were no bubbles
present, the qPCR plate was sealed with a cleatipleover so that no evaporation
could possibly occur. The plate was then storetl°& until it was ready to analyse,
preferably within the same day.

When it was ready to analyse, the plate was bredlyn down in a centrifuge
to ensure that all liquid was at the bottom anduabbles were present in any of the
wells. The plate was then placed into an Eppenddéaitercycler EP Realplex
(Eppendorf) and the plate layout labelled withia fRealplex software. The PCR was
then carried out following a modified program tatdescribed in section 2.2.5.1.

After the initial denaturing step and the 40 cyadésamplification were both carried
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out as normal, a melting curve was then carriediotihe gPCR program, to ensure
that there was only one product amplified. Thisoenpassed fifteen seconds at°@5
to denature all the ds-DNA, fifteen seconds at°’60to allow for all the strands to
anneal back together and finally, a twenty minaterval where the temperature was
brought back up to 98C, over which period the rate of denaturing of ghends
could be determined. (The rate of denaturing wélldependant upon how well the
two strands were bound to begin with; this willystamnstant for identical pieces of
ds-DNA, so if more than one product has been armaglithen there will be different
rates of denaturing evident in the decreasing @ésocence value). After the program
had finished, the 96-well plate containing amptifiBNA fragments was discarded
and the data were collected and analysed usingdh#plex software.

A large number of genes were targeted throughactiurse of this project.
With regards to the hESCs, the pluripotency ge®e$4, Nanog Htert and the
housekeeping genebactin and Gapdh were targeted. These same housekeeping
genes and pluripotency markers, along vthx2 were also analysed for the mESCs,
as well as the three germ line marke®x17 BrachuryT and Nestin For
characterisation of the neuronally differentiate@&3&s, further neuronal markers
were looked at, includinBaxg NCam1 Allitubulin, Mapll, Th, CnpandGad2

For all these genes, it was vital to perform stath@darve analysis to check the
efficiency of the reaction for each of the pairgpamers for each gen&he standard
method for calculating relative expression with tlmtabase Tool software

(Eppendorf) utilised the equation:

2 DDCt

where DDCt corresponds to the difference in expressionwbeh the

housekeeping gene and the gene of interest focahtrol sample i.e. the calibrator,
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subtracted from the equivalent difference in exgmes but for the sample being
analysed.

However, in this calculation the efficiencies oéthrimers are assumed to be
the same, specifically 2. This is in actual fact aways the case, since different
primers will have different efficiencies of conviens of the DNA into copies. Small
differences in primer efficiency will be amplifiedfter many cycles of DNA
synthesis, thus it is essential to incorporatedreficiencies to result in an accurate
relative expression. To calculate the efficiencyagbrimer, a standard curve can be
produced by using serial dilutions of c-DNA comuneith a SYBR Green PCR
master mix, for genes known to be present withiat tDNA sample. Once the
efficiency is deduced, an alternative equation d¢en utilised to calculate the
expression as described later.

Here, standard curves were produced for all thegen interest for both the
MESCs and the hESCs. Following the same protocdéssribed above for setting up
a qPCR plate, after i of cDNA had been combined with 2f) of the PCR master
mix and then aliquoted into the plate (in triplegtthen a serial dilution of 1:10, 1:50
and 1:100 was made up. This was fabricated by aunmdil m of cDNA with 9 i,

49 ml and 99 of water, respectively. il of these separate dilutions were then in
turn combined with 20 of the PCR master mix and aliquoted into the eplat
triplicate. The plate was then analysed on the Bgpd Mastercycler and a graph of
the Ct value versus the number of copies of DNA @ilution of DNA) plotted. The
unit of the axis containing the number of copiedD&A data was arbitary; since it
was the slope of the graph that was to be usefiliftirer calculations, it was not vital

as to whether it was serial dilution or actual antaaf DNA plotted. The slope of this
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graph could then be used to calculate the effigiasfcthe primer according to the
Pfaffl equation (Pfaffl, 2001):
E = 10[—1/slope]

where ‘E’ corresponds to the efficiency of the pgmand ‘slope’ corresponds
to the slope of the graph of Ct value on the y-a&risus number of copies of DNA on
the x-axis. The different efficiencies that werécakated for each primer used for the
MESCs following the standard curve analysis arevehia appendix 7.6, whilst those
calculated for the primers used for the hESCs laoevs in appendix 7.3.

Once the efficiencies of the different primers Hagbn quantified and the
differences were evident, the Pfaffl method coblehtbe utilised to calculate the final
relative expression using the Ct values for thdeddht samples and taking into
account the different efficiencies of the generdéiest and the housekeeping gene.
The expression of an unknown sample versus a dpimtroomparison to a reference
gene, was calculated according to the following:

X = DCtarge(control-samplejpndy = DCtef(control-sample)

R= Eargei(

Brer’
where ‘Baget and ‘DClarge(coOntrol-sampl€) corresponds to the efficiency of
the target gene as deduced from the standard camadysis previously and the
expression of the target gene within the unknownpda subtracted from the control
sample, respectively; [§ and ‘DCtefcontrol-sampl€) refer to the corresponding
efficiency value and Ct deviation for the referegeae.
It is important to note here that whilst it is pd$s to compare expression of

genes within the same 96-well plate, the same ¢amneaid for multiple plates, even
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if the same c-DNA samples are being used. The -pitge variability is un-

guantifiable and thus does not allow for accuratagarisons to be made.

2.2.6 Confocal microscopy

Samples were stained either with DAPI alone, orhwirimary and secondary
antibodies, following the procedure described ictisa 2.2.2 and were analysed
using confocal microscopy. This was initially cadiout at the Wolfson Institute for
Biomedial Research at University College Londonu@orm Building, London,
UK), but latterly, data were captured in collabamatwith Dr Laila Kudsiova at

King’'s College London (Franklin-Wilkins Building,dndon, UK).

2.2.7 Non-linear Optical Imaging

Non-linear optical imaging (NLO) was performed inllaboration with Dr Uday
Tirlapur and Professor Zhanfeng Cui at the Depantnud Engineering Science,
University of Oxford.

NLO was performed on CaAlg/cell layers only. Cagkjl layers were
constructed and cultured for a known period of tirtteen removed from their
transwell’'s using a 19 G needle (BD Microla@deattached to a 20 ml syringe (BD
Plastipak)). The transwell membrane was peeled off the bottbthe alginate layer.
The layers were then fixed with 4 % PFA and immaaiogd, following the protocol
described above in section 2.2.2. The only altenato the ICC protocol described in
2.2.2 was that DPBS manufactured with Ga@BloWhittaker) was used as the solute

during the staining protocol and as the coverinigiten after the fixing had taken
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place. This was to ensure minimal elution of caiftions from the CaAlg/cell layers,
which could result in loss of integrity within thHayer. Also, to ensure efficient
staining across the layer, the primary antibody iwesbated for one hour at 5 % €0
/ 37°C, instead of at room temperature.

A BioRad Radiance 2100 MPD laser-scanning and obayistem (Carl Zeiss
GmbH, Germany) was used in order to align, attenaat scan the beam across the
sample, which was in turn coupled to a Nikon E600 upright microscope (Nikon
UK Ltd). Image analysis was then performed on pgsed images from an Imaris 4.0

(Bitplane Ag, Switzerland).

2.2.8 Statistical analysis

Where biological repeats were performed in celturel experiments, this has been
indicated. Significant differences between datanfsoifrom these experiments were
calculated using a paired studertttest, unless otherwise indicated. Where the data
were significant (p < 0.05) this has been indicatéti *’, very significant (p < 0.01)
indicated with “** and extremely significant (p €.001) indicated with “***"
Percentage increases were calculated based onitihkand final values reached and
are displayed as numbers rounded to the nearedewpeocentage. Fold increases
were calculated as one fold increase corresportdiagl00 % increase and have been

displayed rounded to one decimal place.
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2.3 Alginate as a matrix to immobilise feeders foan alternative culture system

This section describes how calcium alginate, Caslgs investigated for use as a
material to immobilise mEFs within and form a lageitable 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 waithcells to investigate the method
of assembly. Preliminary investigations involvediging a specific amount of
alginate for reconstitution from the vial usingrgeetweezers and then manipulating
the alginate within the safety cabinet. Howeveeyibty issues arose during culture
and this method was abandoned. Consequently, ifutalle experiments the entire
vial of sterile alginate was reconstituted in siging a sterile needle and placed on a
SRT2 roller-mixer (Stuart) for a minimum of two heuto allow for complete
dissolution.

One 250 mg vial of sterile Pronova SLG100 sodiurginaite (NaAlg;
NovaMatrix, FMC Biopolymer, Norway) was reconstédt in 25 ml of 2-(N-
morpholino) ethanesulfonic acid (MES) buffer; maagging 0.1 M MES (Sigma-
Aldrich), 0.3 M NaCl (Sigma-Aldrich) and ~7 ml 1 MaOH, in 100 ml distilled
water (BioWhittaker). 12 ml was removed from thalwising a 50 ml syringe (BD
Plastipal0) and a 19 G needle and six 1, 2 or 3 ml aliquatsevsyringed into a 6-

well flat-bottomed culture plate. 5 ml of 1 % Ca@&igma-Aldrich) solution was
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pipetted into each well covering the alginate amel plate was left for ten minutes.
The excess Caghbolution was then removed, each alginate discrimasd with 5 ml
DPBS and 5 ml of medium (same type as used for BiNftre) was added into each

well, on-top of and around the layer, before indudgathe plate at 5 % GO 37°C.

2.3.1.2 Construction of calcium alginate/neonatabfoblast layers

Following the success of the above method, a furthie CaAlg layers were
constructed this time containing NNFs and followiagrevised protocol using
transwells to aid homogeneous gelation. 60 mg efilstPronova SLG100 NaAlg
(NovaMatrix) was reconstituted in 3 ml calcium-frBailbecco’s modified Eagle’s
medium (DMEM; Gibco Invitrogen) to make a 2 % alginate solution. Thilagks
of confluent NNFs at P18 were trypsinised, the scélarvested, re-suspended in
normal culture media (IMDM + 10 % FBS) and counté&tie cell suspension was
divided into two; one half was centrifuged at 12G0n for three minutes, the
supernatant removed and the pellet re-suspend&d iml normal culture media. The
other half was also centrifuged at 1200 rpm foe¢hminutes, but then 2 ml of a 1:200
solution of Bis-Benzamide (DAPI) was added to tledl pellet in order to stain the
cells’ nuclei and the suspension was incubate@@nrtemperature for ten minutes.
After the time had elapsed, 20 ml of DPBS was addbd suspension was
centrifuged, the supernatant removed and the pedlsuspended in 1.5 ml normal
culture media.

The two centrifuge tubes of normal cells and DARIireed cells were both
mixed carefully with 1.5 ml of the 2 % alginate @wobn, to make a final 1 %

NaAlg/NNF suspension. 0.5 ml, 1 ml and 1.5 ml resipely of each of the stained
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and the non-stained NaAlg/NNF suspension was thmeppeéd into six 0.4rm pore
size, 6-well format, 30 mm diameter transwells (dre, Watford, UK), which were
then placed into a 6-well flat-bottomed culturetplalready containing 5 ml CaCl
solution in each well. The well plate was incubaa¢d % CQ / 37°C for one hour,
after which the transwells were transferred intofresh 6-well plate, already
containing 4 ml normal culture media in each welll avhich had been equilibrating
in the incubator for thirty minutes previously. Arther 4 ml of culture media was
added above the CaAlg/NNF layers inside the tralisamd the constructs were
returned to the incubator.

After one day in culture, the media surroundingtt@swell and on top of the
CaAlg/NNF layer was changed for fresh media andsegbently the media was

changed every four days.

2.3.1.3 Construction of calcium alginate/mouse embnic fibroblast layers

CaAlg/mEF layers were constructed following a samprotocol to 2.2.1. A variety of
sterile sodium alginates were obtained, includib® 800, SLM100, SLG20, SLM20
and NOVATACH-RGD peptide coupled alginate, NaAlgRGI FMC Biopolymer).
All alginates were reconstituted situ with Ca-free DMEM to a concentration of 2 %
using a 25 ml syringe (BD Plastip@} and a yellow 19 G needle.

Along with seeding normal mEFs within the alginatatotically inactivated
MEFs were also seeded, in order to evaluate thessigg of inactivating the mEFs
before seeding in alginate. (Mitotic inactivation the normal procedure followed
when constructing mEF feeder layers for hESC cejtun order to reduce the

proliferative capabilities of the mEFs; see sectlof). These cells were inactivated
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with mitomycin-C following the protocol discussed section 2.1.4.1. MEFs in
normal T-25 culture (or mitotically inactivated m&Rn T-25 culture) served as
controls, along with alginate only layers. In alses, mEFs were used at a maximum
subculture number of 7, alike to normal feederdagmstruction.

MEFs were harvested via trypsin and counted usih@emocytometer. The
cells were then combined with the reconstitutedhalg to result in 1 % alginate, with
a cell concentration of 1 x @ells per 1 ml of alginate (1 x 1@ells/ml). For cell-
free alginate layers, an equivalent amount of @a-DMEM was combined to result
in 1 % alginate instead. Some layers were alsotamied using 0.5 % alginate,
simply by diluting the 2 % alginate at a ratio of@31 with cell suspension, though
still resulting in 1 x 10 cells/ml. 150 aliquots of the NaAlg/mEF solution were
dropped into 0.4rm 12 mm sterile cell culture inserts (Milliporepdathe inserts

placed into a 24-well plate, each well containing &l 1 % CaCl solution. A

smaller volume of NaAlg/mEF solution could be usedthis case since the cell
culture inserts (transwells) used were much smablaitable for a 24-well plate
culture format. The plate was incubated at 5 % €87 °C for one hour in order for
full gelation of the layer to occur, after whicme the transwells were transferred into
a 24-well plate containing 0.5 — 1 ml pre-equilieh complete MEF media.
Additional MEF media (0.5 — 1 ml) was aliquoted tmp of the CaAlg/mEF layers
and the plate was returned to the incubator whesas$ cultured with media changes

every one to two days until required for analysi®BSC seeding.
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2.3.1.4 Construction of calcium alginate/mouse embnic stem cell layers

CaAlg/mESC layers were constructed to investigagedffect of the alginate on the
pluripotency of the mMESCOct4GFP mESCs were trypsinised as normal (see
section 2.1.3) and counted using a haemocytom&tportion of the cells were then
seeded into NaAlg at a range of 5 X 10 1 x 16 cells per ml and cast for one hour
with CaCh as normal. Remaining cells were seeded onto gdegHgieed T-25 flasks
at a density of 5 x POcells per flask as controls. A small sample of teéls was
taken before seeding into the two conditions amlwas analysed by flow cytometry
in order to measure the GFP expression before regeadialginate. ViaCount Flex
reagent was combined with the cell suspensionderaio highlight the nucleated cell
population.

Various modifications were made to the CaAlg/mE&@struction protocol
after analysis of the mESCs post immobilisation.laGe was added during
construction of the layers, at a concentration.02®b6 per ml of 1 % alginate. Layers
were constructed in both the larger 30 mm transnaatid in the 12 mm transwells,
and the alginate was also reconstituted in mMESC ptgimmn medium for some
investigations. It was also investigated as to twebdr not lack of oxygen to the cells
might be affecting their survival ability within ¢halginate and so the layers were

cultured on a shaker at 40 revs/minute in ordeididress this issue.

2.3.1.5 Construction of calcium alginate/human enylanal carcinoma cell layers

The alginate immobilisation method was also usenhvestigate whether it could be

an accurate way of measuring the size of the egltsapsulated within. NTERA-2
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cells are human embryonal carcinoma stem cellssaade many characteristics with
human embryonic stem cells, hence are appropr@tauge as a model cell line.
CaAlg layers were constructed using one T-25 flaSkNTERA-2 cells at P47
following the revised transwell protocol describedsection 2.3.1.3, using 1 ml of
NaAlg/mEFs per 30 mm transwell.
After cross-linking and two to three hours of cu#tat 5 % CQ/ 37 °C, one

of the layers was removed from its transwell bytingtround the membrane using a
yellow 19 G needle attached to a 20 ml syringe peeling it off the membrane. It
was then placed on top of a Tiefe-Depth Profond@m00 mm, 0.0025 m
Neubauer improved bright-line haemocytometer (Mdigdd, Germany), which was

observed under a phase-contrast microscope, im trdgiantify the cell size.

2.3.2 Dissociation of the alginate/cell layers

In order to harvest the cells from the layers, @a\lg had to be dissolved and the
cells extracted; this was done using trisodiumatétisolution (Read et al., 2001). 0.2 g
sodium citrate (Sigma-Aldrich) was dissolved inrBDT-E (Sigma-Aldrich) to make

a 1 % sodium citrate solution. DMEM was also inigegged as a solute for the sodium
citrate powder; this is described in more detaiCimapter 3. The transwell containing
the CaAlg/cell layer was removed from the well pland the surrounding media on
top removed. The layer was then cut out from theswell membrane using a yellow
19 G needle attached to a 20 ml syringe and plexdeda centrifuge tube containing a
known volume of the 1% sodium citrate solution. Teatrifuge tube was placed into
the incubator for ten minutes, with occasional geagitation to aid dissolution. This

dissolution part of the method was modified witepgect to time in the incubator and
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agitation, a combination of time spent at 5 %,C@7 °C in the incubator and time
spent on a roller-mixer at room temperature wasddo be optimal.

Once the layer had dissolved completely, the T{Et®m was quenched with
a known volume of normal media and the contentewentrifuged at 1200 rpm for
five minutes. The supernatant was removed from,tthe pellet re-suspended in a
known volume of normal media and the tube centatlggain. The supernatant was
removed once more and the pellet re-suspendedimthimum volume of complete
media. The cells were then ready to be analyseth@maemocytometer or by flow

cytometry.

2.3.3 Culture of human embryonic stem cells onigalalginate / mouse embryonic

fibroblast layers

hESCs were seeded onto CaAlg/mEF layers, at a @rggeding densities and onto a
range of alginate types. The layers were constiuitten between one and seven days
before seeding of hESC.

Before seeding the hESCs, the MEF media surrountheg layers was
replaced with complete hESC media and the plateedldack in the incubator to
equilibrate for one to two hours. Following the mat subculturing procedure for
MEL-1 or SHEF-3 hESCs as described in section 21RESC clumps were seeded
onto CaAlg/mEF layers. A seeding ratio of 1 T-2Btayers was used for the SHEF-
3 hESCs whereas, due to the slow expansion rad#Edf1l hESCs, varying amounts
of these cells were seeded on the CaAlg layers.GHg®wth on the CaAlg/mEF
layers was monitored and the media was changed e\agr for fresh hESC media

using a P200 Gilson pipette with sterile filter atached. Care was taken during
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media changes to ensure that the hESC clumps wémremoved from the culture if
they had not fully attached to the CaAlg/mEF layer.

HESC clumps were harvested from the layers usiRgG0 Gilson pipette and
sterile filter tip. The cells were then either emeded onto inactivated mEF feeder
layers in IVF dishes or directly immunostained ftow cytometry following the
protocol described in section 2.2.3. Some hESCeg ko subcultured directly onto
another CaAlg/mEF layer, after being manually dits@ using a sterile syringe and
needle, in order to reduce the clump size. Thelk® were subcultured a total of three
times between successive CaAlg/mEF layers, witly daedia changes. The cells
were then finally re-seeded onto inactivated mE&dée layers in IVF dishes, as
mentioned above.

Growth of the re-seeded clumps was monitored aedpthtes were either
fixed with 4 % PFA for twenty minutes at room termrgiare after three to four days of
attachment and growth, or subcultured again ontbéu standard mEF feeder layers.

Used CaAlg/mEF layers were fixed in 4 % PFA foripgs varying between
twenty minutes and an hour, and some were stained standard
immunocytochemistry techniques (see section 2.2 analysed via confocal

microscopy (see section 2.2.6).

2.4 Cross-linked gelatin substrates

This section describes how cross-linked gelatin @Xubstrates were prepared and

used to culture mESCs over a variety of matrixteldg values. The protocol for the

fabrication of the substrates was sourced from DdrAw Pelling at the London

Centre for Nanotechnology, Gordon Street, Londdf, U
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2.4.1 Cross-linked gelatin substrate preparation

Porcine skin Type-A gelatin (Sigma) was diluted &or appropriate concentration in
either water or DPBS in a duran bottle, autoclatedissolve and then refrigerated
until use. A wide range of gelatin concentratioreswinvestigated including 2 — 6 %
in water and 3 — 6 % in DPBS. The corresponding ngs Modulus,E, to each
different concentration in each solute was quatifiusing AFM performed
previously by Dr Andrew Pelling; appendix 7.4 consatheE values for each of the
gelatin strengths used, as well as how one oEthalues, for 2 % gelatin in 40, was
estimated.

To constuct GXG plates, the gelatin solution west fivarmed in a water bath
at 37°C for around fifteen minutes, to become more péadorhd easy to manipulate.
200 m of 50 % EM grade glutaraldehyde (Sigma) was thdded to 2 ml of the
gelatin solution i.e. at a ratio of 1:100, vortexadl immediately poured into a 6 cm
diameter tissue culture dish. This process was $at@ed down to be suitable for use
in 6-well plates, where 0.7 ml of gelatin/GA sotutiwas placed into each well to
construct the layer. Due to the viscous naturehefdelatin and the ease by which
bubbles were formed after vortexing, 1 or 2 ml g€ess gelatin/GA solution was
always prepared and the appropriate amount fortean®n of layers then removed
from the bulk mix.

The plates were manipulated to ensure the gelatutisn was spread evenly
across the surface without any bubbles presentlanglate was placed into a crude
humidity chamber and left overnight at 2 — 6°C wtlyf cross-link. (The humidity
chamber was constructed by placing paper towelesbak HO within a large plastic

culture surface, which could enclose a few of théG¥lates at a time; this method
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helped to maintain a humid environment for thegdab cross-link in overnight, thus
eliminating the possibility of cracking of the sacé.)

The next day, the GXG plate was placed in the iatabat 5 % CQ/ 37°C
for one hour to warm up and equilibrate thorougiMganwhile, aliquots of NaBH
were weighed out into sterile 25 ml centrifuge tubad DPBS was chilled to ice-cold
temperature. After the GXG plate had thoroughly ildgated, any residual
glutaraldehyde was then reduced using the NaBId appropriate volume of ice-cold
DPBS was added to the NaBlb result in a 1mg/ml solution, which was vortexed
and then immediately the tube opened up withinhthed, to release the evolved H
gas. This stage was often carried out in a cherflmalhood, due to the nature of the
evolved H gas. A known volume was removed from the tube uaisterile syringe.
A sterile syringe filter was then attached to timel ®f the syringe and the solution
aliquoted through the syringe filter onto the pgetébrated GXG surface. 3 ml of the
NaBH, solution was then added to the GXG surface withen6 cm TC dishes; this
was scaled down to 2 ml on the 6-well format GXGfaes. The solution was
quickly swirled across the whole surface of thegknd the plate then placed into the
fridge and kept at 4C for one hour.

Following this, the NaBhkIsolution was removed from the culture surface and
the plate was thoroughly washed with DPBS threeginto ensure maximum removal
of the toxic reducing agent. Complete media was #dded to the plate and it was
placed into the incubator for a minimum of five hguafter which the cells could be

seeded.
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2.4.2 Culture of mouse embryonic stem cells onselioked gelatin substrates

Once the GXG substrates had been prepared andbeateiti following the protocol
described above, they were then ready to be seeitlethESCs.

The mESCs were harvested typically on day 2 aftbcylturing and a sample
was analysed via flow cytometry on the Guava Easy@yobtain cell numbers along
with base GFP fluoresence. The GXG plates were vethdrom the incubator after
the minimum time of five hours had passed and thalibrating media removed. The
MESCs were then seeded onto the substrates atvankseeding density. (Any
remaining cell population not seeded at this stage harvested via centrifugation, so
as later on in qPCR analysis it could be used @mn#&ol value for the normalisation
of the data).

It is important to note that in all GXG experimentmtrol cultures were made
using cells seeded at the same density as usdgef@XG substrates onto normal 0.1
% gelatin pre-coated tissue culture plastic. Thesgpating was the standard protocol
for mESC subculturing; alongside the LIF suppleragoh, gelatin pre-coating was
essential for attachment of mMESCs and maintenainpkiopotency in the absence of
feeder cells. This protocol is described in sec2oh.3 and the gelatin coating the
surface was always removed before adding the cells.

The plates were then placed back into the incubatt& % CQ / 37 °C and
often left for two to three days before the firstdia change, to promote attachment to
the surface. The cells were then closely monitouetil they were ready to be
analysed. In some cases, the cells were then fxedstainedn situ following the
ICC protocol described in section 2.2.2. Often tilguhe cells were harvested from

the GXG substrates according to the protocol desdrin section 2.4.3.
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Other than maintenance of pluripotency in mediaaomg LIF, spontaneous
differentiation was induced by culturing the cefiscomplete media without LIF and
neuronal differentiation was induced by culturimg Gulticell Ndiff RHB-A media

(Stem Cell Sciences), as described in section8.2.and 2.1.3.3 respectively.

2.4.3 Harvest of mouse embryonic stem cells framas:zlinked gelatin substrates

After the appropriate culture period had elapskd,dells were often harvested from
the GXG substrates in order to be analysed. Hafvexst these substrates was more
challenging than standard trypsinisation from tsstulture plastic and thus the
technique had to be modified slightly.

The media was removed from the GXG plate and D&dfed. The plate was
gently swirled for one minute and the DPBS was nezdothis long wash step helped
to remove more of the excess media and encourégsieé trypsinisation. A known
amount of mESC trypsin was then added to the GXstsate. 1 ml was used for the
substrates in the 6 cm dishes and 0.5 ml used e-thell format substrates. The
plate was placed back into the incubator at 5 % C8¥ °C for three minutes. The
plate was then removed from the incubator, tappgouvously and the degree of cell
dissociation monitored using the microscope. If dedls had been successfully
trypsinised, then they were immediately quencheth \8 ml of complete media.
However, if a large amount of cells were still alted to the surface, then the plate
was placed back into the incubator for a furtheo twinutes and upon the second
removal from the incubator, the plate was thenedpggain and the trypsin quenched
with complete media. If a proportion of the celitl semained attached to the culture

surface, which was evident in some of the longéedintiation cultures on GXG
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substrates, then a sterile 24 cm cell scraper (B¥tzerland) was utilised to help
dislodge the remaining cells. Care was taken whsemguhis tool; sufficient pressure
had to be exerted in order to successfully rembeectlls from the surface, but not
too much force to result in disruption of the GX&ydr to any degree, as the soft
nature of the substrate meant that it was easdikdir and parts of the layer could
then float up into the surrounding media.

The cells were then ready to be analysed via ftgtometry on the Guava
EasyCyte, using pl as an indicator of cell viapifitllowing the protocol described in
section 2.2.3. Once the flow cytometry data hachbsslected, the remaining cell
suspension was then harvested by centrifugation thed analysed by gPCR
following the protocol described in 2.2.5. This domation of flow cytometry and
PCR analysis on the same data sample helped toiagsthe GFP expression from
the gene of interest with the actual gene regulasabsequently providing a rounded

view as to the effects of the GXG substrate cultur¢he cell differentiation pathway.
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3. Results of a novel biphasic culture method faintenance of human embryonic

stem cells

The work presented in this chapter describes thelteefrom the investigations into
the use of the CaAlgRGD/mEF layer for hESC cultdree novel feeder layer was
constructed using calcium alginate and mEFs asridescin section 2.3. In this
chapter, firstly the culture of NNFs, mEFs, mES@sefly) and hESCs is described,
along with full characterisation of the hESCs. Rissfrom preliminary alginate/cell
layer experiments are then presented, with charsat®n of such layers following
these results to investigate the feasibility of tiwvel culture system. Finally, the
short- and long-term ability of this novel cultiegstem to support hESC self-renewal
is explored and experiments with hESCs cultured GaAlg/mEF and
CaAlgRGD/mEF layers are presented. A discussionratdhe various modifications
made throughout the experiments performed with nalgicell layers and the
implications of the results to the developmentsso€h 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 wwawed, cultured and

banked. Results from the full characterisationhef hESCs are presented, including

ICC, PCR and flow cytometry.
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3.1.1 Culture of NNFs

NNFs were successfully thawed, cultured, subcultuaed cryopreserved. Upon
thawing, the cells were plated onto a T-25 flask, thereafter the cells were cultured
in larger T-75 flasks. The morphology of these emained constant throughout
culture and they required passaging every two teetldays, by which point, having
initially seeded around one million cells per T-flask, the cell number generally
reached around five million. There was a slightrdase in cell number towards the
later subcultures, which was expected since the\fd&ch senescence at P20. Figure
3.1 shows the morphology of NNFs at P15 after oag id culture, having been
seeded at around one million cells per T-75 flaBkll confluency was generally not
achieved until after two to three days in cultunel @ince the cells captured in this
image had only been in culture for one day, themill a fair amount of space left on

the culture surface for the cells to proliferate apread into.

3.1.2 Culture of mEFs and immortalisation into d tae

The mEF cells were successfully thawed, culturetisamcultured, and a working cell
bank was cryopreserved. After thawing, the cellsavgeeded in a T-25 flask, but then
generally were expanded up in T-75 flasks, whiderafnvo to three days in culture
would achieve confluency and contain around thrdgom cells. The mEF-E1 and

mEF-E2 cell lines were faster growing than the piyrcells and could survive higher
split ratios; on average, a 1:5 split would resultonfluency after two days. Figure
3.2 shows images of the primary mEF cell line oag dfter seeding and of the

immortalised cell line, mEF-E1, at 1 day and 2 dafysr seedingThe mEF-E1 cells
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Figure 3.1 Phase-contrast image of neonatal fibroatts at P15 after one day in
culture. The cells here have attached to the culture sairfacd have elongated (see
arrow). Image taken at 40 x magnification, withcale bar of 50mim in length.

Figure 3.2 Phase-contrast images of mEFs in culturd, 1-day P3 primary mEFs at
4 x magnification, showing varied appearance, sitime morphologically different
cell types visible (see arrow); B, 1-day P65 mE:K1, 2-day P65 mEF-E1s, both at
10 x magnification. Image taken at 4 x magnificatltas a scale bar 1 mm in length
and the images taken at 10 x magnification havie $z@s 100m in length.
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can be seen to exhibit a more uniform morphologthiwithe population and the
chromatin present within the nucleus of the calislearly visible.

DMEM manufactured with 1 g/l glucose and withougliutamine was used
initially for mEF culture but after observing slogrowth of the cells, the culture
media was supplemented with 1 % L-glutamine and®0.EAA, in addition to the
10 % FCS already added. After observing improvenvgn rates, the culture media
was switched to DMEM manufactured with L-glutamia@d a higher glucose
concentration, 4.5 g/l. After a few cases of baateontamination, the culture media
was further supplemented with 1 % P-S as a pretreat® future contaminations. (P-
S was left out during media formulation for primamgFs that were destined for use
as feeders for hESC.)

A 300m sample of P1 mEF cells was analysed on the CelilRgs automated
cell counter and this showed the average mEF catheter to be 13.24m from a

98.9% viable cell population.

3.1.3 Culture of mESCs

Oct4GFP mESCs were successfully thawed, cultured amitdul. These cells were

only used in alginate culture briefly, hence a mietailed description of their growth

is included in Chapter 4 where more experimentewedertaken 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 fétwo to four subcultures, with
careful monitoring and subsequent subculturing rRdoevery seven days. The feeder
density was varied to ensure the highest survatal of the young hESC colonies; for
the SHEF-3, the fewer hESCs there were, the lohefdeder density, but the MEL-1
cells were thawed onto higher confluency feedetscébnce the cells had been
expanded up and were demonstrating normal growttterpa, the growth
characteristics of the two hESC lines varied gsigmificantly.

The SHEF-3 hESC line was subcultured every threfeuo days with media
changes every day, apart from after subculturinfggmthe media was changed 24-48
hours after seeding to allow sufficient time foe thESCs to attach to the feeder cells.
For each subculture, fresh feeder plates were ntaglelay before and the hESCs
were observed to attach very well to these cetimypared to cultures of feeder cells
that had been inactivated, cryopreserved and thawed the day before hESC
subculturing. The need for fresh feeder cells méaaitthere was a constant culture of
primary fibroblasts in place, so as to have théigaht number of cells available to
inactivate. During the passaging it was possibleldserve the differentiated colonies
within the culture by a difference in their morpbgy to the rest of the cells and these
were avoided whilst scraping the culture into theeeding media.

The MEL-1 hESC line was a much more delicate ¢e# ko grow and the
human feeders they were grown on also had a slgmewth and were more

susceptive to variations in population size assaltef varied split ratios compared to
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the mEFs. The hESCs had a much slower growth rateneere subcultured around
every seven days. During the subculturing of tresdks, it was much more important
to select morphologically stem cell-like areas tbb@ilture and carry over into the
fresh cultures. This necessary precision coulddhesed using sterile needles to cut
selected areas out of the colonies. Figure 3.3 stagelection of images of SHEF-3
and MEL-1 hESC at different stages of growth. Thféexence in cell morphology

between specific undifferentiated and differentiateeas of the cultures is quite
obvious, yet the appearance of the individual cglthin colonies of the both lines is

similar.

3.1.4.2 Immunocytochemistry

Immunocytochemistry was performed on fixed hESC<heck the expression of
pluripotency markers. Markers tested included dadghtiated cell surface markers
SSEA-3 and -4, TRA 1-60 and 1-81 and pluripotenagdciption factors OCT-4 and
UTF-1. The differentiation marker SSEA-1 was alsediin order to highlight areas
of the cultures undergoing normal differentiati®@condary antibodies used included
FITC, producing a signal read in the green rangh®fEM spectrum and Alexa Fluor
555, producing a signal read in the red range ®fEN spectrum. DAPI was always
used to highlight the position of the nucleus witthe cell and was key in identifying

the location of the marker in relation to the eeémbrane or nucleus.
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Figure 3.3 Phase-contrast images showing SHEF-3f(khand column) and MEL-

1 (right-hand column) hESCs in culture A, thawed SHEF-3 hESCs initially
growing slowly as adjusting to culture at 4 x mdigation; B, 2-day P1 MEL-1
hESCs thawed onto a dish of confluent F-D551 feed#s at 4 x magnification; C
and E, 7-day P32 SHEF-3 hESCs on P4 mEF feedar €tt 4 x magnification and
E at 10 x; D and F, 6-day P5 MEL-1 hESCs on P2355IDfeeder cells, D at 4 x
magnification and F at 10x; G, 6-day P31 SHEF-3@&8n P4 mEF feeder cells at
4 x magnification, note the non-uniform edge ofocyl with area’s of differentiation
present; H, 8-day P8 MEL-1 hESCs on P30 F-D551€deedlls at 10x magnification.
The arrow in image H indicates an area of diffaegian within the colony. Scale
bars at 4 x magnification are 1 mm in length an@iCak magnification are 10®m in
length.
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Figure 3.4 shows images of MEL-1 hESCs stainetl Wi markers, OCT-4,
highlighted with Alexa Fluor 555 (red) and SSEAkKighlighted with FITC (green).
Those cells that are differentiated within the oglmn row A within Figure 3.4 can
be identified from the secondary antibody signiaé population of cells within the
colony to the left hand side of the image, indidabg the red arrow, are not OCT-4
positive and hence have lost their pluripotency.isTiwas useful for future
subculturing, where areas containing cells thatewaorphologically similar to the
band of cells in the centre of the image (highkghby the green arrow) that are
positive for OCT-4, were specifically selected grbculture. The presence of the
differentiation marker SSEA-1 after the cells whsf to spontaneously differentiate
for eighteen days shows the cells correctly maintan aspect of their normal
differentiation capacity.

Figure 3.5 shows immunocytochemistry images of SI3BRESCs stained
with a selection of stem cell markers. The colongrphology within the phase-
contrast images in the panel is slightly differenthe previous images; this is because
the cells were cultured in a 24-well plate and ¢bevature of the surface is different
to the surface in the IVF dishes and T-25 platé® dells can be seen to be positive
for the transcription factor UTF-1 and the surfata&rkers SSEA-3 and TRA 1-81; all

markers for pluripotency.
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Figure 3.4 Images of immunocytochemically stained HL-1 hESCs Left-hand
column contains phase contrast images of the @dtumiddle column contains
images of the DAPI-stained nuclei and the rightehaside column contains
fluorescence images of the signal from the secoralaibody, Alexa Fluor 555 (red)
and FITC (green). Row A and B are images of 17-8& MEL-1 hESCs and
demonstrate that these cells are positive for binegotency transcription factor OCT-
4; row A contains images taken at 4 x magnificabod row B contains images taken
at 10 x magnification. The red arrow indicates dhea of the colony that is not OCT-
4 positive and the green arrow indicates the afélaeocolony that is OCT-4 positive,
as deduced by observing the results of the secotiblody attachment in the right-
hand side column. Row C contains images of 18-daEL-1 hESCs positive for
the differentiation marker SSEA-1, taken at 10 xgmfication. Images taken at 4 x
magnification have scale bars of 1 mm in length améges taken at 10 x
magnification have scale bars of 1@ in length.
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Figure 3.5 Phase-contrast and fluorescence image$ ionmunocytochemically
stained 4-day P53 SHEF-3 hESCslLeft-hand column contains phase contrast
images of the cultures, middle column contains iesagf the DAPI-stained nuclei
and the right-hand side column contains fluoreseantages of the signal from the
secondary antibody FITC (green). Row A shows imagkegells stained for the
pluripotency associated transcription factor UTHdw B shows images of cells
stained for the surface marker TRA 1-81 and rovh@as images of cells stained for
the surface marker SSEA-3. Presence of these thegkers indicates pluripotency.
All pictures were taken at 10 x magnification wsitale bars 106m in length.
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3.1.4.3 Reverse-transcriptase Polymerase Chain Reac

Rt-PCR was performed in order to check the expoassi transcription factors within
the cells’ nucleus. Primers for the pluripotency@EOct4 (98 bp) andNanog (105
bp) were used, along with primers for the housekeepgenesbactin (83 bp) and
Gapdh(114 bp). The latter two genes are present inadlé and thus act as a positive
control for the PCR reaction, whereas the formep tgenes are markers of
pluripotency and are only expressed in undiffeegatl cells. Since expression of any
of these markers by one cell alone would resuttuiccessful amplification of the gene
of interest, it is not possible to quantify the g of pluripotency of the cell
population, merely one is able to detect whethenair there are pluripotent cells
present. DNA ladders were used in each gel in amleleduce the mass and size of
the bands. HyperLadder Il (Bioline) was used maihlghlighting bands between 50
and 2000 bp long and containing three high-intgnsénds at 300 bp, 1 kbp and 2
kbp.

MEL-1 hESCs were first analysed and figure 3.6 shaw image of the gel
with the amplified genes. Th@ct4 gene was correctly amplified from the MEL-1
hESCs, as can be seen by the presence of the bharadumn D on the top row at
around the 100 bp position. However, there is alband folOct4 present in the mEF
control sample indicating some contamination of GESvith the feeders and further
contamination in the mEF RNA is indicated by the@db@resent in column C. This is
most likely due to pipetting error and harvestieghnique; in harvesting the feeder
cells, some hESC could easily have been presehtigell population taken through
by accident. TheNanog PCR reaction did not appear to work here, though t

presence of th®ct4 gene does help to suggest that this was not dadsitk of
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Figure 3.6 Image of a MEL-1 hESC rt-PCR reaction poduct run on an agar gel
On the top row, columns B-F are from the OCT-4 gamé columns G-K are from the
b-actin gene; on the bottom row, columns B-F arenftbe Nanog gene and columns
G-K are from the GAPDH gene. Columns correspongdamples as follows: mEF
DNA (B and G), mEF RNA (C and H), MEL-1 DNA (D ad MEL-1 RNA (E and
J) and blank PCR reaction mix (F and K). Columno#itains HyperLadder Il so as to
compare the size of the bands appearing on thetlgsie are three high intensity
bands running from the bottom to the top of thedéadat 300 bp, 1 kbp and 2 kbp
respectively. The ladder shows that all the praglueh in the gel are around 100 bp
long, correct for their length when looking at themer sequences (refer to main
text).

Figure 3.7 Image of a MEL-1 hESC rt-PCR reaction poduct 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 Higaelder Il (see fig 3.6 above).
There is a slight contamination evident in both R¢A from the hESC (column E)
and the DNA from the mEFs (column B).
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pluripotency in the cells. The RNA concentrationtioé total RNA isolated from the
hESCs was quite low and this may have contributed tinsuccessfullanogPCR
reaction, should the primers for theanoggene be sensitive to the amount of c-DNA
present. Nonetheless, both housekeeping genes smecessfully amplified in the
mouse and human DNA PCR reactions and not in é&ioms using their RNA.

The PCR reaction was then repeated with the prioréhe Nanog gene using
the DNA previously isolated and amplified; figur& 3hows an image of the gel. This
time the Nanog gene was successfully amplified hemva by the band present in
column D, however a slight contamination resultedoth the RNA from the hESC
and the DNA from the mEFs. The contamination waks cwe to the pipetting tips
since no band was present in column F, but agairetivas a high chance it was due
to the harvesting method of the mEFs.

SHEF-3 cells were also analysed by PCR; an imagdkeofel ran of the PCR
product is shown in figure 3.8. This time, Hypertad V was also utilised, which
highlights bands between 25 and 500 bp long anthcmtwo high-intensity bands at
100 and 200 bp. Column D in the image shows suftdemsiplification of both the
Oct4 andNanoggenes from the hESC DNA samples. There is no cantgion with
any of the other samples for these two pluripotegeyes. The band for tidanog
gene is quite weak; this could be due again tcsémsitivity of theNanogprimers to
the concentration of c-DNA present in the samplepatentially an actual reduced
expression of this pluripotency marker. Both theudekeeping genes showed up
successfully in the hESC DNA samples, however 4hetin appeared in the mouse
DNA sample also. Since both housekeeping genetaren specific they should
only appear in the human DNA samples, but somesemeactivity can occur as

shown in column H in this figure, as well as in MEL-1 hESC PCR reactions
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Figure 3.8 Image of a SHEF-3 hESC rt-PCR reaction q@duct run on an agar
gel. On the top row, columns B-F are from the OCT-4egand columns H-L are
from theb-actin gene; on the bottom row, columns B-F arenftbe Nanog gene and
columns H-L are from the GAPDH gene. Columns cquoesl to samples as follows:
mEF DNA (B and H), mEF RNA (C and I), SHEF-3 DNA énd J), SHEF-3 RNA
(E and K) and blank PCR reaction mix (F and L). @Wwahs A and M contain
Hyperladder II and Hyperladder V (both Bioline) pestively; HyperLadder V
containing two high-intensity bands at 100 and BPOAs well as both housekeeping
genes, the OCT-4 and Nanog genes were successiupfified from the hESC
sample, showing the cells to be pluripotency. Tl®dorepresenting presence of
Nanog was quite weak compared to the others anc thwas also a degree of
amplification of theb-actin gene within the mEF sample, showing the erito be
non-human specific.
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shown in figures 3.6 and 3.7. Again, the bandstlierOct4 and Nanoggenes were
positioned at the correct size in relation to Hyjaeider Il around the 100 bp mark
and this time HyperLadder V was utilised, also hdgiiting the position of the
reaction bands at around 100 bp.

gPCR was not performed on hESCs at this stageadgierformed later after

hESCs had been subjected to culture on the algisntes.

3.1.4.4 Flow Cytometry using the Guava EasyCyte

Flow cytometry was performed on immunolabeled SEEHESCs taken from normal
culture. The surface marker SSEA-3 and the tragosen factor UTF-1 were both
selected for analysis and secondary antibody oméy mEF only controls were run,
along with isotype controls as normal (describedppendix 7.2). Samples of cells
without any stain at all were analysed in orderdentify the initial cell population.
The ViaCount Flex reagent was used in all sampdgmr( from non-stained cell
samples) to highlight the viable cell population.

Figure 3.9 shows the dot plots that are seenarGihava ExpressPlus program
from a few of the stained samples. The right-hadd plot in the figure shows SHEF-
3 hESCs stained with the IgM anti-mouse secondatyp@dy only. This negative
control sample set the level for the positive saspb be measured against; anything
above the ‘10el’ mark on the y-axis is emittingegréuorescence and so is a positive
result.

The left-hand side dot plot in figure 3.9 shows FHEhESCs stained with a
primary antibody raised against the undifferentlatell surface marker SSEA-3

(IgM, raised in rat) and highlighted with a secarydantibody (raised against the
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Figure 3.9 Dot plots of the immunocytochemically sined 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 @&Stained with a UTF-1
primary antibody and FITC secondary antibody; C,EEFB hESCs stained with
secondary antibody only (all IgM). 50.8 % of thdl gwpulation was positive for
SSEA-3 and 86.5 % positive for UTF-1.
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isotope IgM) that emits green fluorescence. In tlaise, 50.79% of the cell population
is positive for SSEA-3. Ideally, between 80 and®®@f the cell population should be
positive for this undifferentiated cell surface ke The low result seen here could
be due to incomplete staining from perhaps an umigdd antibody dilution,
combined with a cell population too dense for theibedy to diffuse through
efficiently. The centre dot plot in the figure srW@HEF-3 hESCs stained with a
primary antibody raised against the intracellulduripotency transcription factor
UTF-1, again localised with a secondary fluoresaamtibody. 86.50 % of the cell
population are positive for UTF-1, thus proving mhhdegree of pluripotency.
Although it is more feasible to analyse the antipbethined surface markers of cells
with flow cytometry than it is to analyse the imeflular markers, this latter UTF-1
positive stain shows the sensitivity of flow cytdnyein deducing the prescence of

particular factors.

3.1.4.5 Flow Cytometry using the High-Performancéo# Cytometer

Further flow cytometry analysis was then perfornoed SHEF-3 hESCs using the
High-Performance Flow Cytometer at the Wolfsonitot# for Biomedical Research,
UCL, as described in section 2.2.3. First, T-25tweks of SHEF-3 hESCs were
analysed by eye under a microscope and then segalgt estimation of either
undifferentiated or differentiated morphology. Aask of mEF feeders was also
harvested; this was analysed as a negative coiiinel.protocol described in section
2.2.3 was followed with two modifications: the tgiminute 1 % BSA blocking step
was omitted and hence the incubation period wascestito twenty minutes for each

antibody to reduce the chance of non-specific igdf the antibodies, whilst the
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centrifugation speed was reduced from 1200 rpmraéorad 1000 rpm, to allow for
less disruption to the cells via shear stress. &Breface markers were analysed: the
undifferentiation markers SSEA-4 and TRA 1-60, glonth the hESC differentiation
marker SSEA-1. All the primary antibodies were lddgk with a FITC secondary
antibody. Since the markers localised in this casge not intracellular, the
permeabilisation incubation step was omitted amunpabiliser was not included in
the wash buffer.

Figure 3.10 shows dot plots and histograms frora o the cell samples
analysed. The lower panel shows the results for ain¢he markers, the hESC
differentiation marker SSEA-1. After setting thenii from a ‘cells only’ run (the
upper panel) it was deduced that 7.9% of the eellee SSEA-1 positive. This low
degree of SSEA-1 staining confirmed the successthi selection of mainly
undifferentiated cells during the harvesting precellowever, there were some
anomalous results seen in the remaining samplegsasibed below.

Table 3.1 shows the results from all the markeedysed. The results from the
undifferentiated populations of cells are in agreetmwith the morphology of the
cells; around 60 % of the undifferentiated cells positive for the undifferentiated
cell surface markers SSEA-4 and TRA 1-60, whilstuad 8 % are positive for the
differentiation marker SSEA-1, as mentioned abddewever, the results for the
‘differentiated’ cell populations are slightly dalis; a significant degree of SSEA-4
and TRA 1-60 positive staining combined with a lealue of SSEA-1 indicated that
the cells were not as differentiated as initiakkyimated. This was quite feasible due
to the difficulty in identifying differences in mphology between undifferentiated
cells and the first stage of differentiation. Alsihe degree of SSEA-1 positive

staining is also not indicative of all types offdientiation; it is in fact a marker of a
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Figure 3.10 Dot plots and histograms from two of ta SHEF-3 hESC samples on
which flow cytometry analysis was performed A, unstained cells; B, SSEA-1
stained undifferentiated SHEF-3 hESCs. Left plaligates the entire cell population
analysed, middle plot highlights the presence wglsi cells and not aggregates, right
plot indicates the level of fluorescence evidenheTlimit for positive green
fluorescence was set at 1% from the unstainedsesliple (A) and this limit was
applied to primary-secondary stained samples irerotd deduce the amount of
positive fluorescence.

Cell sample analysed Positive FITC staining
Experimental:

Undiff SSEA-1 7.8%
Undiff SSEA-4 57.6%
Undiff TRA 1-60 59.3%
Diff SSEA-1 18.1%
Diff SSEA-4 56.5%
Diff TRA 1-60 38.6%
Controls:

Cells only (no staining) 0.9%
IgG only 0.7%
IgM only 0.6%

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

not been presented here.

3.1.4.6 Passaging with Firepolished Microtool

During the culture of the hESCs, a collaborationween the University of
Greenwhich and UCL was set up, comprising of retearto the use of firepolished
glass microtools, fabricated from a spring actugtelter, during hESC subculturing.
Figure 3.11 demonstrates how a SHEF-3 hESC col@asy/smccessfully subcultured,
by cutting into strips and small clumps using thierotool. The tip of the tool was
able to withstand a significant amount of forcelegapto it during cutting and did not
snap during disaggregation of hESCs. The re-seeat@ohps grew into large,
compacted colonies, which stained positive for GZTonfirming that the cells were
still undifferentiated; this is also shown in figus.11.

The firepolished tools were able to cut the hESMres efficiently and
precisely, without scratching the culture surfaCempared to the action of normal
passaging tools, such as needles or Pasteur gip#téesubculturing could be carried
out in a regulated and consistent manner, withojbteon of selecting very specific
areas to be cut. These tools have a large potdatiake not only in the maintenance
of pluripotent cultures of hESCs, but also as acuste device in protocols for

differentiation of hESCs towards functionally aetisomatic cells. Here, the accurate
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Figure 3.11 Phase contrast images showing a 4-day(PSHEF-3 hESC colony
during subculturing and after re-seeding onto mEFs.Top row: A, the colony
before passaging; B, mid- cutting with the firepbkd microtool; C, after the clumps
were removed, with no scratching evident on théaserof the plate. Middle row: the
re-seeded P41 clumps after a 1-day (D), 2-daytH)3day (F) culture. Bottom row:
G, a phase contrast image of a colony after sis dagulture and then DAPI staining
showing the positions of the nuclei within the egi@nd OCT-4 staining showing the
cells to be undifferentiated in the middle and rgand columns respectively. A-F all
taken at 4 x magnification with a scale bar of taniymm and images in row G taken
at 10 x magnification with scale bars of length H®.
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tool could serve an important part in such applcest where differentiation protocols

involve the selection and removal of areas of molgdically distinct differentiation.

3.1.4.7 Immortalised mEF-E1s as SHEF-3 feeder cells

SHEF-3 hESCs were subcultured onto inactivated efeeplates made with
immortalised mEF-E1s in the same conditions anth@tsame density as for feeders
made from primary mEFs. The mEF-E1ls successfulppstied the growth of the
SHEF-3 cells and maintained their pluripotency, vamo by the positive
immunocytochemistry staining for OCT-4, SSEA-4 arRA 1-60 shown in figure
3.12. Normal differentiation also occurred withiretcell populations, as highlighted
by the prescence of the surface marker SSEA-1 shathm the same figure.

One observation of the mEF-E1s in use as feedessawamall difference in
the length of time that the feeders remained atidhcto the plate and looked
morphologically healthy. To investigate this, frefgdeder cultures from both lines
were made at the same time in order to study thgimatogy over a few days. Both
feeders were seeded at the normal density overaightthe following day the mEF
medium was exchanged for hES medium without £GFe cultures were then
studied at 1-day, 2-days and 3-days after initiabkghanging the hES medium and
their morphology analysed.

Figure 3.13 contains images of their cell morphgloger the 3-day culture. A
higher number of floating cells i.e., cells thatlhdetached from the culture surface,
appear over the course of the three days in the-EfEfeeder cultures (images E and
F) than in the primary feeder cultures (B and C)thW the mEF-E1 cultures there

was more cell debris visible and the cells had gd¢ed membranes.
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Figure 3.12 Phase contrast and fluorescence imagasSHEF-3 hESCs grown on
mMEF-E1 feeders.A and B, phase contrast images of 4-day P42 SH&R 362 mEF-
Els, at 4 x and 10 x magnification respectivelyplase contrast image of 4-day P43
SHEF-3 on P62 mEF-El’'s at 10 x magnification. RAW4& contain images of
immunocytochemically labelled cells, with the phaseatrast image on the left, the
DAPI stained nuclei shown in the centre and the imafabeled cells shown on the
right hand side. D, 2-day P43 SHEF-3 cells stamgthi for OCT-4 (Alexa Fluor
555); E, 3-day P43 SHEF-3 cells stained for SSHAléxa Fluor 555); F, 3-day P43
SHEF-3 cells stained for TRA 1-60 (FITC); G, 9-d&42 SHEF-3 differentiated cells,
stained with a SSEA-1 primary antibody (FITC). Séaspvere negative when stained
with secondary antibody alone (not shown). Imagksert at 10 x magnification with a
scale bar of 10@m length, apart from image A which was taken atmagnification
image and has a scale bar of 1 mm.
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Figure 3.13 Phase-contrast images of primary mEF &lers and high-subculture
MEF-E1 feeders over four days after seedingmages A — C are feeders made from
primary mEFs after one day (A), two days (B) anceéhdays (C) of culture after
exchanging their mEF medium for hESC; images D ard-feeders made from P62
mEF-E1 cells, again at one day (D), two days (E) #inee days (F) after exchanging
their medium. All images were taken at 10 x magaiion with a scale bar of 10Gn
length.
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Figure 3.14 Karyotype of 2-day P106 SHEF-3 hESCdt was performed at The
Doctors Laboratory, London. This picture was kindgnated by Alexandra Hemsley
at the Department of Biochemical Engineering, UCK,
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These results indicated that the high subculturmbar mEFs were perhaps only
suited to short-term culture of SHEF-3, or in feeds able to withstand the harmful
effects of the DNA cross-linker mitomycin-C usedHhalt their proliferation during
inactivation.

It is worthwhile to note though that during thetout of the hESCs, it was
observed that feeder cells cultured on their owspldyed a healthier morphology
when left in mEF medium, instead of hESC mediumorier for the feeder cells to
maintain a good morphology and remain attachechéoplate, ideally the cultures

were only placed in hESC medium for 30 minutesrpaco-culturing with hESCs.

3.1.4.8 Karyotype of SHEF-3

The karyotype carried out on P106 SHEF-3 hESCsesstally showed that they had
not developed any chromosomal abnormalities, evénth& high stage of
subculturing. The results are shown in figure 3Alllchromosomes were found to be

present in the standard diploid manner and no moatatvere evident.

3.2 Construction of calcium alginate and cell layex

This section describes results from the investgati into the construction of

CaAlg/NNF, CaAlg/mEF, CaAlg/mESC and CaAlg/NTERA&ers. Investigations

were carried out to assess if different cell typeald 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 fhist method mentioned in 2.2.1

were successfully gelated i.e. the divalent calcians had effectively replaced the
sodium ions in the alginate, thus successfully stoking the polysaccharide.

However, the resulting layers formed were very ombgenous in their structures
and surfaces, as can be seen in the photograpie @ldinate discs after construction
and demonstrated by the schematic in figure 3.h&. Solid calcium alginate tended
to gather up at the sides of the discs where tliaak was in contact with the wall of
the well-plate and left thinner parts of the distshe centre of the wells. Improving

this method was vital for uniform construction bét3D layers.

Therefore another approach was looked into, usitigaraswell to allow for
diffusion of the divalent calcium ions through & @m pore size membrane. This
protocol successfully resulted in homogeneous sagéCaAlg/NNFs, which could be
manipulated and removed from the transwells withangiaking. Figure 3.16 shows
images of the six CaAlg/NNF layers in the 6-welatel culture as well as on their
own. All volumes of cell/alginate mixture producexven layers, showing the
minimum volume (0.5 ml) to be sufficient in prodogia good layer, and the NNFs
were successfully encapsulated, demonstrating igphenorphology (not shown).
Reconstituting the alginate in calcium-free mediauited in a reddish colour to the
layers and was predicted as a more suitable emagahthan MES buffer. No cells
released into the surrounding media were obse@bkdnging the media one day after
construction was necessary to avoid possible pldf eluted calcium. This method
of construction of calcium alginate/cell layers wagn 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 bulitjoss formed (see arrows). (B)
Schematic illustrating the uneven appearance ofGhAlg discs formed, with the
thicker sections in dark grey, the thinner sectiongght grey and the base of the well
plate in yellow.

Figure 3.16 Images showing the six CaAlg/NNF layeris transwells inside each
well of a 6-well plate (A) and individually when héd by tweezers (B).The arrows
on the left hand image point to the edge of thasingells, which can be seen just
inside each well; on the right-hand image the arpomts 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 trankmetocol, CaAlg/mEF layers
were formed with a flat surface and an even distidn of CaAlg throughout the
layer. Once again, no cells were observed as helegsed into the media. Initially,
the larger 6-well format transwells were used, heavehe size was then reduced to
the 24-well format transwells, which only requiré80 m of material to make a
sufficient layer of around 1-2 mm thickness. Whdasarving the cells by moving
through the layer with a phase contrast microscapmmewhat uniform distribution
could qualitatively be established. This was lgeoved via DAPI staining and
confocal analysis.

Figure 3.17 demonstrates the cell morphology of hieFs immobilised
within the CaAlg. No change was seen in the appearaf the cells over the course
of any of the experiments described in this repihw; gel did not appear to degrade
and no cells were released into the surroundingemaht The higher viscosity gels
were generally harder to work with, as unwantedoegbwere easily produced within
the pre-gelated material and the gels containihgglaer content of G-units compared
to M-units, were also more viscous. This is chelhicteasible considering the
orientation of the G-units along the alginate cHa&e section 1.7).

Importantly, no change was seen in the appeardnte cells between any of
the types of alginate; in the peptide-coupled atgrthe cells remained spherical. It
was predicted that they would attach to the RGDtigepand elongate, however
perhaps due to positioning of the peptide alongatlyenate chain or stiffness of the

gel restricting their movement, the cells remaispherical.
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Figure 3.17 Phase contrast images of mEFs immob#d in CaAlg gels at
differing cell concentrations around the value of £10° cells/ml. A, 3-day P6 mEFs
in CaAlg; B, 1-day P3 mEFs in CaAlgRGD. Both imaggeen at 10 x magnification
with a scale bar of length 100n.

Figure 3.18 Images of P®ct4GFP mESCs immobilised within CaAlg after one
day of culture. A, phase-contrast image of the cells; B, greenréacence image
showing the expression of GFP by the cells. Theesgion of the marker by the cells
demonstrates that they have maintained their piteicy once inside the CaAlg.
Images were taken at 10 x magnification with aestalr of length 106m.
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Some layers were also constructed with highdrameicentrations, e.g. 3x10
cells/ml. No difference on the viability of the m&For on the effect of the cell
number on hESCs cultured above the CaAlg/mEF hagerevident between different
MEF concentrations (not shown). However, high ceficentration experiments were
not continued due to the possibility of reducedrieat access across the highly
populated layer. Confluent cultures of mEF cells mormal culture reach
concentrations of around 4 million per T-75. In tiéaAlg layers, the high
concentration of cells is being restricted fromSac#f (in the T-75 flask) to a 7 ¢m
surface area (in the larger 6-well transwell). ¥aons between batches of alginate
could affect the mEF cells encapsulated within tis® alginate was used with the
same batch number when constructing all of the G/&MEF layers. New vials were

used between the experiments, however, which magy had an effect.

3.2.3 Construction of CaAlg/mESC layer

It was also possible to immobilisect4GFP mESCs within calcium alginate gels.
Figure 3.18 shows a phase contrast image of tHe wathin the layer, and also a
green fluorescence image, showing those mESCsathatxpressin@ct4GFP. The

cells again demonstrated a spherical morphologidenshe calcium alginate gel,
along with maintaining their expression ©tt4-GFP, albeit over only a short culture

period.
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3.2.4 Quantification of cell size in CaAlg/NTERAaRers

The 3D encapsulation method was investigated agansnof measuring the size of
the cell immobilised within it. Confocal microscopgn be used to measure size in an
image once it has been calibrated with a gratignlerder for the software to register
the scale bar with the viewed image for the obyectised. On the other hand, a
haemocytometer, which is normally used to countiscahd measure viability when
combined with a Trypan Blue stain, can be used &asure distances simply by
measuring the size of the cell against the sizéhefgrid, when looking through a
phase contrast microscope.

Figure 3.19 shows a picture taken at 40 x magri@naof a few NTERA-2
cells immobilised in CaAlg, after the entire CaANGERA-2 layer was overlaid on
top of the haemocytometer. The cell appears to haliameter of around a quarter of
the width one of the smaller boxes. Shown in thgark is also a plan of the grid of a
haemocytometer, including the dimensions of thd.dgfhe width of box E is shown
to be 0.2 mm, and the width of one of the 16 sipales within that to be 0.05 mm.
Therefore, if a cell takes up around a quarter led width of that, then this
corresponds to a diameter of around &% The cells do not appear any different
from when looking down a haemocytometer with fiOof cell suspension loaded
underneath the glass slide i.e. the cells onceelbade not flattened at all by the
microscope slide on top. However, using an autotheéd counter, such as a Cedex
HiRes machine, would provide more reproducible ltesegarding size distribution

and greatly reduces the human error aspect oatialysis.
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Figure 3.19 Quantification of the size of NTERA-2 ells immobilised in CaAlg
(A) The cells were viewed using a phase contraght limicroscope at 40 Xx
magnification and the image captured using a digamera through the viewfinder.
The cells are rounded once encapsulated and l{gghatarrows). (B) Plan of the grid
of a standard haemocytometer used to count cetlezdration and viability, with the
dimensions of the various boxes shown on the tigimd side. The red circle in the
centre denotes which section of the haemocytomsteaptured in image A. The
width of the smaller box that the cell is insidanmage A is shown as being 0.05 mm
(see edge of image B) and since the cell appedekéoup around ¥4 the width of one
of the smaller boxes, this corresponds to around ma.
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3.3 Characterisation of the alginate/cell layers

Described in this section are results from extenscharacterisation into the
alginate/cell layers constructed in section 3.2,irteestigate the success of the
proposed culture system with regards to homogedmisbution of cells within the
alginate layer and characterisation of ECM marbkgression. Also investigated was
the viability of the cells immobilised and whethtte proliferation of the cells is
successfully halted after the cells are immobiljseslin nhormal mitotic inactivation.
Finally, the rheological properties of the gel alaracterised, as well as analysis of

Oct4GFP expression by mESCs after a brief immobilsawithin a layer.

3.3.1 Imaging of layer

3.3.1.1 Imaging of CaAlg/NNF layer with confocal moscopy

Imaging of DAPI stained CaAlg/NNF layers after oma@y of culture was obtained
using confocal microscopy and was successful inwsigp a homogeneous
distribution of cells throughout the layer. Figi#20 shows images from the bottom,
middle and top of the 0.5 ml DAPI stained CaAlg/NMNifyer. Looking at the cell
distribution, the left-hand side image in the figutoes have slightly less cells, but
this is due to the fact that the image has beeentakry close to the edge of the layer
and in fact just a few tens of microns above tkidisn, one can see the same number
of cells as in the other two images.

Figure 3.21 contains a graph showing the numbecetls in each of the

images taken throughout the majority of the midufléhe layer, with 51im spacing in
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Figure 3.20 Confocal microscopy images of DAPI staed CaAlg/NNF layers.
Images were taken throughout the 0.5 ml CaAlg lafethe bottom of the layer; B,
the middle of the layer; C, the top of the layesck of the bright blue dots refers to a
cell nucleus (see normal-line arrows). The darkatson image C (see dashed-line
arrow) just refer to a cell being present but ia phane above or below, hence there is
a darker area. Images were observed at 10 x meapniin initially and then zoomed
in for capture; scale bars correspond torB0
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Figure 3.21 Graph showing the number of cells perlpne counted from images
taken at 5 mm spacing throughout the middle of a 0.5 ml DAPI stined
CaAlg/NNF layer.
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between each image. (This has been achieved fromuahaounting on the captured
images). The graph shows relatively homogeneoushiliton of cells throughout the
85 mm section of layer analysed, with a maximum vasiagper plane of under fifteen
cells. This is sufficient to prove that the celie apaced out fairly consistently in the

layer and have not sunk to the base.

3.3.1.2 Imaging of CaAlgRGD/mEF layer with confocalicroscopy

Further confocal microscopy was carried out on Q&8 D/mEF layers to attempt to
detect a prescence of ECM growth within the layss. described Chapter 1, key
proteins expressed in the ECM include fibronectid aollagen IV, so these were the
first ECM proteins investigated with regards to gemce and location. 14-day
CaAIlgRGD/mEF layers were immunostained for fibramecand collagen IV
(separately) following the protocol described iotsm 2.2.2. The cells were counter-
stained using a DAPI nuclear stain in order to hggth the position of the nuclei.
Figure 3.22 shows a composité images of the fibronectin stained layers,
taken every 51m at distance of 8@Gm throughout the layeilhe fibronectin protein
appears to be solely located on the surface ofcdlerather than in any of the
surrounding area within the layer. Since the mHBIS seispended within the layer are
not attached or elongated to the hydrogel, it caassumed that synthesis of an ECM
is being restricted as mentioned before, perhapghéyigidity of the gel or by the
positioning of the RGD attachment sites. Sinceirtii@gge in figure 3.22 is an overlay
of the DAPI and the FITC stains, there are clearlyas present in the layer where
fibronectin is present but no cell is evident, sinco DAPI stain is present. One

potential reason for this could be localised agasotein within the layer, but also
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Figure 3.22 Confocal microscopy image of a 14-daya@lgRGD/mEF layer at
1x10 cells/ml The layer was stained with a fibronectin primanyibody and a FITC
secondary antibody (green) and counterstained avilAPI nuclear dye (blue). The
image is a composite of images taken evergrbat distance of 8am through the
layer. Image observed at 10 x magnification itiitiand then zoomed in for capture;
scale bar corresponds to Bth.
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likely is the chance that the antibody and the DARIlecules have not dispersed
uniformly through the gel. The signal produced frdme collagen IV stained layers
was much weaker than from the layers stained vighfibronectin antibody, thus no
conclusions could be made as to whether collagewd¥ indeed present within the
culture or not.

Further characterisation of the modified feedeetayas then necessary, and
another ECM factor, laminin, was investigated. Fegu3.23 and 3.24 show DAPI and
laminin stained mEF cells after four days of CaABRJRmEF culture compared with
after two days of normal T-25 culture after beingotically-inactivated for feeder
preparation. No significant difference in expressi®tween the two conditions can
be seen, whether it is the degree or the locatidheoexpression. This can be taken as
further demonstration of the ability for the CaAGR/mEF layers to mimic the
standard feeder layer culturéhe secondary only control and isotype control show
minimal staining by the antibody; though there @me red signal seen in the
secondary only control in the CaAlgRGD/mEF layerss is not maintained in the
overlay with the DAPI signal, compared to the pesilaminin sample shown in the
top row. The difference in the length of the cudtyeriod did not attribute to any
difference in ECM expression either; if significaxpression had been deduced then
this variable would have been eliminated to all@w dn accurate comparison in the
rate of ECM production.

Interestingly, both conditions show minimal outgtbwof the ECM
component when the culture condition is limitednt&Fs only. To check the ECM
expression within normal hESC culture, 3-day SHERESCs on mEF feeders were
fixed and stained for laminin, fibronectin and egkén IV. Figure 3.25 shows results

from this ICC analysis. Looking at the laminin eggsion 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 mioscopy.From left to right,
phase-contrast image showing the fibroblast-type rphmmogy, DAPI stain
highlighting the nuclei position and the fluorescensignal from Cy3. Row A,
laminin (Cy3) stained mEFs; row B, secondary ambonly control; row C, isotype
control. Row A images taken at 20 x magnificatiomyws B and C images taken at
10 x magnification. Scale bars correspond to atlen§100nmm on all images.

Figure 3.24 ICC results from 4-day CaAlgRGD/mEF lagrs imaged using
confocal microscopy.From left to right, DAPI stain highlighting the clei position,
the fluorescence signal from Cy3, and lastly, aerlay of the Cy3 and DAPI images.
Row A, laminin (Cy3) stained mEFs; row B, secondamyibody only control. Images
taken at 10 x magnification initially and then zaainin according to the scale bar;
scale bars correspond to a length oh#¥Yon row A and 36rm on row B.
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Figure 3.25 3-day P97 SHEF-3 hESCs on mitomEFs st&d 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 showimg t
fibroblast-type cell morphology within the colonjeBAPI stain highlighting the
nuclei position and finally the presence of the ECMnponent the cells highlighted
with the secondary antibody FITC. Row A, imagesetalat 4 x magnification and
scale bar corresponds to a length of 5G0; rows B-F, images taken at 10 x
magnification, with scale bars corresponding terayth of 100vm.
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(rows A and B), it is a stark contrast to the espien measured in mEF feeder only
cultures, as a large expression of laminin can d®n swithin areas both densely
populated by feeders and those mostly populatethByCs alike. Also contained
within this figure are the results from collagen (dws C and D) and fibronectin
(rows E and F) staining in the hESC cultures. Thesemarkers were present mainly
in areas of colonies with morphologically-lookindferentiated hESCs, with a small
amount localised to the feeders. Minimal stainingsvevident for both markers in
undifferentiated hESCs. Again, there was a lot lessitive staining for these two
markers in both mito-mEF cultures and CaAlgRGD/m&yfers alone. Fibronectin
expression was seen in non-linear optical imagihgame CaAlg/mEF layers as
shown later, however there was no indication of pmr@gence of the factor in the area
surrounding the cells; again, staining was onhalised to the cell surface. All in all,
this was evidence that visible amounts of ECM esgimn results upon contact
between the mEF cells and hESCs only, rather thamEF only cultures.

For the alginate staining in figure 3.24, there wasy little, if any at all,
visible retention of the antibody by the alginagbpwing the alginate to be suitably
porous. This was an encouraging result with regaydbe possible transport of vital
factors secreted by the mEFs through the algiratee hESCs cultured on top. The
staining results also further proved the homogesedistribution of mEF cells

throughout the layer.

3.3.1.3 Non-linear optical imaging

NLO Imaging was performed following the protocokdebed in section 2.2.7. 0.5 ml

CaAlg/mEF layers were constructed via the transwetitocol with differing cell
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concentrations and after varying culture periodsydrs with P8 mEFs at a
concentration of 3.5 x fOcells/ml were constructed and cultured for two keee
whilst layers with P10 mEFs at 1 x®1€ells/ml were constructed and cultured for one
week. After being fixed, a 0.5 ml layer with P10 RsEat 1 x 10 cells/ml grown for
one week was immunohistostained for fibronectirvaitFITC secondary antibody. A
secondary antibody only control was performed ore@uivalent layer and a DAPI
nuclear stain was used as a counterstain. The cwaten of secondary antibody
used was modified from 1:500 to 1:200 to ensureughd-ITC-conjugated secondary
antibody reached the primary antibodies and this déution was checked to not
induce non-specific staining by including the cepending secondary only control.
One of the layers grown for two weeks was fixed staghed with DAPI alone.

When observed using NLO imaging, the DAPI nucktain showed that the
layer grown for two weeks had far too low a cellhcentration for the cells to
interconnect with each other and for any ECM tongravith under 10 cells per plane
that were visible at 10 x magnification. The higleetl concentration layers i.e., the
three grown for one week with a concentration of 10 cells/ml, were at a suitable
cell concentration, since plenty of cells couldvi®wved per plane without any over-
crowding. The immunohistostaining results from afiehese layers can be seen in
figure 3.26.

The main result to be seen from the NLO imaginipa fibronectin is present
on the cell surface, but there is no indicationany protein spreading out into the
alginate from the cells. If there were any evideat¢he protein within the alginate
layer, this would have been positive with regaishie suitability of the novel layer
to mimic the standard feeder layer system. Therea ishance that an ECM is

beginning to grow, hence the presence of fibronemti the cell surface is promising.
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Figure 3.26 Non-linear optical imaging results on BPI (A) and anti-fibronectin-
FITC (B) stained mEF cells in 0.5 ml CaAlg layers &a concentration of 5.0 x 18
cells per layer.A, DAPI stained nuclei; B, fibronectin stainedlsefluorescent from
the FITC secondary antibody. The images were tatelD x magnification and the

scale bars correspond to 1@ length.

Figure 3.27 Snapshots from the rotation of a fibroactin (FITC) stained
CaAlg/mEF layer constructed at a cell concentratiorof 5.0 x 16 cells per layer
The rotation follows the images clockwise from Ao The images were taken at

10 x magnification; the scale bar on A correspdds00mm.
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But certainly no protein was evident throughout tager. If an ECM was to be
successfully formed it would require a significamhount of force for the complex
protein structure to be able to push or migrateubh the pores of the hydrogel, so its
formation is undoubtedly slowed down. (However thgpothesis cannot be
concluded upon without a quantitative comparisonrmtéF cells on tissue culture
plastic). Whether or not there is a small ECM stgrto be formed around each of the
cells in the layer cannot be deduced due to rasalissues. Fortunately, akin to the
previous imaging described, the antibody stainimgked well and minimal retention
of the antibody by the alginate was visible, shaytime alginate to be suitably porous;
an encouraging result with regards to the possitallesport of soluble mEF factors
through the alginate layer to hESCs cultured on tépmogeneous distribution of
mMEFs was once more qualified.

The image process capabilities of the system usedswch that it allowed the
images taken over a 3@@n distance at B m intervals to be overlaid and a 3D model
of the section of the construct to be assemble. 3D assembly could be rotated and
the distribution of cells throughout the sectiorsetved. Four snapshots from the
rotation of the construct can be seen in figure/ 3hese results further proved a
homogeneous distribution of mEF cells throughowet yer, or at least the section
observed, though it could be taken that this repriesl the bulk of the layer. The
slightly fuzzy appearance of fibronectin appeamngund the cells in the side view of
the layer is most probably due to a lack of resofuin the construction of the 3D
model.

Figure 3.28 shows the DAPI and FITC results frame 0.5 ml volume
CaAlg/mEF layer that was stained only with the selewy anti-mouse FITC antibody

in order to check the non-specific staining. Thenmminimal staining of anti-mouse
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Figure 3.28 NLO imaging results on DAPI (A) and FITC secondary antibody
only control (B) stained mEF cells in 0.5 ml CaAldayers at a concentration of
5.0 x 10 cells per layer.The images were taken at 10 x magnification aedstiale

bars correspond to 1@fin length.
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FITC secondary antibody on this CaAlg/mEF layeovorg that the FITC signal
shown from the mEFs in the previous two figuresvuglence of the presence of the

fibronectin protein.

3.3.2 Viability and proliferation of mEFs after irobilisation in CaAlg compared to

normal culture

CaAlg/mEF layers were constructed and culturecefght days. Cells were harvested
from the layers over the 8-day period in order tamgify their viability within the
alginate. MitomEFs were also immobilised withiniafge in order to deduce whether
or not the mitomycin-C inactivation step was neagsdor the mEFs immobilised
within alginate. Normal T-25 culture of mEFs andalof mitomEFs served as
controls.

Recovery of cells from the T-25 culture involvegipsinising the monolayer
of cells and centrifuging the quenched cell susipensThe cell recovery was
therefore high when quantified via flow cytometHowever, recovery of the cells
from the alginate layers was slightly more difficuA solution of 1 % sodium citrate
in T-E was used to dissolve the alginate layemlescribed previously by Markusen
(2005). The monovalent sodium ions in the solutieplace the calcium ions cross-
linking the alginate gel and thus dissolve the ek all cell harvests from alginate,
leaving the CaAlg/mEF layers in the T-E solutiom fonger than thirty minutes
would have been detrimental to the cells, theretbee time allowed for complete
dissolution was quite restricted.

This protocol was initially modified in that FCSpplemented DMEM was

used to dissolve the sodium citrate, to potentiedisult in less damage to the cells.
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The layers could be left in this solution for longlean in T-E and so theoretically the
sodium ions had a greater time to dissociate thrdbg alginate. However the actual
dissolution was less effective and the cell pepebduced after dissolution and

centrifugation contained residual gelated algir@atemore than one occasion. Hence
this modification was abandoned and T-E was fawbasethe solvent for the sodium

citrate.

Another issue that affected the harvest of cells tha@ possibility of a minor
loss of material when removing the layers from rtheanswells; even with the
greatest care, part of the layers could easilykbogafrom the bulk of the layer and
remain on the membrane attached to the transwlaltirig the whole transwell into
the sodium citrate solution rather than manualliticg the layer out improved the
protocol and helped to minimise cell loss.

Further modifications to the harvest step were ta#len. Agitation was
combined to the process along with temporary intaba at 37°C to attempt to
speed up the dissolution. However, it was necedsargmove the centrifuge tubes
from the incubator every two minutes to agitate sbkition on the roller-mixer and
briefly gauge the degree of dissolution, hence dblkeitions were not kept for any
significant time at the higher temperature. Remadfisglobular material were
sometimes evident when it came to resuspend thet pdéier centrifugation, at which
stage further dissolution methods would be underiakvith care taken not to lose
any cell population already harvested.

When measuring the cells directly harvested fromm@aAlg/mEF layers, the
cell concentration was found to be a little lesmntithe value for cells harvested from
T-25 flasks. Fortunately though, the concentrati@as still not below the threshold

for an inaccurate count and thus the viability lo¢ tcells could be deduced. The
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viability of the mEF cells from all four conditiordescribed at the beginning of this
section was measured using the ViaCount Flex reéageneagent that consists of
DNA-binding dyes and is the viability is measuredhwegards to how permeable the
dyes are on the cells, thus distinguishing betwkssad and alive. Once the cell debris
and aggregates were gated out to leave only appelation showing viable and
non-viable cells, results were collected from foepeats of each of the samples.

Figure 3.29 contains a graph showing the resuitghi® viability analysis from
all four of the mEF conditions. This chart showsttlthe viability remains fairly
constant whether the mEF cells are encapsulatetbinate or not and whether they
are mitotically inactivated or not.

This protocol was repeated once more in order topave the proliferation of
these cells within normal culture and alginate waltrespectively, in order to see if
the alginate was successfully halting the growtthefcells. Eight CaAlg/mEF layers
were constructed as described previously, alonl thieé seeding of eight T-25 flasks
and the cells from both conditions were harveshesi time over a range of ten days,
in order to see more of a difference between tmalitions as confluency becomes a
larger issue. The cell number was quantified usingaemocytometer. In this case
mitomEFs were not included in the protocol, sincevas the ability of the CaAlg
itself to arrest the mEFs proliferation that wadé&deduced first. Figure 3.30 shows
the cell morphology in both conditions over theddy period and figure 3.31 shows
the cell number from the two conditions.

The cells within T-25 culture appear to achievefle@mcy within three and
five days after seeding and although their morpiyldoes not appear to change any
further for the remaining period, there is lineaowgth in the cell number throughout

the ten days. In comparison, the cell confluengeaps to stay the same within the
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Figure 3.29 Graph showing the viability of mEF ceB from four different
conditions. The conditions were CaAlg/mEF layers, CaAlg/mitdmiayers, normal
T-25 culture or mitotically inactivated T-25 culeurThe cells were cultured over an
8-day period and their viability quantified via Wocytometry using the ViaCount
Flex reagent. Four technical repeats were gathieosd each sample per condition
and the error bars refer to one standard devialmve the mean.
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Figure 3.30 Phase-contrast images of P6 mEF celismimobilised within CaAlg
and in normal T-25 culture. Left hand column; mEFs after three days (A), fi\ays
(C), seven days (E) and ten days (G) of seedinghtRiand column: CaAlg/mEFs
after three days (B), five days (D), seven daysaitd ten days (H) of seeding. All
images were taken at 10 x magnification with aestalr of 100m.
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Figure 3.31 Graph showing the cell number of P6 mES-immobilised in CaAlg
compared to standard T-25 culture over a period ofen days, as quantified using
a haemocytometer All samples (apart from day 0) were from two bgital repeats,
and the error bars represent one standard deviahove the mean.
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CaAlg condition over the entire time course anddék number is in fact quantified
as slightly decreasing. In actual fact the cell beams not decreasing, there is merely
a small loss of cells during the harvesting procssiescribed before. There was
certainly no evidence of cells being released theomedia surrounding the layers, as
with all CaAlg layers cultured with cells immob#id within. Besides this, it is clear
that the alginate is inhibiting the growth of th&Rs. Also it is worthwhile to note the
subculture number of the mEFs; by the P6 stagegtbeith of primary mEFs is
slightly reduced compared to the first three orr feubcultures. Therefore the growth
of the mEFs in the normal T-25 conditions couldelven greater than that measured
in this experiment if higher subculture number @ypnmEFs were used.

One further quantification of proliferation andability was performed, this
time using the RGD peptide-coupled alginate. Thiguceli of mitomEFs both within
alginate and in normal culture was included in gretocol once more and flow
cytometry was utilised to calculate the cell numaed viability simultaneously. The
inclusion of mitomEFs served to compare the peptmlgnled alginate’s ability to
halt the growth of the mEFs to that of the DNA srtisker mitomycin-C used during
the fabrication of standard mEF feeder layers. Vev€laAlgRGD/mEF layers and a
further twelve CaAlgRGD/mitomEF layers were constedl, along with twelve T-25s
each of the mEFs and mitomEFs to represent noraoialre. Figure 3.32 shows the
cell morphology of the mEFs across the 10-day pednd figure 3.33 shows the
viability and proliferation of the cells harvestatdeach of the time points.

Again, the results for the viability analysis fraat four conditions shown in
figure 3.33 show that the viability remains constarhether the mEF cells are
encapsulated in alginate or not. A paired studetdst was performed comparing the

viability within each condition at the 3-day stagih the 5-, 7- and 10-day stage

169



E F G H
| J K L
M N 0 P

Figure 3.32 Phase-contrast images of both normal dnmitotically inactivated
mEF cells immobilised within CaAIgRGD and in normal T-25 culture. Images
captured after 3- (A-D), 5- (E-H), 7- (I-L) and tiays (M-P) of growth. A, E, I, M:
CaAlgRGD/mEFs. B, F, J, N: CaAlgRGD/mitomEF. C,k;,0: mEFs in standard T-
25 culture. D, H, L, P: mitomEFs in standard T-2fiture. All images were taken at
10 x magnification with a scale bar of legnth 100.
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Figure 3.33 Graphs showing the viability (top) anccell concentration (bottom) of
mEFs harvested from different culture conditions. The conditions were
CaAlgRGD/mEF, CaAlgRGD/mitomEF, standard mEF T-28we and mitomEF T-
25 culture and the cells were cultured over a Mqukiod. The viability and cell
number was quantified via flow cytometry using ¥M@Count Flex reagent. Three
biological repeats are shown and the error baresept one standard deviation above
the mean. A paired studentgest was performed and the statistical signifieanc
deduced; * corresponds to p <0.05, ** p < 0.01. éfllthe statistically significant
differences between the mEF T-25 condition andatmer three conditions on each
day have not been displayed on the bottom graph.
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respectively; the only significant difference haras a 2.7 % drop in viability within
the mitomEF T-25 condition between day 3 and dayd& 0.05). With regards to
comparisons between each condition on the sametlidaynly significant difference
was a 1.9 % drop on day 10 in viability in the mieF T-25 condition compared to
the mEF T-25 condition (p < 0.05). This is furteoof that mitomEF feeder layers
in T-25’'s are subject to degradation and is in egrent with the cell morphology
shown in figure 3.32.

With regards to the proliferation, again the nortotcally-inactivated cells
within the T-25 culture appear to achieve conflyewtthin three and five days after
seeding and although their morphology does notapigechange any further for the
remaining period within figure 3.32, there is linegrowth in the cell number
throughout the ten days shown in figure 3.33. Agahistudents-test unsurprisingly
showed significant differences in cell concentmatiboth within the mEF T-25
condition at the 3-day stage compared to the 7-Ihday stage respectively (p <
0.05 for both), as well as within the mEF T-25 atiod compared to each other
condition on the same day (p < 0.05 for each, adtje With regards to the alginate
conditions, only the mitotically inactivated mERsos/ed any significant decrease in
cell number by the 7- and 10- day stage respegto@inpared to the 3-day stage (p <
0.05 for both), and also exhibited a significantcréase compared to the non-
mitotically inactivated mEFs immobilised within aigte by the 7- and 10-day stage
(p < 0.05 for each, at least). Once again, the miiB layers in T-25s had a
significant 37 % decrease in cell number within li@eday stage compared to the 3-
day stage (p < 0.05), in agreement with the vighilata and the cell morphology.

Thus, from this data it can again be concluded thatalginate is able to

inhibit the growth of the mEFs to around the samgrele as that which results from a
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2-hour mitomycin-C inactivation. It is also evidehiat over the 10 days of culture,
the mitotically inactivated cells are prone to @il decrease in viability in T-25
culture, along with a decrease in cell number hwithin alginate and T-25 culture.
Hence, immobilisation within alginate compared wittitotic inactivation followed

by T-25 culture, is certainly more beneficial te ttells.

3.3.4 Rheology

In order to characterise the rheological propertieshe novel feeder layers, 2-day
CaAlg/mEF layers were analysed on a rheometer sxitled in section 2.2.4. Layers
were constructed using 1 ml of CaAlg/mEF solutiorthe larger 30 mm transwells,
to allow for more efficient rheometrical data to dmlected. The first test performed
was a viscosity test, in order to measure the gisgof the gel as a function of shear
rate. For this test, the top plate of the rheometes rotated at increasing shear rates
and the shear stress was measured as an output.

Figure 3.34 shows a graph of the shear stredseofi¢l as a function of shear
rate i.e. the viscosity of the gel. The maximuncesty measured corresponds to the
yield stress of the material, in this case 1318TPés corresponds to the amount of
force the gel can withstand before acting likecuiti. In the initial application of
shear stress and up until the yield stress pdiatgel has been acting within its elastic
range, but after this point (indicated by an armwthe graph), the viscosity decreases
with increasing shear rate and the material nodoeghibits elastic characteristics.

The next test performed was a dynamic oscillatorgep test; the strain and
stress was measured whilst the top plate of themeéer oscillated at increasing

frequencies. This test was performed in order tasuee both the viscous and the
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Figure 3.34 Graph showing the shear stress as a fction of shear rate i.e.
viscosity, as measured by a viscosity test on 2-d&aAlg/mEF layers using a
using a rheometer.The graph shows that the yield stress can be cieaised 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 oghear stress during the first
of two dynamic oscillatory (stress sweep) tests dhiday CaAlg/mEF layers tested
on a rheometer. The shear stress applied ranged between 0.5 ahdPa(and the
elasticity modulus measured by the graph is ar@iftidPa.
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elastic moduli as a function of frequency. The tat#g modulus corresponds to the
Young’'s modulusE, of the material. The region during whiéhis greater than the
viscous modulus is defined as the elastic regidm|stvthe region during which the
viscous modulus is greater is defined as the viscegion.

Figure 3.35 shows the results from the first ofsthéests. Stress was applied
between 0.5 and 100 Pa, and the average elastiodlus measured from the graph
is around 2100 Pa. The initial unstable data powats be assigned to small gaps
between the gel and the plate and after around @& Btiess has been applied, these
level out to show a stable decrease. However, ¢hetgyed within the elastic region
throughout the stress application and no greatedser ofE is visible. Thus, during
this range of stress applied it was clear thatraptete sweep test had not been carried
out, since the elastic region was not fully defined’he test was repeated with a
greater range of shear stress applied, this tinnedam 1 and 800 Pa; the graph is
shown in figure 3.36. It is clear to see that tepwhereE dramatically decreases
and the viscous modulus increases occurs withsyrimge of shear stress. Thef
the gel was therefore able to be determined, catledlas an average of the moduli
data points up until this yield point of 150 Padah as the larger ‘diamond’ data
point on the elastic modulus data series). ThdtieglE value was calculated as 2607
Pa. After the two measured moduli move towards eoyence, the material acts more
like a liquid, and has lost its elastic properties.

The last test performed was a creep complianceystddere a defined stress
was applied for a specific time and the recoverthefgel was consequently measured
via the strain applied from the gel to the plate,double the amount of time the stress

was applied. This assesses the ability of theayeddover 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 ofshear stress during the
second of two dynamic oscillatory (stress sweep)sts on 2-day CaAlg/mEF
layers tested on a rheometerThis time, the shear stress applied ranged betdeen
and 800 Pa and the elasticity modulus measurekebgraph was 2607 Pa.
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Figure 3.37 Graph showing the ability of a 2-day Calg/mEF gel to recover from
applied stress during a creep compliance test penfimed on a rheometer.Up to
the peak of the compliance, 20 Pa of stress iggegaplied; following this, the gel can
be seen to recover immediately, thus is behavirsgvary elastic manner.
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its viscosity limit, which has in turn previouslgd&n defined from the other tests.

Figure 3.37 shows a graph of the creep compliaricthe gel. Up to the
highest data point on the compliance axis that igcati200 secs, 20 Pa stress is being
applied, then following this, the recovery of thel ¢ measured for 400 secs. At 200
secs the gel can be seen to recover immediatelg, ifhbehaving as a very elastic
material. The high elastic nature of the matemalnnportant when considering the
scalability of the biphasic system; in order foe thlginate to be a viable polymer for
use as a large-scale material to immobilise the snEmeeds to be able to withstand
force and successfully contain the cells.

3.3.5 Pluripotency of mESCs after immobilisatiothimi alginate

As described in the section 2.3.10t4GFP mESCs were investigated to determine
whether they would maintain the®ct4GFP expression after being immobilised in
calcium alginate layers formed in transwells. Thes in order to further characterise
the biocompatibility of alginate with differing del/pes. The cells were only cultured
for a short 1-day period to see if there were adyesse detrimental effects
immediately visible.

Due to the nature of mMESC culture, the alginate atilisation technique had
to be slightly modified. 0.02 % gelatin was incldda the NaAlg/mESC solution pre-
gelation, since inclusion of this material was afisé in mESC culture in order to
retain the cells’ pluripotency whilst cultured feedree. The layers were cultured on
a shaker, set at 40 revs/min. This was carriedaatht the aim of improving transfer
of nutrients both into the layer to reach the aalld out of the layer into the
surrounding media. The cells were harvested witkeatrifugation, which was at this

stage the standard practice in normal mESC culoamtrifugation after trypsinisation
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and quenching was introduced later after theseainibvestigations into mESC
culture.

Figure 3.38 shows the dot-plots obtained from cafler normal T-25 culture
and after 1-day CaAlg culture, whilst figure 3.3Bows a graph of the GFP
expression from two layers and two control flaskerathe culture period. The graph
shows clearly that the GFP expression from the neE®@intains above 80 % after
this short immobilisation within CaAlg. This resglitoves the alginate does not have
any immediately visible detrimental effects on th&SCs. Undoubtably, a longer-
term immobilisation within alginate would be usefal see if there are any delayed
effects on the viability and pluripotency, but ®nit was not the culture of mouse
embryonic cells, and rather their human countesptrat were to be investigated

within this system, the culture of MESCs was hadtethis stage.

3.4 Human embryonic stem cells on alginate/cell lays

In this section, the seeding, growth and ICC amalgs hESCs on CaAlg/mEF and
CaAlgRGD/mEF layers is presented. Results fromsti@t-term ability of this novel
culture system to support hESC self-renewal is stigated, following harvest from
the layers and either direct flow cytometric analysr re-seeding onto normal
mitomEF feeder layers followed by ICC analysis.dfiy the long-term suitability of
this novel culture system is investigated, withutessfrom continued subculturing of

hESCs on CaAlgRGD/mEF layers shown.

178



Figure 3.38 Dot-plots from flow cytometry analysisof Oct4GFP mESCs after
normal T-25 culture (A) and after a 1-day culture wthin CaAlg (B). 94 % GFP
positive viable cells were harvested from 1-day [Q&AESC layers.
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Figure 3.39 Graph showing theOct4GFP expression of mESCs after 1-day
culture in standard T-25 or within CaAlg, as quantiied by flow cytometry. Two
biological repeats were measured in triplicate ted(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 lapetsding low and high viscosity
alginates, alginates with high G-unit content, @éges with high M-unit content and
RGD-peptide coupled alginate, before the optimumdd@mns for hESC culture were
decided upon.

MEL-1 hESCs were first seeded onto the larger 30 smed CaAlg/mEF
layers, which had been placed inside the wells 6fveell plate. It was essential to
equilibrate the layers in HEScGRO (the media usedutture MEL-1 hESCs) for a
sufficient period of time before seeding the hE&&sund 1 hour) in order to ensure
full homogenisation of the constituents of the raethroughout the layer and the
surrounding areas. The MEL-1 hESC colonies weren theanually subcultured
following the standard protocol, using sterile rlesdattached to sterile tweezers
under a dissection microscope in a laminar flowchdogure 3.40 contains images of
1-day MEL-1 hESCs on CaAlg/mEF layers.

Due to the slow expansion rate found whilst growtimg MEL-1 hESCs, low
numbers of colonies were available for transfendhe CaAlg/mEF layers and these
had to be carefully dissected anyway, since soméoted areas of differentiation (a
standard hESC culture consequence as describettinrs 3.1.4.1). After one day of
growth on the layers, a significant proportion ot thESC colonies seeded had
migrated to the edge of the transwell and atta¢cbeate sidewall. It was uncertain at
this stage whether this was due to the coloniextiag the alginate layer as a culture
surface due to unknown toxic effects, or due to iseah forces pulling the clumps to
the side of the well. Later, reducing the transwele to 12-mm format and increasing

the volume of media in the space above the laytr bhelped to ensure more colonies
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Figure 3.40 Phase-contrast images of MEL-1 hESC anilies on CaAlg/mEF
layers. A and B, 1-day growth of MEL-1 hESCs on 3-day GfAIEF layers; C and
D, 4-day growth on 6-day layers. Some coloniesddd seen in the same plane as
the mEF cells within the layer (B, C) whereas sowere observed to stay in
suspension above the layer (A), which by the ladtage of culture, evidently formed
aggregate type structures (D). All images taketOat magnification, with a scale bar

of size 100mm.

Figure 3.41 Phase contrast images of two 2-day SHEFhESC cultures on 9-day
CaAlg/mEF layers. The images show a more uniform distribution oboi¢s across
the alginate layer, with a proportion remaininghe centre of one culture (A and B)
as well as dispersing out towards the edge ofrdmestvell of another culture (C and
D). Images were taken at 4 x magnification, witkcale bar of length 1 mm.
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stayed in the centre of the layer. Still, a numifecolonies did migrate to the edge in
subsequent CaAlg/mEF cultures and this factor, @oetbwith the low numbers of
colonies available to seed onto the alginate layesilted in little success culturing
MEL-1 hESCs on CaAlg/mEF layers.

SHEF-3 hESCs were then investigated as an alteenB&ESC line and cells
were seeded onto CaAlg/mEF layers. It was far edsieproduce the sufficient
guantities of hESCs needed for quantitative expamish using this alternative cell
line. At this stage, only 12-mm format transwellsre/being used to culture the layer,
as less material was needed for construction ofptigmer and fewer hESCs were
required for seeding. After a number of preliminagperiments to investigate the
seeding ratio, it was decided that one T-25 woedibcultured into eight transwells
i.e. a confluent SHEF-3 hESC T-25 flask manuallpcsutured into 4 ml of media,
from which 0.5 ml of cell suspension was placedtam-of the CaAlg/mEF layers.
The layers again were pre-equilibrated with congpleHEF-3 hESC media, but the
supernatant was removed before seeding the SHHESE$, so as to ensure there
was enough room for the cell suspension to be glatgde the transwell. Colonies
were still present at the edge of the alginate rlagféer seeding, but the higher
numbers of colonies seeded meant a greater propagmained in the centre of the
layer than with the MEL-1 hESCs and thus an eveaitridution of SHEF-3 hESCs
across the layer. Figure 3.41 shows images of SBIE#=SCs seeded onto
CaAlg/mEF layers; though these images are takem f2eday layers, the uniform
distribution of hESC clumps across the CaAlg/mEFfame is clearly visible and this
mimics what was identified immediately after segdime hESCs.

It is also worthwhile to note that although cultume a shaking platform was

investigated during the fabrication of CaAlg/mES&ydrs, culture of CaAlg/mEF
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layers with hESCs was not maintained on the shdkes. was due to the attachment
of the hESCs to the top of the alginate layer beitgl at this stage and since this
clearly took longer on the CaAlg/mEF layer compatedn 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 cleavglent in any of the layers.
Figure 3.42 shows images of MEL-1 hESCs, three sindlays after seeding. The
colony numbers never appeared to be expandingyinvag, merely cells were lost to
the periphery of the layer in the transwell. Nootwés appeared to attach to the
alginate layer (‘B’ in figure), a factor that becamvident during media changes; as
media was drawn out of the transwell to be replaamed the volume remaining got
significantly lower, all the colonies were mobiladacare had to be taken not to
aspirate the colonies away with the media. 3D-figgregate structures were evident
in the culture after a few days, similar to thabtwh in image ‘D’ in figure 3.40.

The SHEF-3 hESCs were more successfully culturecCaAlg/mEF layers
made using a variety of alginates. Again visiblaimy media changes, SHEF-3
hESCs did not attach to alginate layers made with & the standard alginates,
whether high or low viscosity, or high percentaggsG- or M-units. However,
colonies did attach to the RGD-peptide couplednalig, evident during the transfer
of media, as the colonies did not come away froemdlginate surface when forces
were acted upon them from the removal of medialifBration could also be seen and
during the initial investigations into the denstief cells seeded, hyper-proliferation

was evident from too high a seeding desity of SBEHESCs.
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Figure 3.42 Phase contrast images of 3-day MEL-1 I[#Cs on 6-day CaAlg/mEF
layers. As with many of the layers seeded with MEL-1 hESfesr hESC colonies
were visible in the centre of the layer after ctdt(A and B) and a large proportion of
the colonies were pulled to the edge of the tralig®@g. All images were taken at 4 x
magnification, with a scale bar of length 1 mm.
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Figure 3.43 Phase-contrast images of SHEF-3 hESClaonies seeded on 1-day
CaAlgRGD/mEF layers after one day (A), two days (Band six days (C — F) of

growth. Proliferation was evident as after six days ther@s a great deal of
outgrowth of the colonies (shown by single lineoars on C-F) with varying colony
morphologies (shown the dashed line arrows on ¢. AlFimages 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 ofdblenies was evident, with
the formation of an apparent monolayer of hESCso otite surrounding
CaAIgRGD/mEF layer; this is shown in figure 3.43.rénge of morphologies was
seen within the colonies, some areas containingg transparent monolayers of cells,
thus displaying the morphology associated with dgily undifferentiated cells
(arrows in E and F). Some areas contained moreeggtg-like clumps (dashed
arrows in F) and some more varied cell orientafidashed line in ‘C’). The main
conclusion drawn from this initial seeding was siecess of hESC attachment by the
peptide-coupled alginate; the RGD ligands presémhgathe alginate chain were
recognised by the hESCs’ integrin sites (e.g.,Hmsé integrins that normally bind
fibronectin) and the cell was able to successfaltighor itself to the polymer. This
was an essential step in the success of the bgpbgsiem, since it was predicted that
essential factors secreted by the mEFs preseninwitie alginate layer can only
successfully penetrate the hESCs when the cologmessuitably attached to the
surface. Also, if the alginate were indeed to mimitormal hESC culture surface, the
attachment-dependant hESCs would need to ancliloe fpolymer.

The next stage of investigation was to deduce h@reghe mEFs immoblised
within the biphasic feeder layer were affecting theoliferation of the hESCs.
Alginate layers were constructed using three combit CaAlgRGD/mEF layers with
the standard mEF concentration of 1 ¥ t@lls/ml, CaAlgRGD/mEF layers with a
higher mEF concentration of 3 x ®.6ells/ml and CaAlgRGD layers alone. After one
week of culture, SHEF-3 hESCs were seeded ontdaglezs at a seeding density of
one confluent SHEF-3 T-25 per four 12-mm alginaagets. Figure 3.44 shows
images of the hESCs three, four and seven daysiatti@lly seeding on the various

alginate layers.
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Figure 3.44 Phase-contrast images of SHEF-3 hESCa €aAlgRGD layers of
differing conditions after 3 days (A-C), 4 days (DF) and 7 days (G-I) of growth.
Left-hand side column, hESCs on CaAlgRGD/mEF laytalricated with the
standard mEF concentration of 1 x ®1@ells/ml; centre column, hESCs on
CaAlgRGD/mEF layers fabricated with a higher celhcentration of 3 x 1cells/ml;
right-hand side column, hESCs on CaAlgRGD layemnalwithout mEFs. The
SHEF-3 hESCs can be seen to over-proliferate whitured on the CaAlgRGD
layers containing mEF cells compared to being cettlton CaAlgRGD layers alone.
All images taken at 4 x magnification, with a sdade of length 1 mm.
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It is evident from figure 3.44 that in this cadee CaAIgRGD condition alone
were the only layers that did not induce hyperifetion of the hESCs (C, F and I).
Therefore it could be concluded that the mEFs muosst aiding the hESCs’
proliferation when cocultured on the CaAlgRGD/mEkdr. Also, it can be noted that
the hESCs aggregated sooner on the CaAlgRGD/mE#t haith the higher mEF
concentration (E, at 4 days) than on the layer i standard 1 x f£ocells/ml
concentration (G, at 7 days), again further prdahe effects from the mEFs within
the layer. The reason for the aggregation of the@don the CaAlgRGD/mEF layers
constructed with the standard mEF density can béated to the high seeding
density of the hESCs used in this experiment, ratren any detrimental effects from
the layer. As described before, for experiment®yahg this, one confluent SHEF-3
hESC T-25 flask was used to seed double the antduaiginate layers than used here
and this achieved a good number of colonies presergach layer, high enough to
ensure an even distribution across the layer, getao high so as to result in over-
confluency and eventual aggregation. Overall, thghlighted the necessity of the
MEF feeder cells in the proposed biphasic feedgesyand 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 waaehatg to the surface of the
alginate layer and proliferating, it was necesdarygletermine whether or not their
pluripotency was being maintained. Some prelimingtidies into the feasibility of
staining in situ were investigated. A 10-day old culture of MEL-ESCs on

CaAlg/mEF layers was fixed and immunocytochemicatpgined for the hESC
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surface differentiation marker SSEA-1. Figure 3s#dws some of the colonies after
being stained. It appeared that there were someAdSkositive (and hence
differentiated) colonies present, along with somemies not positive for the marker.
The staining concurred with the cell colony morggyt in figure 3.45 the SSEA-1
positive ‘differentiated’ colony pictured in the pgr row is much smaller with more
divided cells, compared to the more compacted fterdintiated’ colony in the lower
row. However, the reliability of than situ staining was questionable, since the DAPI
stain, a stain that normally results in very brigitaining with clear distinction
between the DAPI positive nuclei and the negativeasindings, was relatively weak.
One reason for this could be due to the large numbeells within the alginate layer
below the hESC colony, causing a blurred signal.

This staining protocol was repeated, this time ilngkfor the intracellular
pluripotency transcription factor OCT-4, localisatsing an Alexa Fluor 555
secondary antibody. MEL-1 hESCs were seeded ony3a#slg/mEF layers and
cultured for three days, then immunocytochemicaitgined following the same
protocol; figure 3.46 shows the results. The in $€C appeared to demonstrate that
most of the MEL-1 hESC colonies in the field ofwithad maintained their OCT-4
expression during the 3-day culture. All coloniesrevstained with the secondary
antibody and individual brightly stained OCT-4 pgo& cells within the colonies
could be observed when imaged at 10 x magnification

There was a chance, however, that this positivétress not completely due
to successful maintenance of hESC pluripotencyhey €aAlg/mEF layer. During
construction of this gel in question, a proportiohthe NaAlg/mEF polymer had
failed to properly form a gel and this had resulteda much thinner layer than

normal. Therefore the seeded cells may either haea attached to a very thin
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Figure 3.45 10-day MEL-1 hESC colonies on a 12-ddyaAlg/mEF layer. Column

A, phase-contrast images; column B, DAPI stainedeiucolumn C, SSEA-1 stained

cells localised with FITC. The discrepancy betwésntwo phase-contrast images in
column A is due to a white-balancing error. Imagdsen at 10 x magnification, with

a scale bar of size 10fn.

A

Figure 3.46 3-day MEL-1 hESC colonies on 6-day CagimEF layers. Left-hand
column, phase contrast images; right-hand colun@i[-@ stained cells localised with

Alexa Fluor 555. A taken at 10 x magnification wélscale bar of length 106n; B
and C taken at 4 x magnification with a scale Bdr mm.
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CaAlg/mEF layer, or indeed just to the bottom stefaf the transwell, a factor quite
possible when looking at the morphology of the a@aounding the colonies in the
phase-contrast images in figure 3.46. Few mEFs spgherical morphology are
evident and at 10 x magnification the surroundingaaappears to look like a
membrane.

Thus one final attempt dah situ staining was attempted, again analysing
OCT-4 expression from 3-day MEL-1 hESC colonieséeday CaAlg/mEF layers.
Again, OCT-4 was localised using an Alexa Fluor S&fgondary antibody. Figure
3.47 shows images of one of the colonies aftenisigui

Initially, it appears that the colonies presenttie culture were OCT-4
positive, but after measuring the signal on theegrter, the validity of the test was
in doubt. A green signal from the colony was vigiat a similar strength to that from
the Alexa Fluor 555 antibody. Since no green seapndntibody had been applied
during the protocol, it had to be assumed to betdwauto fluorescence and hence it
was not possible to be certain as to whether ‘pesitesults from stained colonies
were in fact due to the presence of the primaripady, or due to auto fluorescence
also.

These experiments proved the difficulty in obtagnactcurate results from ICC
staining of the hESC whilst still attached to thgdr. Many factors could influence
whether or not a successful stain could occur. gdreetrative ability of an antibody to
diffuse through the layer may have been a limifagior, both affecting its ability to
reach its desired target and its capacity to behadout effectively when unbound,
along with the period of time for which to leave ttains due to possible variations in
the thickness of the alginate layer. The non-qtante nature of this analysis made it

hard to precisely equate how the pluripotency eftESCs was being maintained by
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Figure 3.47 A 3-day MEL-1 hESC colony cultured on &-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 antibodyhtighting OCT-4; D, green auto
fluorescence visible. All images were taken at Idagnification, with a scale bar of

100mMm.
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the biphasic system in comparison to normal cultilmes this method was halted.

It is valid to note that the investigations into situ staining of hESCs on
CaAlg/mEF layers were carried out whilst MEL-1 hEsS@ere still being used and
before SHEF-3 were decided as the hESC line ofcehais well as whilst CaAlgRGD

was not the sole alginate used.

3.4.4 Harvest and re-seeding

Due to the difficulties in stainingn situ as described in section 3.4.3, it was decided
to harvest the hESCs from the layers first befaralysing them. Attached clumps
were removed from CaAlgRGD/mEF layers by pipettthg surrounding media up
and down until the clump had peeled off the surfaicene CaAlg; unattached clumps
present in cultures without peptide-coupled alginaere removed along with the
supernatant media straight away, without the needepeated aspirations.

The cells were then either analysed immediatelyflow cytometry, or
continually subcultured, by either re-seeding omormal feeder layers, with
immunocytochemical analysis following culture, ort@ further alginate layers, with
on-line flow cytometry analysis. These results presented in sections 3.4.5 and

3.4.6 below.

3.4.5 Flow cytometry analysis of pluripotent mark&pression of hESCs cultured on

alginate layers

After deducing thatn situ ICC analysis was not able to result in a large amhai

successful data, flow cytometry was investigated @sssible method of quantifying
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the expression of pluripotency markers within SHERESCs after culture on
CaAlg/mEF layers.

Preliminary assay development experiments were rtaddan in order to
assess the feasibility of the method. OCT-4 and lI'Tiere initially explored as
markers for analysis on 7-day SHEF-3 hESCs cultored4-day CaAlg/mEF layers.
The protocol described in section 2.2.3 was folldwRBunning a sample of cells
without any stain resulted in easy identificatidrilee cell population using ViaCount
Flex reagent to highlight the viable population]dawed by a secondary only control
stain to set the minimum level for positive FITGistng. However, poor staining
results from the analysed cells resulted in litHEC positive result above the
minimum set by the secondary only sample run. Thow, cytometric analysis of the
intracellular markers was abandoned in favour dfsteface markers.

The staining method was thus repeated. Furthely SHEF-3 hESCs cultured
on 14-day CaAlgRGD/mEF layers (the peptide-coupdginate was used at this
stage, after it had been deduced that the peptid@qied hESC attachment) were
stained for the cell surface markers TRA 1-60 aB&/4&-4. The staining worked and
the method was thus taken forth for use in compaexpression of stem cell markers
between normal and alginate culture.

Further flow cytometry was performed on hESCs after and seven days
spent on alginate in various conditions. The sixdions covered CaAlg/mEF
layers, CaAlg/mitomEF layers, CaAlg alone and ahierr three conditions identical to
the first but with CaAIgRGD as a replacement. SHERESCs were cultured under
these conditions for seven days, with some layacsfged at four days for analysis
and the remainder analysed after the full 7-dayuceillperiod had elapsed. The cells

were stained for SSEA-4 using a FITC secondanbadi. Up until this stage, the
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primary and secondary antibody incubation cond#itiad involved incubation at 4
°C for twenty minutes. However, at this stage aoaddll further flow cytometric
analysis described in this chapter, these antilracybation conditions were modified
to 1 hour at room temperature.

Figure 3.48 contains a graph showing the percentdigeells positive for
SSEA-4 after four and seven days of culture onvdreus conditions. Looking at the
graph it can be seen that there is a general deriaaexpression of SSEA-4 by the
hESCs in all the conditions between four and selays. Generally, the expression is
similar for all the cells and since cells from owlye layer were analysed from each
condition, this was only a preliminary indicationtao the degree of expression. A
control T-25 SHEF-3 hESC culture would provide ady@omparison here, as SSEA-
4 expression levels would be expected to also deerbetween 4 and 7 days, alike to
what is shown here from the alginate conditions.

It is also worthwhile to note that the two resdttsm the hESCs cultured on
the CaAIgRGD alone and CaAlgRGD/mEF layers areantbie representation of the
cells from the culture. During the staining proto@ some stage the bulk cell
population was lost and the samples analysed atridehad a cell concentration of
between 8 and 9 cellsil, which is just below the cell concentration leveduired for
a significant count for the device. Care was tallaring all future flow cytometry
staining protocols to ensure that the populatios maintained and that a cell clump
was always visible in the base of the staining sube

This experiment was repeated one further time witb conditions only:
SHEF-3 hESCs from CaAlg/mEF layers and SHEF-3 hEf8@s CaAlgRGD/mEF
layers. The cells were again analysed at four andrsdays and here the cell number

was also quantified at each stage. Two conditiogrewnalysed from the peptide-
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Figure 3.48 Preliminary indication of SSEA-4 expresion by SHEF-3 hESCs
after four days (filled black columns) and seven dgs (striped columns) of culture
on CaAlg layers of different conditions, as deternmed by flow cytomety.The two
arrows refer to the data points that were obtaibgdinalysing cell concentrations
below 10 cells fi. Only one biological data point was obtained, deethere are no
error bars represented.
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coupled alginate layers, but one of the normalnaligi layers served as a secondary
only control, meaning only one layer remained t@balysed for SSEA-4.

Figure 3.49 demonstrates the cell number and tHeASSexpression of the
hESCs. The top graph indicates that the cells apbfgrating in both conditions.
(Even though there appears to be a higher cell eunmbthe normal alginate rather
than on the peptide-coupled alginate, possibly ttu¢he RGD peptide inhibiting
proliferation of the hESCs, the difference in aalimbers between the two alginate
types is not significant.) The bottom graph indésathat the SSEA-4 expression is
seen to stay slightly higher for the hESCs in tbemal alginate condition, compared
to the peptide-coupled alginate.

At this stage, even though these results suggestigatly higher hESC
proliferation along with maintenance of SSEA-4 egsmion by the non-peptide
coupled alginate, aspects of the culture of hESC€LaAlg/mEF layers made with
standard alginate, such as indications of a lac&tiaichment of the colonies on the
surface and much more aggregate-like colony moggylmeant that the peptide-
coupled alginate was selected for future cultur€ékis alginate promoted the
attachment of the colonies as described before, s maintained SSEA-4
expression and promoted proliferation, as showa.her

Correct control samples were employed during tbe ftytometry protocol to
ensure that any staining was indeed significanpefalix 7.2 shows dot plots from
four cell samples including controls where the SFERESCs were stained using the
FITC secondary antibody alone, along with sampleere the cells were stained with
an isotype control equivalent to the primary SSEA#ntibody. The data from the
secondary only stained cells validated the positn@C results seen in other

experiments and provided a threshold value to estden positive and negative FITC

196



1.0E+06

9.0E+05

8.0E+05 I

7.0E+05

6.0E+05 T

M CaAlg/mEF
M CaAlgRGD/mEF

5.0E+05 -+

4.0E+05

viable cells/ ml

3.0E+05

2.0E+05 -

1.0E+05 -

0.0E+00 -

time spent on alginate/ days

80%

70% -+

60% -

50% -

M CaAlg/mEF
B CaAlgRGD/mEF

40%

30%

SSEA-4 (FITC) positive

20% -

10% ~

0% -

time spent on alginate/ days

Figure 3.49 Graphs demonstrating the cell concentteon of the harvested
population (top) and SSEA-4 expression (bottom) o8HEF-3 hESCs after four
and seven days spent in culture on CaAlg/mEF and @dgRGD/mEF layers. Two
biological repeats were performed and the erros bepresent one standard deviation
above the mean. However, only one cell populatias analysed for SSEA-4 staining
from the CaAlg/mEF condition since the other cudtwas sacrificed for a secondary
only control, thus there is no error bar represgnte

197



staining. Minimal FITC signal above the thresholdswevident in the sample stained

with the isotype control, proving the SSEA-4 stagin the top image to be specific.

3.4.6 Continued passaging of hESCs cultured omatgicell layers

3.4.6.1 Subculturing of hESCs onto normal feedertes culture on alginate/cell

layers, with subsequent immunocytochemistry anadysi

As described in section 3.4.3, staining of the h&Silst still in culture on the
alginate layers proved un-reliable, thus it wasidkxt to harvest the hESCs and re-
seed onto standard mEF feeder cultures in IVF dishke growth of these cultures
was then monitored and the cells subcultured irdv iVF dishes or fixed and
immunocytochemically stained for pluripotency maskeCells were harvested from a
variety of alginate conditions, including variousltare periods and alginate types;
figure 3.50 contains images from a few of theséuces.

As can be seen in the figure, the cells maintaisteth cell characteristics
upon reseeding, with a mixed colony morphology @néshroughout the culture. The
cells proliferated well and stained positive for D& after six days of growth. In this
particular case, the OCT-4 stain result was noy g&ong, but this can be attributed
to the particular staining protocol followed; theermeabilisation and primary
antibody incubation steps were combined into oap,sdnd no primary blocking step
was performed. (This protocol was performed durittge early stages of
immunocytochemistry assay development, which is wahgifferent method was
employed that did not appear to be as fruitful.g Tature of the 1 % BSA solution

used to dilute the antibodies could have also tdtethe success of staining; as in
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Figure 3.50 Phase-contrast and fluorescence imagetsre-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 oiEF feeder IVF dish, at 4 x
(A) and 10 x magnification (B); middle row, afteour days of re-seeded growth,
again at 4 x (C) and 10 x magnification (D); bottoow, phase-contrast image of
cells (E) and OCT-4 positive cells (F) after siyslaf re-seeded growth. Images A
and C were taken at 4 x magnification with a sdéale of 1 mm; B-F taken at 10 x
magnification with a scale bar of 1@@n.
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certain places, including the bottom left hand eomf images E and F, there appears
to be crystallised material present in the solutibarther attempts at the protocol
were performed and are described below; a numbee weried out before a final
decision regarding the use of the peptide-couplgimhate was made, hence data are
included from SHEF-3 hESCs after culture on stathd@n-peptide coupled alginate.

Figure 3.51 shows results of staining of SHEF-3SGE cultured on
CaAlg/mEF layers for six days and re-seeded ontmabfeeders for four days, then
fixed and stained for OCT-4, this time followingetbptimised immunocytochemistry
staining protocol described in the methods. OCTe4itpye areas of colonies were
visible within the culture. Morphologically, althgh looking more compacted than in
standard culture (see row B within figure), thesetipular areas within the colonies
can be seen to contain hESC-like cells when condparth the surrounding cells that
are not positive for OCT-4.

At this stage, antibodies for other markers wemkéal into to see if they
would also show up in the re-cultured SHEF-3 hESSI4EF-3 hESCs were cultured
on CaAlg/mEF layers for three days, re-seeded notmal feeders for three further
days, then fixed and stained for OCT-4, SSEA-4 &8R& 1-60. Figure 3.52 shows
the images obtained of the cells; cells within theseeded culture were positive for
all three of the markers. This was again repeatéd @aAlgRGD/mEF layers to
check the peptide-coupled alginate did not negigtiafiect the initial maintenance of
stem cell markers. Figure 3.53 shows the resutis fthis staining; again OCT-4,
SSEA-4 and TRA 1-60 expression were all maintained.

Although the data mentioned in this section hidftlighe capacity for the
alginate layers to maintain hESC pluripotency, theethod did not provide

guantitative results into the expression of plutgmd markers, nor into the ability of
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Figure 3.51 6-day SHEF-3 hESCs on 13-day CaAlg/mERyers, re-seeded onto
normal mEF feeder plates for four days, then fixedand stained for OCT-4. Left-

hand column showing phase contrast images, midwlevisg DAPI stained nuclei
and right-hand side column showing the presencé®GiT-4 (Alexa Fluor 555)
colonies within the culture. Images taken at 10 agnification, with a scale bar of

100mm.

Figure 3.52 3-day SHEF-3 hESCs on 5-day CaAlg/mERyers, re-seeded onto
normal mEF feeder plates for three days, then fixe@nd 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 andtriggind side images highlighting
the secondary antibody signal. All images were iate 10 x magnification with a

scale bar of 10am.
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Figure 3.53 ICC phase contrast and fluorescence irgas highlighting the
presence of pluripotency markers on P40 SHEF-3 hESColonies after a 3-day
(6-day in the case of TRA 1-60 stain) growth on Cd§RGD/mEF feeder layers
and a 3-day re-seeded growth on normal mEF feedeayers. Secondary antibody
Alexa Fluor 555 was used to highlight OCT-4 (row &)d SSEA-4 (row B), and
FITC was used to highlight TRA 1-60 (row C). Lefirid side showing phase contrast
images, middle showing DAPI stained nuclei andtrigdnd side images showing the
secondary antibody signal. All images were takefhOak magnification with a scale
bar of 100mm.
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the alginate layers to be used in long-term hES@ter@ance. Thus it was necessary
to employ flow cytometry in order to characteribe tlegree of the pluripotency over
a longer period, as described in the next sect®8EA-4 was chosen as a
pluripotency marker, due to its success in the flojgometry analysis previously
described up to this stage and evidence of its Imghortance within stem cell

populations.

3.4.6.2 Continued passaging of hESCs on alginaté/dayers with on-line flow

cytometry analysis and post culture gPCR

The assay developed in the previous section was ehgployed on SHEF-3 hESCs
continually subcultured on alginate. Three cultwenditions were set up and
encompassed CaAlgRGD/mEF layers, CaAlgRGD alonkoutt cells but with mEF
feeder conditioned media (CM) and normal mEF fedld@6 culture. Culturing the
hESCs on peptide-coupled alginate layers alonéhénpresence of mEF-CM was
essential in determining the effectiveness of tiie-ngells within the biphasic layer,
since the mEF-CM would provide the hESCs with EGéhe of the components
essential for hESC pluripotency in normal cultuRad and Zandstra, 2005). Normal
T-25 culture was also critical in order to be atwecompare the proliferation and
SSEA-4 expression with that evident in normal a@ltu

hESCs were seeded onto the three conditions, wtkaiivalent cultures in
each condition. Every four days the hESC culturesewsubcultured from their
respective conditions, with half of the cells immuagtochemically stained and then
analysed by flow cytometry to quantify their viatyiland SSEA-4 expression, and

half of the cells re-seeded at a ratio of 1:2 dreshly made cultures of the
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Figure 3.54 Colony morphology of SHEF-3 hESCs ovdpur subcultures within
CaAlgRGD/mEF, CaAIgRGD/CM or normal mEF feeder T-25 culture. HESC
from CaAlgRGD/mEF layers were imaged at P1 after fays (A), at P2 after four
days (D) and at P3 after four days; hESC from CRA&®/CM culture were also
imaged at P1 after four days (B), at P2 after fdays (E) and at P3 after four days
(H); hESC from normal mEF feeder culture were inthgeP1 after four days (C), at
P2 after four days (F) and this time at P4 after fibays (I). All images were taken at
4 x magnification with a scale bar correspondindLtoom, apart from D, G and H
which were taken at 2 x magnification with scale c@responding to 2 mm.

204



corresponding conditions. The cells were subcultfioair times in total.

Figure 3.54 shows the cell colony morphology acribes four subcultures.
The morphology of the SHEF-3 hESCs on the CaAlgRGHEN layers is quite varied
by the final subculture; there are some areasabfdilitgrowth with morphologically
hESC-like cells present, but also some areas akggtjon within the culture. There
was a greater amount of clumping within the SHERBSC cultures on the
CaAlgRGD/CM layers, possibly suggesting a greateount of differentiation. The
control cultures maintained good stem cell pheratyp

Figure 3.55 shows graphs of the proliferation aradbiity of the hESCs over
the 16-day period and figure 3.56 shows the SSE&xgression of the hESCs.
Looking at figure 3.55, it can be seen that théstelability is maintained throughout
the 16-day period in all three of the conditiondiefie is a slight increase in
proliferation after four subcultures on the CaAIgR@EF condition, but generally
the cell concentration stays at around half of iagerved in the CaAlgRGD/CM
condition. Here, the cell number is maintained atbthe same degree throughout the
experiment, proving that a 1:2 split is sufficidat continued maintenance. Both of
these conditions however have a lower cell numbehat quantified in normal T-25
culture, which shows a general increase over the 8ubcultures. This in turn
indicates that a 1:2 split is not sufficient to ntain a controlled culture; if these
cultures were continued past this stage then cendle would have definitely become
detrimental within the cell populations and theitsplould have had to have been
reduced to 1:3 or 1:4, thus ensuring that the levklpotential spontaneous
differentiation occurring was kept to a minimum.

The lower number of cells present in the CaAlgRGBEFculture could be

due to the reasons described in section 3.4.%eveif the alginate conditions were as
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Figure 3.55 Graphs representing the cell number ({@ 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, G@*GD/CM layers or normal
mEF feeder T-25 culture. Three biological repeatsenperformed and the error bars
shown represent one standard deviation above tha.me
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Figure 3.56 SSEA-4 expression of SHEF-3 hESCs ovieur subcultures within
differing culture conditions, obtained via flow cytometric analysis. HESCs were
harvested at each subculture after four days oneriCaAlgRGD/mEF layers,
CaAIgRGD/CM layers or normal mEF feeder T-25 cudtulmportantly, whilst a
difference in SSEA-4 expression is not visible rmaftene subculture on
CaAIlgRGD/mEF layers, there is a significant drogeraffour subcultures on these
layers, compared with the control culture SSEA-4regsion. Three biological
repeats were performed and the error bars showresem one standard deviation
above the mean. A paired studetatsst was performed and the statistical signifieanc
deduced; * =p < 0.05, * = p < 0.01.
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effective in promoting proliferation as in the n@inT-25 culture. This inhibition of

proliferation could be due to any number of reasensountered in the biphasic
system. For example, the difference in mechanitalrsacted upon the cells by the
surface between the alginate and the normal feadere, or perhaps the promotion
of growth by direct cell contact with feeder celghich may be restricted in the
alginate system as the mEF cells stay immobilisgdinvthe layer. (This cannot be
concluded upon however, since the mEF/hESC contigitin the novel biphasic layer

has not been investigated.)

Figure 3.56 demonstrates the SSEA-4 expressiontbeeiour subcultures, as
analysed by flow cytometry. The SSEA-4 expressiam loe seen to decrease over the
four subcultures in the CaAlgRGD/mEF condition camgal to the start (p < 0.05)
and by the last subculture, is significantly lowkan in the control condition (p <
0.01). This result indicates that the biphasic éeeslystem is not maintaining the
pluripotency of the hESCs in the long-term. Theresgpion of SSEA-4 by the hESCs
within the CaAIlgRGD/CM condition is generally lowgran that from the hESCs on
the CaAIlgRGD/mEF layers, indicating perhaps theustnbe factors other than F&F
alone that the mEFs provide within the system thalp to keep the hESC
undifferentiated on top.

To further prove this loss of pluripotency actuategl a loss in SSEA-4
expression, PCR was employed to investigate the gayulation occurring within the
nucleus. After the 16-day period, all remaininglscétom the four conditions were
harvested for PCR and gPCR analysis, and theseodsethere used to investigate the
expression of the pluripotency gen@st4 andNanogand in the case of the gPCR,
hTERTas well. As described in section 2.2.5.2, the fPfakthod was utilised to

calculate the relative expression normalised tactherol condition, whilst taking into
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Figure 3.57 Pluripotency genes present in SHEF-3 I&s from four subcultures

in different conditions, as measured by PCR (top) red gPCR (bottom). HESCs
were harvested from after four subcultures on ei@@AIgRGD/mEF layers (A in top
figure), CaAlgRGD/CM layers (B in top figure) or thin normal mEF feeder T-25
culture (C in top figure). Top, PCR gel showing fwesence of the pluripotency
geneDct4 andNanogalong with the housekeeping gertestin andGapdh Bottom,
gPCR results demonstrating the expression of théppitency gene®ct4, Nanog
and Htert relative to the expression &apdhin each of the conditions. The values
were normalised to the data from the SHEF-3 hES@mired in the normal mEF
feeder control condition. The data is shown asrieeh triplicates and the error bars
represent one standard deviation above the meapaifed studentd-test was
performed to asses the statistical significance tlud difference between the
CaAlgRGD/mEF and the CaAIlgRGD/CM hESCs; ** = p 1.
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account the different efficiencies of the generdtiest and the housekeeping gene
respectively (Pfaffl, 2001). Figure 3.57 shows ttbgults from these experiments.

Minimal bands were present within the PCR gel shaivthe top of the figure
for either of the pluripotency markers within hES@em both of the alginate
conditions. There did appear to be a band presenhd the 100 bp mark within the
hESCs from the CaAlgRGD/CM condition, suggestingspnce ofOctd However
the feasibility of this in suggesting maintenantexpression of this gene solely with
regards to pluripotency is lacking; the gPCR resintthe lower panel strongly show
down-regulation of the marker within both alginatnditions, so most likely is the
fact that the actual expression of the gene is sdraedelayed from the actual up- or
down-regulation within the genomic sequence. Them@so some evidence of OCT-
4’s relationship in the neuroectoderm differentiatpathway, though this is further
discussed in Chapter 4. This apparant OCT-4 exipress condition B is greater to
that found from condition A by PCR, which is not agreement with the SSEA-4
expression deduced via flow cytometry, though is ttase, there is also a difference
in the strength of the bands present from the Haegeng genes between the two
conditions. Nonetheless, the unquantitative natafePCR means no accurate
conclusions can be made.

The gPCR results shown in the bottom of figure 3uther prove the down-
regulation of key plurpiotency marker®ct4, Nanog and hTERT were all
significantly down-regulated after the four-subaudt period. The degree to which
two of the genes had been down-regulated was gigntfy amplified within the
CaAIgRGD/CM condition compared to the CaAlgRGD/mE&dndition (p < 0.01),
again further proof to the flow cytometric resudtsalysing SSEA-4 expression that

FGF, alone is not enough to mimic the mEF activity witstandard hESC cocultures.
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These results indicate that whilst the cells arenaiaing viable and
proliferating to a certain degree, there are ofaetors that are missing from this
modified culture system that are essential forldmg-term maintenance of hESCs.
Refering back to the SSEA-4 expression highlightgdlow cytometry, importantly,
whilst there is not a difference evident after oohe subculture on CaAlgRGD/mEF
layers, there is a significant drop in SSEA-4 espien after four subcultures on these
layers and this is considerably different to thentoal culture expression. This
highlights the importance of testing the more loeign aspect of the replacement

system, as initial experiments showed maintenahstem cell markers.
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3.5 Discussion

Although initially promising results highlightedelhpossibility to use this novel feeder
system for hESC culture, repeated passaging omfioas, even with the RGD-
peptide sequence and feeder cells both presentfeg@sn down-regulation of key
pluripotency markers. Unfortunately, this systenthég current stage of development
IS not suitable as an alternative to the mito-mEEdér system on tissue culture
plastic, though potential modifications could h&dpncrease the usability.

The biocompatibility of the layers was highlightedm initial experiments
showing no loss in viability of mEF cells encapsethwithin alginate. There was also
no observed loss of material after the alginatersayad been constructed and had
been in culture. The mEF cells were successfulmdgeneously immobilised within
the porous alginate polymer, which was essentiavimd areas of aggregation and
possible necrosis due to limited nutrient acce$®e ability to successfully recover
viable cells from within the polymer showed thag tiginate did not have any toxic
effects on the cells.

A key observation throughout the experiments preskin this report is the
lack of visible fibroblastic-morphology by the mEkamobilised within the RGD-
alginate. This could be one of the key reasongherfailings of this proposed feeder
system; the unnatural spherical morphology of theoblasts compared to the normal
elongated shape as seen on tissue culture pladtighly suggestive towards the fact
that they are not acting in the usual fibroblastianner. No elongated morphology
was visible even after long culture periods, adaup weeks was observed for some
layers. Markusen et al (2006) showed MSCs attackuitgin alginate-GRGDY (a

peptide consisting of a glycine and a tyrosine ithee end of the usual RGD
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sequence, see figure 1.4 within Chapter 1) beamspared with no attachment seen
in control alginate without the peptide. The cellsre seeded at a concentration
between 2 x 10and 2 x 10 cells/ml into 1 % alginate solutions; attachmertsw
visible after three days, with dense networkingcefls visible after nine days.
Although the alginate concentration is the same c#il concentration as presented by
the authors was much larger than used within thAlgRGD/mEF experiments.
Alongside this, the degree of proliferation différstween the two cell types, and the
specific culture method also differed in that Mag&n at al (2006) cultured the MSCs
in alginate-GRGDY beads that were rinsed with catgimedia after cross-linking
and then cultured in a 24-well plate at a concéntreof one to three beads per well.
The rinsing step was incorporated to reduce rekidag&l levels and the nature of the
small alginate beads meant that nutrient transfersa the bead was very efficient. In
comparison, the large volume of alginate in the Q&&D/mEF layers could be
affecting nutrient access, though the large surbaea available for transfer and the
thickness of the layer only being around 2 — 3 nam loe predicted as both helping to
minimise any problems incurred. By any means, dftercross-linking period used in
this report, complete media was added to the ldgerthem to equilibrate within and
this media was always then exchanged for freshu@ilinedia before seeding the
cells, ensuring the residual Ca@vels are reduced. In a latter study by Fishlecd
(2009), the alginate beads were also rinsed aftessdinking in the C& solution,
this time with DPBS.

Some of the reports by Mooney and colleagues Bhoen cells attaching to
the surface of alginate-RGD gels, instead of witthe gel (Rowley et al., 1999;
Rowley and Mooney, 2002). This is certainly eviderthin the results presented here

in this chapter; hESCs seeded onto CaAlg/mEF layeisitain an 3D aggregate-like
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morphology, whereas seeding onto CaAlgRGD/mEF fayegsults in visible
attachment of hESCs with noticeable spreadingeattiyes of the colonies across the
alginate surface. Unsurprisingly, it has previouséen reported that increasing the
RGD density on alginate layers results in increaseltl proliferation (Rowley and
Mooney, 2002). However, the actual spacing of tl&DRigand with respect to the
position of the cells is also highly important. Egastudies using differing quantities
of RGD ligands attached to a culture surface detnatesl that the average peptide-
to-peptide spacing on a cell surface was crucialdiierent desired cell processes
(Massia and Hubbell, 1991). In this study, maximceil spreading and stress fiber
formation of fibroblasts attached to the culturdate were promoted by significantly
different average ligand spacing. Indeed the acttexeochemistry of the ligand is
also highly important, with a cyclic peptide comiag the RGD sequence
demonstrating a greater affinity for the proteitramectin (an ECM protein known to
bind the RGD sequence via tlab3 integrin) in comparison to the linear form
(Pierschbacher and Ruoslahti, 1987). Separateestuasing cyclic RGD peptides
have further demonstrated the sensitivity of céligarticular osteoblasts, to the order
of the ligand, showing that a ligand spacing o lggan 70 nm between neighbouring
RGD sequences is required for effective crossdtigkof integrins on the cell
membrane and thus successful formation of a cyteskenetwork (Huang et al.,
2009).

Other than being involved in attaching cells tofates, integrins also play a
key role in mediating signalling events and themefare able to elicit responses
beyond whether the cell attaches or not (Hersal.eR003). One study looking at the
effect of adsorbed fibronectin on the proliferatiand differentiation of myoblasts

showed that surfaces employing higher levelsadbl (one of the cell surface
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integrins that interacts with the cell binding doman fibronectin in an RGD
dependant manner, as discussed before) promotéstedifiation of the cells into
myotubes (Garcia et al., 1999). These studies wanged out on fibronectin-coated
surfaces made from a variety of materials; somehef observed differences in
integrin binding from surface to surface were diedue to the varying conformation
of the fibronectin ligand, which is in turn depentlan interactions with underlying
substrates. Control of RGD density, location andresichemistry within the
CaAlgRGD/mEF system could well increase the chamaeonly of attachment of
mEF cells, but also control of hESC proliferatiomda potential control of
differentiation.

The specific type of alginate used, with respectotth its repeating unit
constitution and its viscosity, also has an effect cells cultured on top or
immobilised within. Rowley at al (2002) demonstchtihat increasing the G-unit
content in alginates results in an increased riapeadiferation of myoblasts seeded on
top and Markusen el al (2006) also used high G-oaittaining alginate for the
immobilisation of MSCs. One particular study congehhigh G and high M-unit
containing alginates, with a markedly greater degredegradation and thus loss of
mechanical strength observed in the high M-unitta@ming alginates, along with a
lower amount of proliferation of bone marrow célMgang et al., 2003). In agreement
with Rowley et al (2002) in suggesting why thighe case, the authors proposed that
G-unit block fractions promote adhesion and colats, along with a key effect
from the mechanical properties of the alginate.n@-tch alginates retain a greater
tensile strength, thus offering a surface able itbstand traction forces, hence aiding
colonisation via migration. With regards to visdgsiSiti-lsmail et al (2008) and

Yang et al (2004) both used low viscosity alginteencapsulate hESCs and MSCs
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respectively, whilst Marler et al (2000) used medliviscosity alginate in a model
tissue engineering construct.

In preliminary experiments with alginate (referdections 2.3.1.3 and 3.4.2)
varying types of viscosity and M- or G-unit richredies of the polymer were
investigated and there was minimal difference evideom the varying types of
alginate. This is consistent with previous workhmhe different types of alginate,
hence the high viscosity, high G-unit containingirte was selected for use in the
CaAlg/mEF system, alongside the peptide-modifigihate (Culme-Seymour, 2006).
Certainly an equilibrium in this variable is desie for this system; the alginate
needs to be soft enough for mEF encapsulationyad@pmigration, cross-linking and
deposition of ECM proteins if necessary, whilstl stiaintaining enough rigidity to
provide a surface for the hESCs to attach onto gm@ad across. Considering
previous reports regarding the effect of surfaggdity on ESC differentiation, the
drop inE from tissue culture plastic to alginate could indieéave a large effect on the
hESC phenotype (Engler et al., 2006).

With respect to the rheology of the alginate lager@ntification of thee of a
layer fabricated with 1 % alginate at around 2.6 kdhows the alginate to fall
correctly within the accepted range for soft sudies as previously defined by
Heuberger et al (1995). This value differs from #&3 +5.4 kPa as quantified by
Yamaoka et al (2006). This could be due to the sowf alginate, which differs
between this latter report and that used withinGhélg layers described here within
this research. In the report presented by Yamabkh (2006), in their description of
alginate as a relatively firm gel, they proposet tiés property could well preserve
the isolation of the cells immobilised within, withdecrease in cell to cell contacts

possible. This could well be applied to the Caldfl/tayers investigated within this
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chapter, within which all the cells were encapsdaand remained as single cells.
Nonetheless, the rheological studies described imetleis chapter all point towards

the strongly elastic nature of the alginate, esdlgcconsidering its ability to recover

immediately from applied stress. This is particylaraluable in considering the

application of the polymer for large-scale use azuldure scaffold; the mechanical
strength of the gelated polymer would protect largkimes from external damage,
whilst maintaining their desired shape.

Other than propagation of pluripotent hESC, diffei@ion down specific
pathways is also a key factor to investigate, witle aim of refining lineage
specification and resulting in the production 0001% pure populations of somatic
cells. In one of the previous hESC encapsulatiamdiss, although the cells
demonstrated no loss of ability to differentiatec@rtransplantedthe hESCs did
indeed exhibit mostly endodermal differentiation rkess after spontaneous
differentiationin vivo (Dean et al., 2006). It would be interesting toestigate the
role that the CaAIgRGD/mEF layer could play in s&leg for such a lineage. Other
than a change in integrin binding and focal adhesiof the hESCs between the
plastic culture surface and the top of the alginatesignificant difference in
mechanical strain acted upon the cells by the milsurface is predictable, a factor
that can strongly affect the differentiation patlves discussed in section 1.9 (Engler
et al., 2006; Saha et al., 2006; Saha et al., 2008a

Another possibility for the failures of the CaAlgRGBNEF system proposed
here could be due to the disruption of the secreEE8C ECM proteins, via removal
of the direct feeder contact. Whilst little lamirerpression was evident in feeder only
cultures, upon coculture with hESCs, there wasnarease in expression from both

the mEF cells and the hESCs (see figures 3.2320);3this was also the case with
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fibronectin and collagen IV, as mentioned withircteen 3.3.1. It can be predicted
that due to a decrease in contact between the éWdypes, these proteins would not
be secreted in the same way as is achieved witbimal coculture. Importantly,
however, this has not been characterised, as dedan section 3.4.6.2. In one of the
alternative hESC culture methods described in @ecti.8 proposing the use of a
transwell insert to separate mEF feeders from hES@s actual mEF/hESC
interaction is investigated (Kim et al., 2007). Thethors use scanning electron
microscopy to highlight the two cell types interagt with each other through the
insert. This would certainly be a benefical anaysiool regarding the
CaAIlgRGD/mEF layers.

The lack of mEF support will play a key role in proting differentiation of
the hESC, as described in section 1.4. With resfgeactual ECM formation, since
the CaAlg/mEF layers that were analysed for preserica possible ECM were only
cultured for 1 week, it was understandable than&dron was not observed, since this
is not a long culture period for cells that arevgrgy outside of their normal culture
conditions. The presence of fibronectin on theaxefof all the cells was a positive
result since it could have signified very earlygstsof ECM growth.

Importantly, there are also key roles other thanBsoduction that the mEFs
play within the mEF/hESC culture system. Secretother proteoglycans and
adhesive factors, the potential ability to absoabntful factors in the culture media
and the ability to provide mechanical stabilitya\the ECM structure) are key roles
that mEFs play in maintaining hESC pluripotencytha proposed CaAlg/mEF feeder
system it is clear that moving the mEFs from a Zihement monolayer to 3D
suspended culture has resulted in a change in rolag)) so it is easy to predict that

other less obvious aspects of the mEF cells hagelsen modified.
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Another key factor in the proposed feeder systera iack of complexity.
Whilst the direct feeder contact has been elimohathis has not been fully
compensated for with a larger enough combinatiomdifed factors. Other feeder-
and serum-free culture systems discussed in Chapm#rhad additional components
added to counterbalance for the loss of the feedatact; Xu et al (2001) used
Matrigel, laminin, collagen IV or fibronectin coateissue culture plastic and F&F
supplemented (4 ng/ml) mEF-CM (made from culturimgdiated mEFs in hESC
media containing 4 ng/ml of FGFo maintain hESCs feeder-free, whilst Rajalalet e
(2007) used 80 — 100 ng/ml of Fghn their feeder-free cultures, which they
maintained on tissue culture plastic coated wittmigture of laminin, collagen IV,
fibronectin and vitronectin. The use of Activin A, key growth factor secreted by
mEFs, in conjunction with nicotinamide, keratinacytgrowth factor and
laminin-coated tissue culture plastic, and seppratéh TGFbo has helped maintain
feeder-free hESC pluripotency (Beattie et al., 20I#mnes et al., 2005). Addition of
these factors to this CaAlgRGD/mEF system couldsipbs help to reimburse the
hESCs with key factors required to maintain thenstell phenotype.

In the long-term experiment looking at the potdmiathe extended culturing
ability of this system, one of the culture condisoinvestigated was a CaAlgRGD
layer alone with FGJsupplemented mEF-CM. The concentration of supphtete
FGF, was low however, especially considering the amaoset by Rajala et al (2007)
to maintain their hESC pluripotency when culturededer-free. Perhaps a
combination of CaAlgRGD/mEF layers with F&Bupplemented mEF-CM, along
with other factors mentioned above, would have nmrecess in maintenance of
hESC pluripotency. Addition of each variable doesspnt further challenges with

respect to fabrication and cost, thus in turn frrtteducing the chance that this novel
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system could be a viable alternative to standaltlireu It is also interesting to note
that a greater amount of proliferation was morpbaially evident within the long-
term subculturing on CaAIlgRGD/CM layers compared the CaAlgRGD/mEF
condition, whilst higher viable cell concentrationgre also visible from the flow
cytometry analysis. If this condition was favouripgliferation to potentially result
in more differentiated cells, then addition of egngus FGE will only serve to
encourage the process, since previous studies dawenstrated the involvement of
FGF signalling pathways in cell differentiation (kéala et al., 1997; Murray and
Edgar, 2004; Kawazoe et al., 2008).

One key aspect of the characterisation of this heystem compared to that
previously reported is the inclusion of dissociatend re-culture steps. Expansion of
cell numbers is vital if the hESCs are to be prepad successfully for any particular
use in regenerative medicine applications. Sitidgnet al (2008) report on an
extensive 260-day encapsulation of hESCs withimatg, however their protocol is
clearly lacking any potential for scale-up of thell& The cells were merely
maintained rather than expanded, hence the usalwhit this system for the
bioprocessing of large numbers of hESCs is limi#decent publication regarding
culture of hESCs within alginate microscapsules gared the encapsulation method
presented by Siti-Ismail et al (2008) with that pweed by Dean et al (2006) and
further highlights issues associated with the moi® (Chayosumrit et al.,, 2010).
Here, the viability of the hESCs was shown to dbtudecrease after being
encapsulated following both protocols, with theilnar alginate method used by Dean
et al. (2006) resulting in a significant decreas® €6 after a 5-day encapsulation. No
successful maintenance of hESC viability was a@dewithin the study without the

addition of a selective ROCK inhibitor to prevemsibciation-induced apoptosis and
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promote cell survival. Whilst Wang et al (2009aatiss a successful 14-day directed
differentiation of mESCs within alginate, once agdhere is a lack of routine
subculturing in the proposed protocol, which wohkl highly necessary in order to
achieve the numbers of differentiated cells reqlire

The usability of some of the other proposed culsygtems using alternative
materials to alginate for the bioprocessing of ES€groblematic, again due to
minimal discussion into the expansion or subculigiof these cells within the novel
matrices. Gerecht et al (2007a) demonstrate thater@nce of hESCs for 20-30 days
in crosslinked HA gels cultured in mEF-CM. Howevéne hESCs were merely
maintained at the same subculture number withinHBAegel, hence the success of
this system for expansion is again hard to visaaksce there was certainly no clear
evidence of an increase in hESC numbers. Li €2@0)§b) propose a system of sIPNs
capable at maintaining hESCs feeder-free in mEF-@blyever the short 5-day
culture period reported means that the long-termalsiity of this novel culture
system once more cannot be determined. Whilst hloet-serm culture of hESC on
CaAIgRGD/mEF layers described at the beginningheé thapter highlighted the
feasibility for the system to successfully maintdiBSC pluripotency, it was the
longer-term analysis that was able to show the éffieacy of the alternative method.
This is an essential aspect in the characterisafi@aiternative feeder-free systems for
hESC culture to ensure correct proliferation andegexpression of the cells is
maintained in the expanded populations.

Nevertheless, progress away from using the stdnu&f feeder layer has to
be achieved. Further movements towards replacisgcticulture environment with a
chemically defined and easily scalable system dgat v the true potential of hESCs

are to be recognised.
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4. Results of GXG as a mechanically tuneable satestor mESC maintenance and

differentiation

The work presented in this chapter encompassesadededescription of the culture
of MESCs, along with the results from the invesigges into culture of these cells on
mechanically tuneable GXG substrates. The substiaeze fabricated and used for
MESC culture as described in section 2.4. Firscriesd in this chapter is the
standard cell culture of the wild type mESC liné4Eincluding how these cells were
analysed via flow cytometry in order to deduce tlaekground fluorescence value
and thus enabling the GFP signal to be distinguisad the transfected mESC lines
used latterly. The culture of th@ct4GFP mESCs is then described, firstly on
standard tissue culture plastic and then on the GiXéstrates, here regarding both the
maintenance of the stem cell state and inductiorspgntaneous differentiation.
Finally, the culture of the 4660x2GFP mESCs is described; maintenance and
directed neuronal differentiation of these cellsstandard tissue culture plastic is first
described, followed by both spontaneous differéiotia and directed neuronal

differentiation on the GXG substrates.

4.1 E14 mESC culture

Since a large amount of analysis on the effectSX& culture on thé®ct4GFP and
SoxtGFP mESC lines was to be carried out using flotermetry, the E14s were first
cultured in order to be able to set the parametethle remaining mESC experiments.
Specifically regarding flow cytometry, these noarsfected cells were used to set the

base GFP expression, above which any GFP readong tine tranfected cells used
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later in this chapter could be taken as positivend¢ the work in this section
describes the brief culture and flow cytometriclgsia of the E14 mESCs.

Initially, it was difficult to successfully thawhé cells and produce a
significant population of viable cells in culturg.number of factors affected the cell
recovery during the thawing protocol, including &mall a cell population frozen per
vial to begin with, inefficient freezing and/or \irag, incorrect freezing media or too
slow a thawing process. Upon recognising that feable E14 cells could be thawed
following the standard protocol, the process waglifrem to try and encourage as
many cells to attach as possible. The culture sarfgas reduced from a 25 tarea
(within a T-25) to a 9.6 cfrarea (within a 6-well plate), so as to ensure amgtcells
that did attach did so as closely to each othgroasible. A minimal seeding volume
was used when seeding the thawed cells, in ordengoove the chance of successful
attachment of the cells to the tissue culture @a¥he media used was a high serum-
containing media e.g. around 15 % FCS supplemeBMBM. Also, the plates were
gelatinised for a longer period before thawingetsure the surface was sufficiently
coated pre-seeding. These modifications meant dhaiable culture of E14s was
eventually achieved and the cells were expandedysed on the flow cytometer and
banked.

Figure 4.1 shows phase-contrast images of P47r&#8Cs in culture; the
population is to some degree heterogeneous in skagbesome rounded, large cells
and some more irregularly shaped. Generally, the w&hin tight colonies retained a
spherical morphology (see arrow), akin to the G8#P mESCs as can be seen later
in section 4.2, whilst those present at the extiiemiof the colonies spread further

across the culture plate and thus exhibited a wanable appearance.
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Figure 4.1 Phase-contrast image of P47 E14 mESCdafthree days in culture.
The cells within tight colonies retained small, spbal morphology (see arrow). This
picture was kindly donated by Kate Fynes at the dbepent for Biochemical
Engineering, UCL. Image was taken at 10 x magrtibicawith a scale bar of 10@m.

Figure 4.2 Dot plot showing P32 E14 mESCs analysdxy flow cytometry. The
baseline for GFP positive cells was set using the iopulation.
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Figure 4.2 shows unstained E14 mESCs as analysédvibgytometry. Here,
the ViaCount Flex reagent was used as an indiagtorability, since the cells are
non-transfected cells. Upon aquisition of this lasefor the flow cytometric
parameters, the culture of E14 mESCs was not agedirduring this research, as it

was the transfected cell lines that were of graaterest for investigation.

4.20ct4GFP mESCS

This section includes results from the culture hd ©ct4GFP mESCs on standard
tissue culture plastic. This is followed by resudttsm the culture of the cells on the
GXG substrates. Investigations into the maintenaridbe stem cell state along with
induction of spontaneous differentiation on the hagucally tuneable substrates in

comparison with standard tissue culture plasticlaseribed here.

4.2.1 Standard culture on plastic in LIF containimgdium

Oct4GFP mESCs were successfully thawed, cultured ankdud throughout the
course of these investigations. As described ii@e.1.3, a sub-clone of th@ct4

GFP mESC line expressing high levels of GFP wad urséhe experiments described
here. Upon thawing, the heterogeneous cell popmatisplayed a mixed cell
morphology of either flattened single cells nonfamn in shape, or slightly raised,
spherical cells. The cells were then left in cudtywith daily media changes) until
larger, rounded colonies were visible. The cellsensubcultured upon reaching

confluency every two to three days, using a sptibrof between 1:5 and 1:7.
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Figure 4.3 shows the cell and colony morphologyl &#P expression of the
cells, as observed by fluorescence microscopy. citieire did exhibit a degree of
heterogeneity; some larger, flattened cells, whigdre non-uniform in shape and
exhibiting non-mESC like cell processes were oftesible within the culture (see
arrow within figure 4.3). Any significant changemards varied colony morphology
was easily avoided by regular media changes andulubing so that rounded
colonies could be maintained.

The next stage was to analyse the base GFP exprdss flow cytometry,
using the gates previously set via E14 mESC flot@rogtric analysis, as described in
section 4.1. Figure 4.4 shows the dot-plot obtaibgdanalysing P250ct4GFP
MESCs on the Guava EasyCyte. Here, the viability maasured at around 90 % and
the GFP expression at 92 %. Across the coursel @xpkeriments the viability and
Oct4GFP expression varied slightly, as both valueddctbe influenced by a number
of factors exhibited on them during their procegsprior to flow cytometric analysis.
If the cell cultures had been left to develop iglightly over-confluent cultures or had
not had sufficient media changes, then early stafje#ferentiation could result in a
slight reduction of the GFP positive cell populati€areful monitoring of the level of
GFP expression was undertaken throughout the eutitithese cells and should too
low a value be registered, new vialsft4GFP mESCs were thawed.

Further characterisation of these cells was camigt by performing ICC on
cultures to check for expression of pluripotencyrkees. Figure 4.5 shows phase-
contrast and fluorescence images from 2-day ®&2-GFP mESCs stained via ICC.
Positive expression of the pluripotency markers €CNanog and UTF-1, along
with the surface marker SSEA-1, was evident. Coedbivith their characteristic cell

and colony morphology, ardct4GFP expression as deduced by flow cytometry,
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Figure 4.3 Phase-contrast (left column) and fluoreence (right column) images
showing 1-day P25 (top row) and 3-day P28 (bottomow) Oct4GFP mESCs.
Mostly mESC-typical rounded colonies were evidehgwever the occasional
flattened differentiating cell was also presentwwtthe culture (see arrow). The green
signal in the fluorescence images shows the chls areOct4GFP positive. All

images taken at 10 x magnification with a scaledbdength 100vm.

Figure 4.4 Dot plot showing P250ct4GFP mESCs analysed by flow cytometry.
92 % of the viable cell population expressaci4GFP.
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Figure 4.5 ICC staining results from 2-day P320ct4GFP mESCs. Left-hand
column contains phase-contrast images showing eleny and cells’ morphology,
middle-left column contains DAPI images highliglgtithe cells’ nuclei, middle-right
column shows th@®ct4GFP signal and the right hand column shows théaahy
staining results. Secondary antibodies were usekigblight, from top to bottom,
OCT-4 (lgG mouse), Nanog (polyclonal rabbit), UTRi§G mouse) and SSEA-1
(mouse IgM). Alexa Fluor 555 secondary antibody waed to highlight all primary
antibodies apart from Nanog, to which Cy3 secondatjbody was used. All images
taken at 20 x magnification with a scale bar ol 00nm.
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this proved that the cells exhibited normal steni characteristics. Secondary
antibody only controls correctly showed no stainimgilst isotype controls, the
results of which are shown in Appendix 7.5, proteel 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 cdtof Oct4-GFP mESCs on GXG
substrates of varyindge values, as described in section 2.4. Before arignebed
culture of these cells on the substrates was atesm@ number of preliminary
investigations into GXG substrate construction amsk for cell culture were
performed, in order to identify any immediate batttcks within the GXG protocol
itself and investigate the sterility of the cultiggstem. A few contaminations at the
early stages of development came to light and noadibns to the protocol were
made to try and eliminate this. Gelatin solutionsrav autoclaved and carefully
aliquoted into sterile bottles for storage &Cland the sodium borohydride solution,
used to reduce any un-reacted glutaraldehyde withi@ GXG layer upon
construction, was syringe-filter sterilised befadgling to the GXG layer.

Once fabrication of a fully sterile culture systelnad been developed,
experiments were performed in order to investigiageeffect ofE on the pluripotency
marker expression oDct4GFP mESCs. Minimal effect of substrate rigidity on
Oct4-GFP expression was seen, as quantified by flownegtry. Figures 4.6 and 4.7

display the results seen from one of these expetsneélere, P28ct4GFP mESCs
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Figure 4.6 Phase-contrast images showing the colomyorphology of P23Oct4
GFP mESCs after six days of culture in LIF containng medium on a 2 kPa GXG
substrate. The 3D nature of the colonies is highlighted ie tiwvo images on the right-
hand side; there is a larger range of plane ofddbwoughout the cell colony. The
image on the left is taken at 4 x magnificationhwat scale bar of length 5@0n; the
middle and right-hand side images are taken at dfagnification with a scale bar of

length 200mm.
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Figure 4.7 Graphs obtained from the flow cytometryanalysis on P23 Oct4-GFP
MESC after six days of culture in LIF containing ma&ium on GXG substrates of

a range ofE values.Top graph: totaDct4GFP positive refers to the total percentage
of viable cells expressing the marker. Bottom grapigh/low Oct4GFP positive
refers to extended analysis of t@et4-GFP positive population (see section 2.2.3),
high GFP represented by filled-in black columnsy IBFP represented by diagonal-
striped columns. No error bars are displayed aslét@ were collected from only one
sample in each case and hence statistical signd&caould not be deduced.
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were seeded at 7.5 x “l6ells/cnt in LIF containing medium onto GXG substrates
made from either 3, 4, 5 or 6 % gelatin made upRBS; controls on tissue culture
plastic were set up as standard. The cultures there left for six days without any
media changes, after which stage they were phqibgthand the cells harvested for
flow cytometric analysis. Media changes were nafgpmed at this stage, as the
nature of attachment of the mESCs to this modifeedture surface was still
undetermined.

Figure 4.6 shows the colony morphology after spemdix days on the 2 kPa
GXG surface made up from 3 % gelatin in DPBS. Therature of the colonies
present within the cell cultures shown in figuré 4 particularly evident as it was
certainly difficult to focus on both the colony atie culture surface at the same time,
when capturing the image using the microscope. Wkhle focus is drawn to the top
of the colonies, the GXG surface in the field cgwibehind loses focus and becomes
blurry; this implies that the height of the colorsy greater than in normal tissue
culture plastic, where it is possible to focus be tulture surface and the cells at the
same time. After six days, colonies of cells werespnt in all conditions and
exhibited a comparable morphology to that showfigare 4.6 from just one of the
conditions.

Figure 4.7 contains graphs obtained from the flggometry data showing
‘total’ Oct4GFP expression and ‘high/lodct4GFP expression (for a description of
this analysis method, see section 2.2.3). The aiityilbetween the cell populations
cultured on the various conditions is further pibbgy this analysis. No difference in
the effect on either the ‘total’ or the ‘high/lov®ct4GFP expression of the cells
between the varying matrix elasticities within trenge measured and the control

culture could be identified. After the 6-day cudyseriod, a larger proportion of the
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cells across all the conditions are displaying & Gkgnal within the ‘low’ region of
the GFP positive peak; this is most likely due hte fact that the media was not
changed throughout the culture period, potentiabulting in a lack of constituents
necessary for maintaining expression of the pluepoy marker, along with a
possible build up of toxic waste material from ttedls. Also, the mESCs will begin
to spontaneously differentiate if not subculturéeéra2-3 days, hence a 6-day culture
will indeed lead to some differentiation evidenthin the culture.

To try and further characterise the effect of GXuwre onOct4GFP mESC
pluripotency the above experiment was repeated,tifme however for an extended
period of twelve days, including one subculture daty five. The cells were
subcultured once to ensure that the confluencyinvigach condition did not get too
high over the extended culture period. Bearing indthat normal passaging of these
cells was carried out every two to three daysctiks were left for a longer period on
the GXG substrates before subculturing, since ilessediate attachment of the cells
to the GXG substrates had already been observedpiidiocol was also modified to
include media changes, to more closely mimic tlanddrd culture procedure and
help avoid build up of detrimental toxins preseithw the culture.

The two extreme GXG substrate concentrations weetected for
investigation, to see if there were any obvioused#éinces at the boundaries of the
range of GXG concentrations. Hence only 3 % gelatade up in DPBSH of 2 kPa)
and 6 % gelatin made up i@ (E of 35 kPa) were used to fabricate the substrates.
Four biological repeats within each of the condisiovere constructed to ensure
statistical significance of the data could be ai#diand standard tissue culture plastic

was used for controls. Also, the culture medium wagplemented with antibiotic
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antimycotic solution to try and minimise the risk lpacterial contamination, as
described in section 2.1.3.4.

The GXG layers were constructed in 6-well formaliofving the protocol
described in section 2.4.1. P23ct4GFP cells were seeded in LIF containing
medium onto the GXG substrates and control pla# at1d cells / cd, after the
equilibration period had passed. Around half thenber of cells were seeded than in
the previous experiment, since in the previous ewxpmnt the cell populations
appeared to be very confluent by the end of theiiperiod.

The plates were left for three days for the mES@ttach, after which time
their media was changed for fresh LIF containinglimeAfter a further two days of
culture, the cells were harvested from their coodg, counted via flow cytometry
and re-seeded onto freshly reduced and equilibi@»@ substrates (again, with fresh
control cultures of normal gelatin coated plastid)is re-seeding stage mimicked the
normal subculturing procedure, hence providing aemaccurate portrayal of the
ability of GXG to act as a normal culture substraiiéhin stem cell maintenance
conditions. After this re-seeding the cells werk ter three days before their first
media change, cultured for a further two days leeforsecond media change, then
cultured for a final two days before being readyatalyse. After this 12-day culture
period, the cells were then photographed and htestefrom their respective
conditions for flow cytometry.

Figure 4.8 shows their cell colony morphology withthe respective
conditions. The morphology of the colonies can mda seen to be more 3D-like
within the GXG substrate culture; there is a gnealegree of build up and
aggregation by the cells, with increasingly thiektmpns of the culture appearing as

darker regions within the image, due to less IlgFihg able to penetrate. Any
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Figure 4.8 Phase-contrast images showin@ct4GFP mESCs after twelve days of
culture on GXG substrates in LIF containing medium.From left to right, cells on
control tissue culture plastic, cells on 35 kPa Gs(fBstrate and finally cells on 2 kPa
GXG substrate. All images taken at 4 x magnificatwth scale bars of length 500

mm.

control 35 kPa 2 kPa
day 5 80.6 % 79.5 % 83.2 %
day 12 83.8 %+ 0.8 73.7 %+ 2.1 79.0 %+ 1.1

Figure 4.9 Dot-plots showing the percentage of th@ESC population expressing
Oct4GFP after a 12-day culture, with re-seeding at dayb, in LIF containing
medium on GXG substrates and control tissue culturglastic. The dot plots from
day 5 along the top row show the cells harvesteh fithe four biological repeat wells
and pooled as one; the plots from day 12 alondgdtem row display one of the four
biological repeats and the numbers correspondearian value from all four, with a
standard deviation above and below the mean rapezke
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significant difference between the two substragstatities is hard to identify at this
stage, as both seem to encourage the 3D growth somdar extent. Standard
Oct4GFP mESC morphology was seen within the contrabd@dmn on the left of the
image, with slightly more non-uniform appearanceled colonies due the extended
culture time (at this point the cells had been lba same surface for seven days
without subculturing).

Figure 4.9 shows the dot plots highlighting the Giighal seen from the flow
cytometric analysis at day 5 and day 12. Minimdfedence in GFP signal can be
seen across the two time points and between the GiXGntrol conditions. This
shows the strong propensity the GXG culture hasamtain the OCT-4 expression to
the same degree as normal tissue culture plastic.

Further characterisation was then performed via RjR@alysis on the cell
samples that had been analysed flow cytometriedllyay 12, harvested as described
in section 2.4.3. (The gel electrophoresis fromRI@R performed to check successful
fabrication of c-DNA is shown in Appendix 7.7). RBVe expression of the genes
Oct4 and Nanog was quantified to the housekeeping gésepdh as described in
section 2.2.5.2. Although, as mentioned abdVet4GFP expression had already
been quantified via flow cytometry, the GFP moletaillong half-life and thus slow
degradation does mean that in some cases res@EmRntexpression could be present
within the cell, but not as a direct consequenomfgene activity. Thus in the case of
Oct4GFP mESCs, sometimes GFP signal is evident, eyenwheOct4 gene has
already been up- or down-regulated.

Figure 4.10 shows the expression of the two phiepcy markers relative to
Gapdh as deduced by gPCR. There is minimal differencexpression of botct4

or Nanogacross the three conditions investigated in theexyent. Although the
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Figure 4.10 Relative expression oDct4 (top) and Nanog (bottom) to Gapdh by
Oct4GFP mESCs after a 12-day culture in LIF containingmedium on GXG
substrates and control tissue culture plastic.The data shown are from three
biological repeats; the error bars represent caredstrd deviation above the mean.

236



trend suggests le€3ct4 expression from the 2 kPa data samples than il35hiePa
GXG culture and the control culture, the actualrdegof expression in all three
conditions sits at between a 1.5 and 2 fold in@easich is relatively minor and can
be taken as arbitrary.

In summary, it is clear th& does not affect the expression of key pluripotent
markers such adct4 andNanog This implies thaE does not affect the maintenance

of pluripotency of mMESCs in the presence of LIF.

4.2.2.2 Spontaneous differentiation on GXG in mediwithout LIF

It was then investigated as to whetkerould influence spontaneous differentiation of
MESCs in the absence of LIF. Culturing in mediurthaait LIF is a simple protocol
that can result in differentiation towards cellegent in all three germ layers (Kim et
al., 2010). No specific lineage is selected fortliy culture medium, thus if there is
any particular gene up-regulated in the GXG sutestcmnditions then there is a
strong chance it would be due to tgethis being the only variable altered within the
experimental conditions.

GXG substrates were set up in 6-well plate foroshg two extreme GXG
substrate concentrations, as described previoualers were fabricated using 6 %
gelatin made up in # (E of 35 kPa) as before, but this time the softerstale
layers (5 kPa) were made using 2 % gelatin, alsdenug in HO. Although theE for
this concentration of gelatin had not yet been gfiad by AFM, it was estimated as
5 kPa following the trend of the values for the other gelatin solutions made ¥®H

(see Appendix 7.4). Four biological repeats witeath of the conditions were once
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again fabricated to ensure statistical significantehe data could be obtained and
standard tissue culture plastic was used for cttro

P26 Oct4GFP mESCs were seeded onto the GXG substratesedium
without LIF at 4 x 10 cells / cnj, the same seeding density as used in the last
experiment described in section 4.2.2.1 above. Beiding density resulted in a
satisfactory confluency previously and was thugsatle for subsequent use. Once
again the cells were cultured for 12 days in totalthe substrates, with a subculture
and re-seeding onto fresh substrates or contre@gpkter 5 days in culture. The cells
were then imaged and harvested for flow cytomety @PCR, following the protocol
previously described.

Figure 4.11 displays the cell colony morphologeiathe 12-day culture. The
stem cell-like morphology was lost and clear hajermity was visible within the
culture. Larger, ‘cobblestone’-like cells were meswithin all three conditions and
similar to the previous images of cells within GXGture, the more 3D nature of the
cell colonies within the GXG cultures compared e tontrol condition was again
evident. The confluency was very similar at the efidhe 12-day culture period
across the three different conditions, with celisliferating and colonies spreading
over the bulk of the culture surface in all the @itions.

Figure 4.12 shows th®ct4GFP expression by the mESCs at both the re-
seeding stage at day 5 and at the final stagelofretat day 12, as quantified by flow
cytometry. Little effect on the cell©ct4GFP expression was visible at the day 5 re-
seeding stage, similar to the result from the neamabce experiments before.
However, by the 12-day stage there was a largerdifte evident and a strong effect
of the GXG culture upon the differentiation of taeells became clear. There was a

31 % drop in the percentage of the population esgingOct4GFP within the 35 kPa
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Figure 4.11 Phase-contrast images @ct4GFP 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 toue plastic condition,
cells on 35 kPa GXG surface and finally cells okPa GXG surface. Top row of
images taken at 4 x magnification with a scaledfags00 nm length; bottom row of
images taken at 10 x magnification with a scaleddd00nm length.
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Figure 4.12 Percentage of the mESC population expeingOct4-GFP after a 12-
day 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 biologicaketp (diagonal striped columns).
The error bars at day 12 represent one standaidtievabove the mean. A paired
studentd-test was performed to quantify the significancenveen the data; *** refers
toap <0.001.
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GXG condition compared to the control (p < 0.0049 @ 61 % drop within the 5 kPa
GXG condition (p < 0.001) after this 12-day spoeiaus differentiation. This
suggests that over the longer time-scales, theers@®XG matrices encouraged
spontaneous differentiation of txt4GFP mESCs compared with the control tissue
culture plastic. There was also a clear differdmemveen the tw& values, with a 44
% drop in the percentage of the population expngs3ct4GFP on the 5 kPa surface
compared to on the 35 kPa surface (p < 0.001).

Further proof of this loss of pluripotency was e&sary to extend the analysis
of conclusive effects of the GXG substrates on stelhdifferentiation. Hence gPCR
was employed to attempt to correlate the loss e ghrcentage of the population
expressingOct4GFP with a down-regulation of other vital tranption factors
associated with pluripotency: Nanog and SOX-2. Agdor the same reasons
described in section 4.2.2.0ct4 gene quantification was also performed. (The gel
electrophoresis from the PCR performed to checkessful fabrication of c-DNA is
shown in Appendix 7.8). Expression of the ger@@st4, Nanog and Sox2 was
guantified relative to the housekeeping g&agpdh,as described in section 2.2.5.2.

Figure 4.13 shows the results regarding these themes. All three of the
pluripotency-associated transcription factors waog/n-regulated within both GXG
conditions and the control condition after the BH3-dpontaneous differentiation in
medium without LIF, with relative expression < lident for all data points. Further
proof of the slight delay between gene regulationd @actual GFP expression is
certainly evident when comparing these strong sensible from the qPCR analysis
to the flow cytometric data in figure 4.12; whilste control condition seems to
display no loss oDct4GFP expression, this is certainly not truly représig what is

occurring within the cells’ genotype.
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Figure 4.13 Relative expression dDct4(top), Nanog(middle) and SOX2(bottom)

to Gapdh by Oct4-GFP mESCs after a 12-day spontaneous differentia@in on
GXG substrates and control tissue culture plasticn medium without LIF. The
data shown is from three biological repeats; therebars represent one standard
deviation above the mean. A paired studdrtsst was performed to quantify the
significance between the data; * refers to a p0§0%* p < 0.01 and *** p < 0.001.
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Importantly, there was a large difference in dowgulation of the three genes
within the GXG conditions compared to the controhdition. Specifically, there was
a 66 % drop in the relative expression@d¢t4 within the 35 kPa GXG condition
compared with the control condition and a 48 % dwaghin the 5 kPa condition (p <
0.05 for both). Regardinanogexpression, there was an 80 % decrease within the
35 kPa GXG condition (p < 0.01) and a 45 % decreagen the 5 kPa condition (p <
0.05), whilst there was a 89 % drop $ox2expression within the 35 kPa GXG
condition (p < 0.001) and a 51 % drop within theF& condition (p < 0.01). Further
to the flow cytometric data seen previously, tlEgproof of the ability of the GXG
conditions to encourage differentiation within tb&l population and thus enable a
greater loss of the early pluripotency markers.

Also clear from the gPCR analysis was a differeéncgown-regulation of the
genes between the two GXG conditions. Interestinglg trend between the twe
values was reversed between the two methods oysasialhilst the flow cytometry
data highlights that culturing on the softer GXGtixaresulted in a greater loss of the
percentage of the population expres€d4GFP, the gPCR analysis highlights that
in fact the harder GXG matrix significantly encoged a greater down-regulation of
two out of three of the pluripotency genes. Henere was a 64 % drop in the relative
expression oNanogand a 78 % drop in the relative expressio®o%2within the 35
kPa surface compared to on the 5 kPa surface (p5fOr both). Less of a drop in the
relative expression ddct4was evident between the two GXG conditions, witly @an
35 % drop within the 35 kPa surface compared tdhen5 kPa surface (p > 0.05).
This indication that both GXG conditions down-reggedd genomi©ct4 expression to
a similar degree could be due to the role of @4 gene within early stages of

neuroectodermal differentiation, as described latsection 4.4.
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One further stage of gPCR analysis was undertakeorder to further prove
that spontaneous differentiation was indeed oaegnithin the GXG conditions to a
higher degree than on the control tissue cultuestg. Within normal spontaneous
differentiation each stem cell will start to spgafown one particular lineage i.e. one
of the three germ layers, as described in sectién This initial specification will
result in the cell displaying an up-regulation @&ngs key to that lineage. Further
gPCR analysis was thus performed at this stagedier@o quantify the expression of
genes representing each of the three germ laybesg@&rm layer markers chosen for
analysis were Nestin (highlighting ectodermal differentiation),BrachyuryT
(mesodermal) an®&0OX17(endodermal) (Ying et al., 2003b; Rohwedel et H98;
D'Amour et al.,, 2005). It was highly possible thaithin the encouragement of
spontaneous differentiation already evident by @G cultures, a specific lineage
was being selected for; a greater presence of btiee@erm layer markers would be
able to prove this.

Figure 4.14 shows the gPCR results from each ddethtbree genes. It is
evident that the 35 kPa GXG condition encouragesettpression of all three of the
genes associated with germ layer differentiatiomngared to the control tissue
culture plastic. There was a 1.6 fold increasehia telative expression dfestin
within the 35 kPa GXG condition compared to thetamncondition, a 19.6 fold
increase inBrachuryT expression and a 3.9 fold increaseS@X17expression (all
with a p < 0.01). This is in agreement with the §P@ata shown in figure 4.13
highlighting the down-regulation of key pluripotgnenarkers. The 5 kPa GXG
condition also resulted in a 9.0 fold increas@iiachuryTexpression (p < 0.05) and a
3.2 fold increase irSOX17expression (p < 0.01) compared to the tissue m@ultu

plastic, but there was no increase with regardsladive expression of the ectodermal
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Figure 4.14 Relative expression oNestin (top), BrachuryT (middle) and SOX17
(bottom) to Gapdh by Oct4-GFP mESCs after a 12-day spontaneous
differentiation on GXG substrates and control tisse culture plastic in medium
without LIF. The data shown is from three biological repedis;darror bars represent
one standard deviation above the mean. A pairedestst-test was performed to
guantify the significance between the data; * ietera p < 0.05, ** p < 0.01.
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markerNestinevident, instead an insignificant 16 % drop inresgion (p > 0.05).
Once more, the 35 kPa GXG condition was able to@age expression of the germ
layer markers to a higher degree than the 5 kPa Got@ition, resulting in a 1.9 fold
increase inNNestinexpression and a 2.2 fold increaseBirmchuryT expression (p <
0.05 for both) and though not to a significant @egras with the other genes,
nonetheless a 24 % increas&s@X17expression (p > 0.05).

This spontaneous differentiation experiment wagaegd one further time, to
see if comparable results could be achieved. Aliddmns were kept the same and
P350ct4GFP mESCs were seeded onto the layers and theotoohdition at the
same seeding density. However, this time six bicklgepeats were fabricated for
each culture condition and after the 12-day culhad elapsed, half were harvested
for flow cytometry and the remaining half were fikand stained following the ICC
protocol described in section 2.2.2 for the plutgoey marker OCT-4.

Figure 4.15 shows the flow cytometry results at dayand at day 12.
Immediately evident in comparison to the previolessvfcytometry data shown in
figure 4.12 is an increased loss of GFP expressionay 5; here, for all three
conditions, between 60 and 70 % of the populatsoaxpressing@ct4-GFP after the
initial 5-day differentiation period, whereas igdre 4.12, around 88 % of the
population, again for each of the conditions, ipressingOct4GFP. This increased
loss seen at the 5-day stage could be due to ititelglhigher subculture number of
the Oct4GFP mESCs used in this repeat experiment. Noregbeklearly evident
within figure 4.15 is a greater loss Ofct4GFP expression on the GXG cultures
compared to the control culture after the 12-dayopleas elapsed. There was a 66 %
drop in the percentage of the population expresSictg-GFP within the 35 kPa GXG

condition compared to the control (p < 0.001) ard & drop within the 5 kPa GXG
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Figure 4.15 Percentage of the mESC population exmsing Oct4-GFP after a
repeated 12-day spontaneous differentiation, withe-seeding at day 5, on GXG
substrates and control tissue culture plastic in ngium without LIF. Cells were
pooled and analysed at day 5 (filled-in black catsinand at day 12 as three
biological repeats (diagonal striped columns). €her bars at day 12 represent one
standard deviation above the mean. A paired stadeest was performed to quantify
the significance between the data; * refers to<adp05, *** p < 0.001.
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condition (p < 0.001) after this 12-day spontanedifferentiation. There was also
still a difference between the tviovalues, with a 15 % drop in the percentage of the
population expressin@ct4GFP on the 5 kPa surface compared to on the 35 kPa
surface (p < 0.05).

It is important to note that the apparent increaf@ct4-GFP expression
between the two time points within the control dtind is somewhat unlikely and
could be due to an anomaly in the count of the gubaklls at the day 5 stage. It could
also indicate the difficulty in differentiation ohssue culture plastic, since the
confluency after twelve days of culture, visibletire images shown in figure 4.11,
could be affecting the entire population’s stenmi-ckaracteristics and thus genotype.

Throughout the GXG culture periods it was diffictdtimage the GFP signal
from the cells using standard fluorescence micnegcdue to the thickness of the
GXG layer making it both hard to achieve good reSoh and contributing towards a
high background signal. This made it complicateanalyse the loss of pluripotency
and hence it was only flow cytometry that could utidised to quantify the loss in
expression of the GFP molecule. situ staining was desirable though, as further
proof to the results already seen from the flovoogtry and gPCR.

After the samples were stained and imaging usiegstndard Nikon upright
florescence microscope resulted in little succesafocal microscopy was employed
to image the cells. The main obstacle to overcompreparing the sample for the
imaging was the removal of the GXG layer from thedl plate. Due to the thickness
of the layer and the fact that the cells to be iedhgere positioned at the top of this
layer rather than all the way through, it was ingiole for the objective used in
confocal microscopy to be able to reach the cdlfter investigating a number of

methods for removal of the layers, a hot-wire ogftdevice was developed with
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Martin Town at the Department of Biochemical Engirieg, UCL. This constituted a
length of copper wire suspended around 1 cm abmwgface and held in place with
two crocodile clips at either end. A current wasgsa along the wire until it was
visibly red-hot and the plate was then pushed slomtb the wire, which cuts the bulk
of the plate away when coming into contact with giastic. The six wells of the
culture plate remained, which were in turn indihatly cut out using a hand-held
version of the cutter. Each well containing its GX$er was then placed into a petri
dish, covered with DPBS and then when ready foging removed from the DPBS,
dried and placed on the stage of the confocal etmpe. The objective was now
easily able to reach the cell surface and image® waptured; these are shown in
figure 4.16.

Looking at left-hand side column of images withne figure, it is evident that
the cells cultured within the control condition gmesent in a more uniform colony,
displaying a more homogenous shape and have an exgression of OCT-4.
Imaging of cells on this tissue culture plasticlisarly much easier than on the thick
GXG layer and the result is higher quality imagéemparing subtle changes in
expression of markers is difficult using this methmompared to the flow cytometry
and gPCR methods already discussed and certagsiglution issues make it difficult
to compare GXG conditions with tissue culture ptasbespite this, there is very
minimal OCT-4 positive staining evident within badh the GXG cultures shown in
the centre and the right-hand side columns of égud6, compared to in the control
condition. This is consistent with the flow cytomyetlata represented in figure 4.15,
along with both the flow cytomtery and gPCR datavah within the previous
experiment; the GXG conditions are encouragingsjpentaneous differentiation of

the Oct4-GFP mESCs, in the form of increased loss of stelihatarkers.
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Figure 4.16 Confocal microscopy images dDct4-GFP mESCs after a repeated
12-day spontaneous differentiation, with re-seedingt day 5, on GXG surfaces
and control tissue culture plastic in medium withow LIF. Left column, cells
cultured in control tissue culture plastic conditioniddle column, on 35 kPa GXG
surface; right column, on a 5 kPa GXG surface. ddits were fixedn situ after the
12-day culture and stained using DAPI to highlig¢fnee position of the nuclei (top
row) and OCT-4, localised with Alexa Fluor 555 {ooh row). Images were captured
at 10 x magnification and then zoomed in accordmghe scale bar; scale bars on
left-hand column of length 10dm, in middle column of length 11&n and on right-
hand column of length 124m.
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4.3 46cSox:GFP mESCs

In this section, the culture of the 460xtGFP mESCs is described. These cells were
used for investigation here since their GFP exprassould be quantified for an
immediate measurement of whether the cells wenegbgiiccessfully directed down
the neuronal lineage or not. This is due to thelvement of theSox1gene in early
stages of neuronal differentiation, as describesktion 1.5.

Maintenance of their stem-cell state is includetbwe followed by directed
neuronal differentiation, both in standard tissudture plastic conditions. This is
followed by results from the spontaneous diffe@idn and finally the directed
neuronal differentiation of these cells on the GX@bstrates compared with control

tissue culture plastic.

4.3.1 Standard culture on plastic

4.3.1.1 Maintenance of pluripotency in LIF containg medium

46¢ Sox2GFP mESCs were successfully thawed, cultured an#étddl throughout the
course of these investigations. Their morphology waite different to that seen with
the Oct4-GFP mESC line and their subculturing was carrigdad a much higher split
ratio also than that previously used for both mH®€s; a confluent flask would be
split generally between a ratio of 1:11 to 1:13isTflask would subsequently be
confluent once more and ready again for subculguafter the normal 3-day culture.
The high split ratio was necessary to ensure thentereance of stem-cell like

morphology within the 46¢c mESC cultures and denratess the large propensity for
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proliferation that these cells exhibit, making theelatively easy to culture and
expand.

Upon thawing the 46c mESCs, mostly present witthe culture were
flattened, single cells, non-uniform in shape. Afidew days the culture was ready to
be subcultured, but unlike tH@ct4GFP mESCs, the 46¢c mESCs never developed
into rounded colonies. Figure 4.17 contains a plecasé¢rast image of 46¢c mESCs in
normal culture. Their cell morphology was more $amito the E14 mESCs, with
larger, flattened cells that would extend out asrie culture surface from the edges
of the colonies (see dashed arrow). A few smalbregwithin the cultures contained
the smaller, rounded and bright cells (see fulbwajr but these were generally fewer
in number. The cells proliferated well and a wogklmank was soon formulated from
which cells for experiments were continually thawed

Full characterisation of these stem cells wasngsdeespecially considering
the varied morphology that they exhibited. Firste tcells were analysed by flow
cytometry, using the baseline GFP value that haeh bsalculated using the E14
MESCs as mentioned previously. Figure 4.18 contdaisplots of the results from
flow cytometric analysis of P30 46c mESCs. Thestefiability was measured using
the maker pl; here around 92 % of the cells weablei and hence non-stained by the
pl. The small 4 % positive GFP signal present isthpyobably due to the mESCs
expressing a low level @ox1 and hence GFP, throughout their culture, whethar
stem cell state or indeed specifying towards a omalrlineage. By any means, this
level is sufficiently small as this stage, so amyregulation of this neuronal gene
within an experiment will be able to result in &ilsle difference in GFP expression

from the non-differentiated population.
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Figure 4.17 Phase-contrast image of P34 4Gox1:-GFP mESCs after two days in
culture. Both small, round cells (full arrow) and largerore irregularly shaped cells
(dashed arrow) are evident within the relativelyehegeneous cell population. This
picture was kindly donated by Kate Fynes at the dbepent for Biochemical
Engineering, UCL. Image taken at 10 x magnificatioth a scale bar of 100m.

Figure 4.18 Dot plots showing P30 4680x}+GFP mESCs analysed by flow
cytometry. 3.5 % of the viable cell population expresSexxt+GFP.
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ICC was then carried out to check the pluripotemayker expression. Figure
4.19 shows phase-contrast and fluorescence imag®sH37 46c mESCs stained for
the intracellular transcription factors OCT-4, Ngnand UTF-1 and the surface
marker SSEA-1. Cells were stained positive for ¢hésur markers of mESC
pluripotency, showing them to be exhibiting thensliard stem cell characteristics. No
GFP signal was captured since these cells weleegtltripotent stage and hence the
Soxlgene was not at this stage upregulated to resalhy emission of GFP. Again,
secondary only and isotype controls were both peréd and correctly showed no
staining; the isotype control results can be seekppendix 7.9.

One further characterisation was carried out feséhcells, due to the irregular
morphology seen upon culture. Cells from normétuca were harvested and stained
for OCT-4 and Nanog, then analysed on the HighdPedince Flow Cytometer as
described in section 2.2.3. OCT-4 was highlightsohgia FITC secondary antibody
and Nanog highlighted with a PE secondary antibddye only modification to the
protocol described was that a different buffer waed during the staining protocol,
consisting of 0.25 % triton in 1 % BSA solution.

Figure 4.20 shows the results. The top of the &ghows how all the results
were gated on a cell population highlighted fronda-plot of the forward scatter
signal versus the side scatter signal, in ordeligbnguish nucleated cells apart from
both debris and dead cells. The first row of histogs show unstained cells analysed
through both channels to check no background feaeece was present, whilst the
second row of histograms show the secondary antibodtrols. The bottom row of
histograms within the figure shows the results fritma OCT-4 (FITC) and Nanog
(PE) staining, as gated on the secondary antibodyrals. Analysing the results it

was evident that a large proportion of the cellsrewpositive for each of the
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Figure 4.19 ICC staining results from 2-day P37 4680x}+GFP mESCs.Left-
hand column contains phase-contrast images showirgg cell and colony
morphology, middle column contains DAPI images hgjtting the cells’ nuclei and
the right hand column shows the antibody stainesyits. Secondary antibodies were
used to highlight, from top to bottom, OCT-4 (Ig@use), Nanog (polyclonal rabbit),
UTF-1 (IgG mouse) and SSEA-1 (mouse IgM). AlexaoFla55 secondary antibody
was used to highlight all primary antibodies apfdm Nanog, to which Cy3
secondary antibody was used. No GFP signal wastifjadnsince these cells were
pluripotent at this stage and had not been difteatad. All images taken at 20 x
magnification with a scale bar of length 1fa@.
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Figure 4.20 Histograms showing the results from fi@ cytometry analysis on 46¢
Sox:GFP mESCs stained via ICC.Unstained cells were analysed to check no
background fluorescence in either channel (top ofvwhistograms) and secondary
antibody only controls were then used to set tiesgéR2, FITC only; R3, PE only)
for positive antibody signal (middle row of histagns). Cell samples stained for
OCT-4 and Nanog were then analysed (bottom rowistbggrams). 99 % and 90 % of
the cells expressed OCT-4 and Nanog respectively.
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markers; 99 % of the cell population was positioge ®CT-4 and 90 % positive for
Nanog. This was further proof that the 46¢c mESCsewiésplaying correct expression

of pluripotency markers and was the final charasa¢ion needed of the stem cells.

4.3.1.2 Directed neuronal differentiation in NDiff

Upon full characterisation of the 46c mESCs as rilesd above in section 4.3.1.1, it
was then desirable to check their ability to enftRdluorescence upon up-regulation
of the Sox1gene. This was achieved by neuronally differemgatthe cells with
Culticell NDiff RHB-A media, as described in secti@.1.3.3, in order to activate the
Sox1gene and result in GFP expression (Ying et aD3B).

P31 46cSoxtGFP mESCs were seeded on pre-gelatinised 6-vatpht 1, 3
and 5 x 16 cells/cnf. The various seeding densities were used to iimatst any
sensitivity in differentiation capabilities the Isehave towards confluency. Although
these seeding densities are quite low with resigenbrmal subculturing, in order to
achieve successful differentiation much lower oelnbers are required, so as to give
the cells space to allow them to differentiate. Heigseeding densities that result in
too high a population of stem cells initially seédeay not result in such successful
neuronal differentiation, as there is a strong ckathat uncharacterised cell-cell
contact between the cells may contribute towardsntaaing their stem cell
phenotype (Zhou et al., 2008). These seeding desnsite close to the lower end of
those described originally (Ying et al., 2003b).

Also, in this experiment the cells were initiallgesled in normal growth
medium without LIF. This was then changed to NDaiédia after one day of culture,

at which point attachment of all cells to the crdtsurface was evident. Seeding in
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NDiff media in preliminary investigations had re®d in fewer cells attaching to the
surface, resulting in a lower seeding density ttlasired. The NDiff media was then
changed every two days after the initial changelan 1 and the cells harvested after
seven days of culture.

Figure 4.21 shows dot-plots from the flow cytone@nalysis of the cells at
day 0 and day 7. It is evident from the figure thatcessful neuronal differentiation
with respect to a strong up-regulation of 8B@xlgene was achieved using the NDiff
media in all three seeding density conditions aptexh 82.6 %, 86.7 % and 89.4 % of
the population express&@bx1GFP from the 1 x 10cells/cnf, 3 x 16 cells/cnf and
5 x 10 cells/cnf seeded conditions respectively. The small amotirapparently
positive GFP signal present at the day O stage vthercells were seeded can be
attributed to background fluorescence of the calismentioned before and is not
detrimental to the latter results.

Since analysis was only carried out at the dayagestthe effect of initial
seeding in medium without LIF and subsequent teansff into NDiff culture was not
able to be concluded from this particular experitménwvas clear that seeding in the
medium without LIF resulted in successful cultuiresll cases, with good attachment
of cells visible and a statistically significantlgeopulation able to be harvested after
seven days of differentiation.

This completed the analysis of the 46¢c mESCs witlmrmal culture, proving
them viable for use in GXG culture as accurate m@kor successful neuronal

differentiation.
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Figure 4.21 Dot plots showing undifferentiated P3146c Sox}:GFP mESCs
analysed by flow cytometry (top plot) and consequely after 7 days of directed
neuronal differentiation (bottom plots). Cells were seeded at three different
densities: ‘1e3’ (1 x 10cells/cnf), resulting in 82.6 % of population expressing
Sox:-GFP; ‘3e3’ (3 x 1dcells/cnd), resulting in 86.7 % of the population expressing
the marker and ‘5e3’ (5 x fcells/cnf), resulting in 89.4 % of the population
expressing the marker. Only one biological repeas werformed for each condition,
hence no errors are represented.
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4.3.2 Culture on GXG substrates

4.3.2.1 Spontaneous differentiation in medium witltoLIF

The first stage of culturing the 46c mESCs on GXi3strates involved a spontaneous
differentiation in medium without LIF. This woulddhlight if culture on the GXG
substrates would be able to encourage differeatiaif theseSox2GFP cells, alike to
that seen with theOct4-GFP cells within section 4.2.2.2. The encouraged
differentiation would be evident by any up-reguatiof the GFP expression; even
though here the neuronal lineage wasn’t being Spddor by the culture medium, a
proportion of the differentiating cells would bepexted to be directed down the
ectodermal, and hence neuronal, lineage. (It haddy been concluded that the GXG
substrates were able to mimic normal culture camakt with respect t@ct4GFP
MESC culture in LIF containing medium, hence thaswot repeated due to the main
goal regarding the use of the 46c mMESCs being ltsergation of the differentiation
geneSox1)

GXG layers were constructed as normal using the extreme gelatin
concentrations: 3 % gelatin in DPBS, to resultayels with ark value of 2 kPa, and
6 % gelatin in HO, to result in layers with ak value of 35 kPa. The layers were
constructed in 6 cm dish format and four biologicgleats were fabricated for each
condition. The control condition once more consisté tissue culture plastic, pre-
coated with 0.1 % gelatin. P33 46c mMESCs were skedi® the respective conditions
in medium without LIF at a seeding density of 80 tells / cnf; this higher seeding
density was used in this preliminary experimenthesnature of attachment of these

cells to the GXG layers was unknown at this stage @ sufficient cell population
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within each culture was desired. The cells were tlet for six days at 3C / 5 %
CO, to differentiate without any media changes, aftbich time their morphology
was imaged and they were harvested for flow cytamanalysis.

As can be seen in figure 4.22, after six days tifioelin medium without LIF,
the cells still demonstrated a good deal of sterlike colony morphology.
Compared to th®©ct4GFP mESC GXG cultures seen previously, there \skgatly
less obvious differences between the control arel @XG conditions, with all
conditions exhibiting large numbers of bright, rded colonies. At 10 x
magnification, the more 3D-like aggregates preseétiiin the 2 kPa GXG condition
became more distinguishable from the monolayeriwithe control condition and
cellular extensions and processes typical of nelrorrphologies became evident
(see arrows within the figure). There were attempggle to image the GFP signal
from the cells using the fluorescence microscopd, low resolution from the
presence of the GXG layer as mentioned before nidurd to distinguish the GFP
signal from the background.

Figure 4.23 shows the 4680xXGFP expression as quantified by flow
cytometry. The same trend is evident as seen mique GXG cultures; the GXG
appears to be encouraging differentiation of tHis.celere, the percentage of the cell
population expressin§ox+GFP has been significantly upregulated within bibida
GXG conditions compared to the control tissue celtplastic condition, with a 2.2
fold increase within the 35 kPa condition and a f@ld increase within the 2 kPa
condition (p < 0.01 for both). This shows that dgrispontaneous differentiation of
the 46c mESCs, there is a higher level of diffaediain occurring on the GXG
substrates compared to on the tissue culture pldsthce a higher number of cells

expressing one of the markers of differentiati®oxt+GFP. There was once again a
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Figure 4.22 Phase-contrast images showing 46o0x}GFP mESCs after six days
of spontaneous differentiation on GXG substrates aih control tissue culture
plastic in medium without LIF. Cells were either cultured in the control conditio
on tissue culture plastic (left column), on GXGdes with anE of 35 kPa (middle
column) or on GXG layers with aa of 2 kPa (right column). Some of the neuronal
type cellular projections and processes were evidghin the GXG conditions (see
arrows). Top row of images taken at 4 x magnifaatvith a scale bar of 50m and
bottom row of images taken at 10 x magnificatiothve scale bar of 10@m.
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Figure 4.23 Sox}GFP expression by mESCs after six days of spontanes
differentiation on GXG substrates and control tisse culture plastic in medium
without LIF, as quantified by flow cytometry. Four biological repeats were
measured for each condition and the error baresept one standard deviation above
the mean. A paired studerittest was performed to quantify the significancenveen
the data; * refers to a p < 0.05, ** p < 0.01.
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significant difference between the tvitovalues, with a 28 % increase within the 35
kPa condition compared to the 2 kPa condition (oGS5).

Since this differentiation was not specifically nenally directed, the final
degree of expression at this 6-day stage is noh;hige maximum degree of
expression out of all three of the conditions, ®sil|ted by the cells harvested from
the 35 kPa GXG condition, is only around 23 % GBBifpve. This is a much lower
value compared to the expression quantified dféer7tday culture in NDiff described
in section 4.3.1.2. It is also highly possible that changing the media throughout the
6-day culture, along with seeding the cells athagh a density, both contributed to
limited differentiation of the cells. The potentfal autocrine regulation by LIF in the
MESCs is a key factor affecting the differentiatimre(Rathjen et al., 1990; Zandstra
et al., 2000) This would inhibit differentiation in cultures witho media changes,
since if the LIF secreted by the cells into the rmed not removed, then it may
contribute towards maintaining pluripotency. Aldarger numbers of stem cells
present in the cultures could result in potenti@intenance of stem cell markers,
through cell-to-cell signalling as previously memied.

Although a significant result has been quantifiedvas more desirable at this
stage to investigate the potential of the GXG gabs$ to support directed neuronal

differentiation, hence this was next resolved.

4.3.2.2 Directed neuronal differentiation in NDiffnedia

The final stage of the 46c mESC investigations teaguantify the effect of GXG

culture upon directed neuronal differentiation. G¥gers, in the 6 cm dish format,

were again constructed using the two extreme getatncentrations: 3 % gelatin in
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DPBS, to result in layers with d&hvalue of 2 kPa, and 6 % gelatin in® to result in
layers with anE value of 35 kPa. Four biological repeats wereifabed for each
condition and the control condition once more cstesi of tissue culture plastic pre-
coated with 0.1 % gelatin. P33 46c mMESCs were skedi® the respective conditions
in medium without LIF at a seeding density of 7 & tells / cnf; this is slightly
lower than the density used previously and was ustidthe aim of accentuating the
differentiation process (Zhou et al., 2008).

After 1 day of culture at 3T / 5 % CQ the media was changed to NDiff to
induce specific neuronal differentiation. The celisre then cultured for a further six
days, with media changes every two to three dajfter Ahe 7-day culture period had
elapsed, the cells were imaged and harvested fiemrespective conditions for flow
cytometric analysis.

Figure 4.24 shows images of the cells after theay-differentiation, with
heterogeneous cell colony morphologies presentugirout each culture condition.
All conditions exhibited similar confluencies andntained both the smaller, stem
cell-like cells, as well as the larger, darker £effew of the axonal type extrusions
typical within neuronal cultures were visible frahe cells at this stage, though again
the nature of the GXG substrate made it hard tarately image.

Figure 4.25 shows thB8oxtGFP expression as quantified by flow cytometry.
At the 7-day stage, a few of the cultures withiffedent conditions had failed due to
contamination; no antibiotic antimycotic solutioachbeen supplemented to the media
here and the larger 6 cm dish layers were moreeptorcontamination. Hence the
number of repeats represented within the grapigird 4.25 is below four for some
of the data points and for those, two sample, egaidhncet-test’s were performed to

calculate the significance. Nonetheless, followtimg trend previously seen, the
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Figure 4.24 Phase-contrast images showing 4&ox}GFP mESCs in GXG
conditions and control tissue culture plastic aftera 7-day directed neuronal
differentiation. Cells were either cultured in the control condition tissue culture
plastic (left column), on GXG layers with &walue of 35 kPa (middle column) or on
GXG layers with arkE value of 2 kPa (right column). Top row of imagaken at 4 x
magnification with a scale bar of 50@n; bottom row of images taken at 10 x
magnification with a scale bar of 1@&n.
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Figure 4.25Sox1-GFP expression by 46¢c mESCs after a 7-day (seeded.IF for

1 day, then changed for NDiff for remainder) direced neuronal differentiation

on GXG substrates and control tissue culture plasti as quantified by flow
cytometry. Four biological repeats were fabricated for eaghddion, however due
to contamination, only three repeats were ablestonkasured for the 2 kPa condition
and two for the 35 kPa condition. Hence a two-samphual variancé-test was
performed to quantify the significance between dia¢a; *** refers to a p value <
0.001. The error bars represent one standard dmvi@bove the mean.
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percentage of the population expressiGpxt+GFP was highly significantly

upregulated within both the GXG conditions compat@dhe control tissue culture

plastic condition, with a 3.3 fold increase withiire 35 kPa condition and a 3.4 fold
increase within the 2 kPa condition (p < 0.001 lbath). There is no significant

difference between the two GXG conditions (p > ).05s also clear to note that the
NDiff media is much more successful at up-regutatd the neuronal gene compared
to spontaneous differentiation in medium withouFE Idhown in figure 4.23, as the
directed neuronal differentiation resulted in amur0 % of the cell population

expressingox1GFP.

This experiment was then repeated three furthexgjiwith a few adjustments
to the protocol described above. For the first agp&-well format GXG layers were
constructed using the same two gelatin concentraitémd the P35 46¢c mESCs were
seeded at a lower seeding density of 5 % délls / cnf, to try and optimise the
formation of neurons. In this case the cells wereded in NDiff instead of normal
medium without LIF, to investigate whether the drfethe Sox1up-regulation could
be encouraged earlier. Antibiotic antimycotic simatwas supplemented to the media
to help reduce the chance of contamination.

The cells were cultured for seven days in totahvmtedia changes every two
to three days. The first media change being thags dfter initial seeding. By the end
of the culture period, the cell colony morphologye demonstrated a more 3D-like
nature within the GXG conditions compared to thetad culture. Figure 4.26 shows
the SoxtGFP expression measured via flow cytometry fromheaf the layers. (A
few of the 2 kPa cultures again failed at the 7-si@ge due to contamination, thus
reducing the number of biological repeats and hémwoesample, equal variande

test’s were performed to calculate the significapesveen this and the remaining two
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Figure 4.26 Sox:GFP expression by 46c mESCs after a 7-day directedeuronal
differentiation on GXG substrates and control tisse culture plastic, as
guantified by flow cytometry. Five biological repeats were measured separately f
all conditions apart from the 2 kPa condition, frarhich only two biological repeats
could be obtained at the end of the culture pettahce whilst a paired studemitest
was performed to quantify the significance betwesncontrol and 35 kPa data, two-
sample, equal variandetest's were performed to quantify the significatetween
the 2 kPa data and the control, and between thea2data and the 35 kPa data; *
refers to a p < 0.05, ** p < 0.001. The error baepresent one standard deviation
above the mean.
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conditions). Once more, there is a clear up-reguiabf the percentage of the
population expressin@ox:GFP within both the GXG conditions compared to the
control tissue culture plastic condition, with a 2® increase within the 35 kPa
condition (p < 0.05) and a 92 % increase within 2hk&Pa condition (p < 0.001).
There is also a significant difference betweenttheE values, with a 37 % increase
in the percentage of the population expressdax:-GFP within the softer 2 kPa
condition compared to the 35 kPa (p < 0.05). Theneot a large difference in total
SoxE:GFP expression compared to that seen in figuré wBere the cells were
seeded in medium without LIF for the first day oftare and then switched to NDIff,
indicating perhaps this issue does not have a geHatt on the differentiation
pathway.

For further characterisation of the cell sampld3CR was employed in order
to correlate the loss in the percentage of the ladtipn expressinggoxtGFP with a
up-regulation of other neuronal genes. (The gettedphoresis from the PCR
performed to check successful fabrication of c-DMAshown in Appendix 7.10).
Expression of the neural stem cell gem&X6 and NCaml along with the pan-
neuronal gendlllitubulin was quantified relative to the housekeeping géapdh,as
described in section 2.2.5.2.

Figure 4.27 and 4.28 show tigdItubulin, NCamlandPAX6expression from
each of the two biological repeats. Since only hia@ogical repeats from the 2 kPa
GXG condition were successful, these, along witlh thosen randomly from the
other two conditions, were taken on for gPCR ansilydence the data from each
biological repeat is represented separately artdcmical triplicates from the qPCR
plate. Where an anomalous result within the techirigplicate had to be removed

resulting in only two data points, thus the sigrafice attained via a two-sample,
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Figure 4.27 Relative expression oblllitubulin (top), NCam1(middle) and PAX6
(bottom) to Gapdh by 46¢ Sox:--GFP mESCs after a 7-day directed neuronal
differentiation on GXG substrates and control tisse culture plastic. The data
shown is technical triplicates from one biologiogpeat; the error bars represent one
standard deviation above the mean. A paired stadeest was performed to quantify
the significance between the data; * refers to & .05, * p < 0.01 and
*** n < 0.001.
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Figure 4.28 Relative expression obllitubulin (top), NCam1 (middle) and PAX6
(bottom) to Gapdh by 46¢c Sox}-GFP mESCs after a 7-day directed neuronal
differentiation on GXG substrates and control tisse culture plastic. The data is
shown as technical triplicates from one biologiegleat, apart from the control data
points for all three graphs, which is a technioaplctate, as well as the 35 kPa data
point for the Allitubulin graph. Two-sample, equal variance studertessts were
performed to quantify the significance betweendbastrol data points and the 2 kPa
and 35 kPa data points respectively for all threplgs, as well as between the 2 kPa
and 35 kPa data points in thltubulin graph, whilst a pairedtest was performed to
guantify the significance between the 2 kPa andB& data points in the other two
graphs; * refers to a p < 0.05, ** p < 0.01 and P¥* 0.001. The error bars represent
one standard deviation above the mean.
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equal variance studeritgest, this has been indicated in the figure legend

Apart from one data point within figure 4.27 (rélatexpression diCamlon
35 kPa GXG condition), all three of these markersh@uronal differentiation are
significantly upregulated by both GXG substratempared to the control culture on
plastic (p < 0.05, at least). The trend betweenweGXG conditions stays the same
between the flow cytometric and gPCR analysis:ehsra higher up-regulation of
blllitubulin, NCamland PAX6 on the softer 2 kPa GXG condition compared to the
harder 35 kPa condition in each case (p < 0.0Raat). This is further proof that the
softer GXG culture surface is highly beneficial ancouraging neuronal cell
formation from stem cell populations.

The second repeat of this differentiation was edrrout again with 6-well
format GXG layers constructed using the same twatigeconcentrations and P30
46¢c mESCs were seeded at the same lower seedisigydei5 x 1 cells / cni. The
cells were seeded in NDiff, again supplemented waittibiotic antimycotic solution;
even though the presence of this solution had retegmted a few of the biological
repeats being lost to contamination in the previmjpeat, it was still maintained for
use. The culture period for this repeat was exténddéwelve days, in order to see if a
larger onset of GFP expression could be deduced.

Figure 4.29 shows the cell colony morphology in thigerent conditions at
day 12 and figure 4.30 shows tBex1GFP expression measured via flow cytometry
from each of the layers. The phase-contrast imajesv that a heterogeneous
population is visible within each culture conditjamth some larger, built up areas of
stem cell differentiation present, as well as soofiethe more monolayer type
colonies. After this extended culture period, theere more of the neuronal type

extrusions visible within the GXG conditions comgito the control conditions
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Figure 4.29 Phase-contrast images showing 4&ox:+GFP mESCs on GXG
substrates and control tissue culture plastic aftera 12-day directed neuronal
differentiation in NDiff. Cells were either cultured in the control conditmn tissue
culture plastic (left column), on GXG layers with B of 35 kPa (middle column) or
on GXG layers with aic of 2 kPa (right column). After this extended cudtyperiod
heterogeneous colony morphology was largely eviderall cultures, with a few
more neuronal-like extrusions clearly visible witltthe GXG culture conditions (see
arrows). Top row of images taken at 4 x magnifaatvith a scale bar of 50m and
bottom row of images taken at 10 x magnificatiothve scale bar of 10@m.
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Figure 4.30 Sox:GFP expression by 46c mESCs after a 12-day diredte
neuronal differentiation on GXG substrates and contol tissue culture plastic, as
guantified by flow cytometry. Three biological repeats were measured sepafately
all conditions and a paired studettgst was performed to quantify the significance
between the data points; ** refers to a p < 0.0de &rror bars represent one standard
deviation above the mean.
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when analysing the cells via the microscope (semaron figure).

Analysing theSoxtGFP expression shown in figure 4.30, once moreetisea
clear up-regulation within the 35 kPa GXG conditammpared to the control culture,
with a very significant 2.9 fold increase (p < 0.0§et again proving the
encouragement of differentiation by the GXG surfddewever, this time there was
less of an up-regulation within the 2 kPa GXG ctindi with an insignificant
increase compared to both the tissue culture plastil the 35 kPa condition (p < 0.05
for both). This could be due to the possibilitytthize two different GXG conditions
are encouragin®oxt:GFP expression at different rates; analysis atltdter 12-day
stage has resulted in little expression of the omalr marker on the softer 2 kPa
condition, as it has already been upregulated amibw being down-regulated as the
cells continue on towards latter neuronal stagetiftédrentiation (Ying et al., 2003b).
This is highly possible given the degree of neuHika extrusions visible within the
cell cultures (see above).

To further prove this, along with gaining a moreinded analysis of this
differentiation, gPCR was again employed. (Appendikl contains an image of the
successful gel electrophoresis proving c-DNA wasemly fabricated). Expression
of a number of genes associated with neuronalrdifteation was quantified relative
to the housekeeping ge@apdh,as described in section 2.2.5.2.

Firstly, three neural stem cell gen€# X6 NCamlandNestinwere analysed,
the results from which are shown in figure 4.31tHa case oPAX6andNestin both
of these markers were significantly upregulatedhinit both GXG conditions
compared to the control, as well as within the bBar85 kPa GXG condition
compared to the softer 2 kPa condition (p < 0.0a@dt). This is in agreement with

the Sox2GFP expression data, in proving that there islaydd expression of neural
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Figure 4.31 Relative expression of neural stem cefjenesPAX6 (top), NCaml
(middle) and Nestin (bottom) to Gapdhby 46¢c Sox:-GFP mESCs after a 12-day
neuronal differentiation on GXG substrates and contol tissue culture plastic.
The data is shown as technical triplicates andetier bars represent one standard
deviation above the mean. A paired studdrtsst was performed to quantify the
significance between the data; * refers to a p08 0% p < 0.01 and *** p < 0.001.
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stem cell markers present within the 35 kPa GX@ucelat this 12-day stage. This is
further evidence towards the idea that the 2 kP& GX¥ndition has actually been
encouraged to differentiate faster, as more ohtheaal stem cell markers would have
been lostNCamlexpression can be seen to be following a simitard to the other
two markers across the different culture conditjomswever this neural stem cell
marker, with a relative expression of 8.&2#, within the 2 kPa GXG condition is
neither significantly upregulated compared with tbentrol or down-regulated
compared with the 35 kPa condition (p > 0.05 fahkpo

Figure 4.32 shows the expression of the pan-neuragkerspllitubulin and
Mapll, genes known to be involved in a number of nedrbnaages (Baharvand et
al., 2007). A highly similar pattern to the abovelysis of the neural stem cell genes
is evident; the two markers are significantly updated within both the GXG
conditions compared to the control culture (p <L0ad least). There is also a highly
significant up-regulation afllitubulin within the 35 kPa GXG condition compared to
the 2 kPa, with a 6.3 fold increase (p < 0.001)ugh the expression of this marker
within the 2 kPa condition appears to be quite lthere is still a 56 % increase
compared to the control (p < 0.01). However, théedence in expression dflapli
within the 2 kPa GXG condition compared to the Baks not significant (p > 0.05),
proving that the perhaps more enhanced neuronailgogn present within the 2 kPa
condition is still exhibiting a high expressiontbé pan-neuronal marker.

The final genes analysed were specific neuronakg@mp, Gad2 and Th,
which are expressed in oligodendryocytes, GABAngieeneurons and dopaminergic
neurons respectively (Ying et al., 2003b; Reubiretfal., 2000). Figure 4.33 shows
the results from these three geriegident within the top graph showing the relative

expression o€npis a 2.2 fold increase in expression of the olegattocyte marker
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Figure 4.32 Relative expression of pan-neuronal ges bllltubulin (top) and
MAPII (bottom) to Gapdh by 46c Sox}:-GFP mESCs after a 12-day directed
neuronal differentiation on GXG substrates and contol tissue culture plastic.
The data is shown as technical triplicates andetier bars represent one standard
deviation above the mean. A paired studdrtsst was performed to quantify the
significance between the data; ** refers to a p&l@nd *** p < 0.001.
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Figure 4.33 Relative expression of specific neurohayenes Cnp (top), Gad2
(middle) and Th (bottom) to Gapdh by 46c Sox}--GFP mESCs after a 12-day
directed neuronal differentiation on GXG substratesand control tissue culture
plastic. The data is shown as technical triplicates andetier bars represent one
standard deviation above the mean. A paired stadeest was performed to quantify
the significance between the data; * refers to<ap05.
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within the 2 kPa GXG condition compared to the Balcondition (p < 0.05). Firstly,
this is consistent with the concept of increasedraw@al differentiation within the
softer GXG condition after this 12-day differenimst. But importantly, this also
suggests that whilst the softer GXG substrate tsnmaintaining an up-regulation of
neural stem cell or pan-neuronal markers afterltmger differentiation period, it is
in fact able to favour oligodendrocyte formatiortivim the neuronal population.

The harder GXG substrate is in fact exhibiting Erthat does not favour
formation of this specific neuronal sub-type. Ugba quantification of botifh and
Gad2 expression, it is evident that both are signifittanpregulated within the 35
kPa GXG substrate compared to the 2 kPa GXG suegjpa< 0.05 for both). This
suggests that the harder substrate is able tofgpeevards the dopaminergic and
GABAergic lineages to a greater extent than theessubstrate.

All in all, this qPCR analysis is verification ofi¢ strong effect the matrix
elasticity has not only in the early stages of naal differentiation, but also towards
the latter stages of differentiation and speciiaatof lineage. As the neurons are
differentiated closer to somatic cell fate, the nmaglasticity continues to affect the
expression of certain genes associated with tlaésedecisions.

The last repeat of this differentiation was perfedhwith the view of using
ICC to highlight any morphological differences, bag what is visible by phase-
contrast microscopy. Here, P43 46¢c mESCs were daadd¥Diff onto 6-well format
GXG layers constructed using 2 % gelatin igOHin order to produce layers of
strength 5 kPa, and layers constructed using 5 I#iigen H,O in order to produce
layers of strength 24 kPa. Although these two gelablutions were different to
previously used, the range was still large enoughbé suitable for testing the

behaviour of the cells on hard and soft matricédeealThe cells were cultured for
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thirteen days, after which time they were fixed atained forblll-tubulin following
the ICC protocol described in section 2.2.2.

The stained cultures were first analysed via stahtlaorescence microscopy;
the strong nature of expression of this marker mestandard fluorescence
microscopy was able to result in relatively wekolved images. Nine pictures of
blll-tubulin positive colonies were taken randomiyr@ss each of the three cultures
and are shown in figures 4.34, 4.35 and 4.36. Comgpdhe three figures there is a
clear difference in the colony morphology of thié-tubulin positive clumps between
the different culture conditions. Within the GXGnelitions there are large, 3D-like
aggregates that are positive for the neuronal mamkigh clear extrusions visibly
extending out from the aggregate into the surraumaiulture, compared to flatter,
less bulky aggregates formed in the control culwoeedition. The resolution issues
and background fluorescence from the GXG previonsyntioned makes the imaging
harder from these two substrate conditions comptareke plastic, but the difference
in colony morphology is still clear. The mechanligatuneable substrate is
encouraging a 3D-like differentiation, with largemps of cells forming over the 13-
day differentiation. Any specific difference betwethe two GXG conditions is hard

to quantify here, but is certainly evident when paming to the culture condition.
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Figure 4.34 Fluorescence images diill-tubulin positive 46¢c Sox1:GFP mESCs
after a 13-day directed neuronal differentiation.Cells shown here were cultured in
the control condition on tissue culture plastica@blll-tubulin positive colonies were
chosen at random and phase-contrast (top) andefuoence (bottom) images
captured. All images taken at 10 x magnificatiothve scale bar of 10@m.
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Figure 4.35 Fluorescence images diill-tubulin positive 46¢c Sox1:GFP mESCs
after a 13-day directed neuronal differentiation.Cells shown here were cultured on
GXG substrates made with 5 % gelatin igCHwith anE of 24 kPa. NindllI-tubulin
positive colonies were chosen at random and phasigast (top) and fluorescence
(bottom) images captured. All images taken at Ifagnification with a scale bar of
100mm.
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Figure 4.36 Fluorescence images diill-tubulin positive 46¢c Sox1:GFP mESCs
after a 13-day directed neuronal differentiation.Cells shown here were cultured on
GXG substrates made with 2 % gelatin igOHwith anE of 5 kPa. Nineblll-tubulin
positive colonies were chosen at random and phasigast (top) and fluorescence
(bottom) images captured. All images taken at Ifagnification with a scale bar of
100mm.
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These stained cultures were finally analysed vigamal microscopy, to see if
any more differences iblll-tubulin expression became apparent. Again,hbewire
cutter technique described in section 4.2.2.2 wapl@yed, in order to achieve
successful imaging of the layers. Figure 4.37 shtwesresults from this imaging;
there is cleablll-tubulin expression, as highlighted with the rédexa Fluor 555
secondary antibody, evident within the three celtwonditions. This confocal
microscopy highlighted cell morphology typical oeuronal differentiation, with
axonal type extensions clearly visible in all thradtures. The DAPI expression
highlights the colonies to be more rounded and pHike within the GXG conditions
compared to the control’s monolayer type populatidrcells relatively uniformly
spread across the surface, further proving the &WDra of differentiation the GXG

encourages.
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Figure 4.37 Confocal microscopy images showirlgjll-tubulin stained 46¢c Sox1-
GFP mESCs after a 13-day directed neuronal differeimation on GXG substrates
and control tissue culture plastic.From left to right, cells cultured in the control
condition, on GXG layers with da of 25 kPa and finally on GXG layers with Brof

5 kPa. There was expressionbdfi-tubulin present in all the cultures, as higlhigd
using the Alexa Fluor 555 antibody (red); DAPI wesd to highlight the position of
the nuclei (blue). Images were captured at 10 xmnifiagtion and then zoomed in
according to the scale bar; from left to right,lechar corresponds to a length of
92 nm, 106mm and 238ym respectively.
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4.4 Discussion

Just as the phenotypic and genotypic behaviouradilawill be heavily regulated by
its surrounding microenvironmeim vivo, variables within the man-made niche for
cells culturedin vitro will significantly alter the cells’ morphology, lation,
proliferation and genotype. The translation of éheffects is modulated by chemical
cues, temperature, oxygen up-take and mechanigallsi all mediated by highly
complex signalling pathways. The work presentethia chapter highlights just how
sensitive to one of these variables, the surfaastieity of thein vitro culture system,
MESCs can be, both in the maintenance of their sielinstate and in the journey
towards a somatic status.

The first major conclusion that can be drawn frim work on the GXG
substrates was that mMESCs can be maintained instieen-cell state in a comparable
manner on substrates of varying elasticity to thrat0.1 % gelatin pre-coated tissue
culture plastic. This was a vital step in showihgttthe novel gelatin culture system
was not having a detrimental effect on the mES@svears permitting normal growth
and phenotype. Undoubtedly, these data were olotafier a number of preliminary
experiments undertaken to investigate the fealibdf the novel culture system.
These preliminary studies were able to bring thtlgssential modifications that were
necessary in the fabrication protocol, when it whserved that the occasional layer
failed to support mESC growth. This was clear wtiencells seeded failed to grow
into viable colonies, merely attaching to the gelaubstrate in a single cell manner;
when cells were harvested from these failed latfeeg were non-viable as quantified

via flow cytometry. Modifications to the protocolere thus made, but in the
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meantime the failings of some meant that subsfabt@ogical repeats were not
obtained for a few of the preliminary different@tiexperiments.

These amendments to the protocol involved addmgssaues regarding
contamination, equilibration post-reduction and -peeding and culture method
protocols. During the preliminary stages of invgstion, a number of the GXG
substrates would fail due to contamination of thedia. This occurrence was heavily
reduced by switching from a 6 cm dish format toaedl plate format; the 6 cm dish
GXG layer was prone to contamination due to theeddthickness of the substrate
resulting in a higher level of the media to the tdphe dish, meaning it was more
likely to touch the edge of the wall or the lid ohgr handling procedures. The scaled-
down substrates fabricated in 6-well format meass Imedia was needed, whilst the
more complex nature of the dish means the medessslikely to come into contact
with the edge or the lid. Contamination issues was® reduced by introducing a
syringe-filter sterilisation stage in the making op the DPBS/NaBHl reducing
solution and completely eradicated by the introductof antibiotic antimycotic
supplements in the media. Equilibration issues weoeght to light after a prediction
that a 2-hour incubation period between reducing &XG substrates with the
DPBS/NaBH solution and seeding the cells was not long enowgtallow for
removal of any residual elements from the toxicupilg solution. Thus this period
was increased to a minimum of 5 hours (longer wasoudred if able to be
incorporated), along with three vigilant DPBS washar each layer after this period
was complete and before adding fresh media to ghedcells into. Finally,
modifications to the culture procedure for theseGs3ubstrates involved leaving the
cultures for a longer period post cell-seeding aetbre the first media change to

allow for any differences in attachment rates, glamth a greater care taken in
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changing the media, so as to not disturb the palletrgelatin surface to any great
degree.

Harvesting the cells from the thick gelatin laypresented a bigger challenge
than harvest from standard tissue culture plasfter a standard 3-minute incubation
period with the T/E solution, a large proportiontioé cells would remain attached to
the GXG surface and would not come off into susjpen<Efficient removal of the
cell suspension was achieved from a longer DPBSingnstage as well as a longer
period of incubation at 37C, after this time if any cells remained attachedfte
surface they could then be lifted off using thd setaper into the cell suspension.
Trypsinisation on the GXG substrates was obsergebleang easier when harvesting
from stem cell cultures maintained in LIF-contagnirmedium compared to
differentiated cell populations. This was perhaps tb a possible increase in ECM
protein deposition across the differentiated papata, potentially making it harder
for the T/E solution to access and disperse achasmonolayer.

Nonetheless, the GXG substrate method proved datera suitably sterile
culture method for mESCs. To date, this is thet freport of the growth and
differentiation of mMESCs on mechanically tuneahlbstrates made from gelatin, the
same substance used to pre-coat the tissue cpl@sgc within normal feeder-free
culture of the cells. This also represents a rauid relatively simple method for
fabricating mechanically tunable substrates able stpport cell growth. The
publications discussed in section 1.9 present gerasf methods for constructing
culture surfaces capable of investigating the &ftédE on cells. Saha et al (2006)
cultured ESCs on BioFlex culture plates pre-coated with Matri@el and
consequently exposed the plates to strain. Withntleehanical variable only being

enacted onto the cells during the exposure tonstthis method does not represent a
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constant culture system in a varié@nvironment to normal tissue culture plastic. Pek
et al (2010) used a polyethylene glycol(PEG)-sili@mocomposite gel for 3D cell
culture, previously developed by the authors (Rei.e 2008). Rather than requiring
cross-linking in order to gelate, the gel can lmpdified by adding a shear stress
during vortexing; it is at this point that the celre introduced into their culture
system. However, the actual synthesis of the PHEGxs1el is complicated, with one
particular stage involving a washing step that sgidace over several days. Engler et
al (2006) used polyacrylamide gels to culture M3Csheir experiments, with the
concentration of cross-linker defining tEe whilst a coating of collagen | supported
the adhesion and promoted the differentiation efcalls. Once again the method of
construction of the gels, previously reported byh&@ and Wang (1997) but
originally presented sixteen years earlier (Aplmda&Hughes, 1981), is complex. It
involves extensive washes, coatings, two UV phdieaiion stages and an overnight
incubation with collagen. The GXG system representgnificantly more feasible
system for routine use in tissue culture. Its edsmnstruction in formulating culture
substrates that exhibit a range of elasticities mae¢hat cells can be easily
manipulated into culture environments displayirgpastant, pre-characterisgd

One key finding from the experiments involving mEXQlture on the
substrates, additional to affecting the cells’ gerpression, was that the morphology
of the mESCs was observed to be different in alBa6nditions compared to tissue
culture plastic. The elasticity of the GXG subsraesulted in increased 3D-like
colonies compared to normal tissue culture plastitt) the outermost cells spreading
slightly less outwards from each colony and instéael whole colony projecting
upwards in relief from the surface. This was clehen observing the layers under the

microscope, since the plane of focus for each golona GXG culture was visible
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over a greater range than the single point of fdougells on tissue culture plastic.
Again alongside the mechanical cues directly affigcgene regulation, this variation
of morphology of the cell aggregates visible in GEG differentiation experiments
also could have played a role in encouraging diffgation. Moving a step away from
a monolayer towards encouraging a 3D-like cultusg/ mossible promote loss of the
stem cell state, as it more closely mimics theinalgmethod of differentiation via EB
formation (ltskovitz-Eldor et al., 2000). Importgnthowever, whether it is primarily
the morphology of the colony affecting the generegpion or indeed vice versa is
unknown at this stage. The morphology within @&4GFP mESC GXG culture in
LIF-containing medium experiments does not seenaffect the genotype, but as
described later, here it could be that any chensialals present (i.e. LIF) are over-
riding another possibly morphologically enactedeeff A key aspect to the varied
morphology within the GXG substrates is the unkngvencentage of cells actually
exposed to th& exhibited by the substrate. Since the degree ofjging of the cells
does not change from the softer substrate to th@ehathen there are no obvious
differences in cell-cell contact within the colosiand the result on the morphology
must be an effect from tHe

There are separate proposed mechanisms linkinganesensitive responses
to cytoskeleton remodelling to those resulting mammges in gene expression. The
former consequence most likely results from theolwement of focal adhesions
(FAs) which are the mechanosensitive protein corgdethat link the actin-myosin
cytoskeleton to ECM proteins (Beningo et al.,, 200liyamoto et al., 1995).
Phosphorylation (i.e. activation) events occurriwghin FA signalling pathways
result in coupled changes in protein-protein ircgoss, to eventually alter the make-

up of the cytoskeleton (Ballestrem et al., 2006rsBadsky et al., 2006). Thus it is

288



most probably the FAs that are translating the raedal cues into biochemical
signals to eventually alter the cells’ morphologydaspreading ability on the GXG
substrates compared with the tissue -culture plastWith regards to
mechanotransduction, as described in Sectiontli®the complex of proteins linking
the cytoskeleton to nuclear envelope proteins ttaatslate the mechanical signals
through to the nucleus to affect gene expressiamsgCet al., 2006; Wang et al.,
2009b). The proteins mediate attachment and madtapty force generation by the
cytoskeleton into the nuclear matrix, just as thes lo so from the ECM to the
cytoskeleton, and once translated into the nucldwese dynamic signals will affect
the E-sensitive genes to result in down or up-regulafBumxboim et al., 2010). There
may also be other mechanotransductive pathwayslétarg mechanical cues and
operating through differing complexes within thdl,cbeut the mechanism discussed
here does represent one possible route throughwimgcsignal is translated.

It was clear to see in the results from the diffiéietion experiments that there
was a strong effect of matrix elasticity on bota #pontaneous differentiation and the
directed neuronal differentiation of mMESCs. Thieded from the results seen during
the maintenance of mMESCs on GXG substrates, wheodamical forces alone could
not influence the expression of pluripotency mask&hen the cells were cultured in
LIF-containing medium. Firstly, this demonstratebe t previously described
synergistic role between chemical and mechaniaas euithin cell regulation (Saha et
al., 2006). WhilstE can affect the expression of pluripotency and ckfféiation
markers by cells cultured in medium without LIF, emhcultured in the presence of
the cytokine, the expression of pluripotency maskerunchanged by variations En
Importantly however, this also reveals how the rmaeatal forces exerted by the

matrix elasticity are unable to override LIF sidimg pathways to either induce or
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inhibit differentiation events. As introduced ircten 1.1, LIF acts through a receptor
complex containing LIF-R and gp130, to induce dawe®n activation of associated
tyrosine kinases (Gearing et al., 1991; Narazaki.ett994). This results in activation
of both the mitogen-activated protein (MAP) kingdB&K) signalling cascade and of
the latent transcription factor STAT-3 (Boultonadt, 1994; Lutticken et al., 1994;
Akira et al., 1994). Phosphorylated STAT-3 is themslocated to the nucleus where
it will affect target gene transcription; activatiof this transcription factor is essential
for the LIF-R/gp130 mediated ESC self-renewal (Nigtaal., 1998). Aspects of the
mechanotransduction signalling pathway by which maeecal stimulus affects gene
expression must therefore be also regulated bylth@athway, with signalling from
the latter able to override any potential resuia@ad mechanically. Thus whilst the
ESCs are expressing pluriptoency markers induaad fictivated STAT-3 signaling,
they are incapable of any change in gene regulaimiuced through the
mechanotransductive pathway.

With regards to the spontaneous differentiatio®of4GFP mESCSs, after the
extended 12-day culture period in general there svageater down-regulation of
pluripotency genes and up-regulation of germ layarkers between the harder 35
kPa GXG condition and the tissue culture plastienpared to the softer 5 kPa GXG
condition. This suggests that whilst the hafenduces non-specific differentiation,
the softerE to some degree actually inhibits differentiatiorneffe is a difference
evident between the gPCR and the flow cytometra,das$ in the latter, the greatest
loss in the percentage of the population expres€aog+GFP is promoted by the
softerE GXG substrate. A delay in gene regulation andeganogxpression can again
account for this, and thus also highlights the goalgy of mechanosensitive pathways

affecting gene expression to different degrees mi#ipg on the state of

290



differentiation. From day 5 (where no effect Bfon Oct4-GFP expression was
visible) onwards, there is a greater down-regufatal the pluripotency marker
occurring from the softer substrate. However as differentiation proceeds and
approaching day 12, there is actually a changéensensitivity toE and the harder
substrate starts to promote a greater loss of lth@ptency marker. At this stage the
cells have already been harvested, so whilst tligRgRR demonstrative of this latter
conclusion, the actual degree Ott4-GFP expression within the 35 kPa condition
has not yet been deduced.

Specifically with regards to germ layer marker egsion, evident within
figure 4.13 is an up-regulation of the marké&tsstin BrachuryT and SOX17 (the
latter exhibits the same trend but to an insigaificdegree; p > 0.05) within the 35
kPa GXG condition compared to the softer 5 kPas Thinot consistent with the up-
regulation of lineage specific markers in MSCs w@tl on a range of elasticities
reported by Engler et al (2006). Here, the autlsetected arE of around 1 kPa to
match brain tissue, 10 kPa to match muscle andkP@Qo represent bone, and indeed
they found an up-regulation of markers within thiéedentiating MSCs representative
of the tissue they were specifying for. Howeverd¢he a clear distinction between the
GXG culture experiments and those presented byeErglal (2006), regarding the
specific cell type involved. Whilst MSCs are mutiipnt stem cells derived from the
mesoderm, the ESCs are immature, pluripotent ckdlsved from the developing
embryo. The earlier the cell is derived could waffect its mechanosensitive
pathways, and there is a possibility that the heature ESCs are actually incapable of
replicating the same sensitivity ©bin specification down lineages representative of
the culture surface elasticity. The ESCs are sautbmfore the developing embryo

gains any significant complexity, and though itusknown currently how thd&
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changes during germ layer formation, it can be ipted that the rheological
properties will develop and differences B across the embryo will increase.
Certainly, there have been reports of dynamic casng theE of a mouse zona
pellucida during early embryo development, with fold increase in th& of a 2-cell
embryo, 13.80 13.54 kPa, compared to that of an early blasto&/89 +1.86 kPa
(Murayama et al., 2006}-urther to Chowdhury et al's report (2010) desagpthe
inability of mESCs to spread significantly on vayiE substrates compared to 5-6
day differentiated cells, it can be further conelddrom the results presented within
this chapter that early events governing pluripoyegene expression within ESCs are
also insensitive to the mechanical cues.

The ectodermal markeNestinis also significantly upregulated within the
harder 35 kPa GXG condition compared with bothdbfter 5 kPa GXG (p < 0.05)
and to the tissue culture plastic (p < 0.01). Thisreno significant difference in
relative expression however between the softer @¥@&lition and the tissue culture
plastic. This could potentially signify the highopensity that these cells have towards
the ectodermal lineage, hence resulting in a sant amount oNestinup-regulation
within normal tissue culture plastic conditionBrevious reports of considerable
differences in the differentiation propensity ofrieas stem cell lines support this
hypothesis (Osafune et al., 2008). Interestinglye tqPCR analysis on the
pluripotency markers for this same spontaneous emifftiation experiment
highlighted an insignificant down-regulation inagVe expression ddct4 within the
35 kPa GXG condition compared to the 5 kPa (p $)0.0his differed from the flow
cytometric result, where there was indeed a sicgnifi difference in the percentage of
the population expressin@ct4GFP between the two GXG conditions (p < 0.001). A

delay from gene regulation to actual protein exqswithin the cells, or an error in
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translation of the transcript, may easily resultthis discrepancy between the two
methods of analysiOct4 expression is known to be maintained in the ectade
within mouse embryo formation (Pesce and Schol®Ql1®? so if indeed the

propensity of the particular mESC line used her®vwgards a neuronal lineage, then
as the 35 kPa GXG condition is encouraging a great®unt of differentiation, this

may well coincide with a less significant loss leé pluripotency marker.

With regards to neuronal differentiation of mES@sgre was a large up-
regulation of the neural stem cell mark&aX6 and NCam1 along with the pan-
neuronal markewllitubulin, within the softer 2 kPa GXG surface comparedhi® t
harder 35 kPa GXG condition after the 7-day diffitietion. This trend was reversed
for the longer 12-day differentiation period, afighich time these markers, along
with Nestin MAPII and two out of three of the specific neuronal reesk were up-
regulated within the harder 35 kPa GXG conditiostéad. These data further suggest
that a differentiating ESC’s sensitivity towaréisis highly dependent on its state
within its particular differentiation protocol. these cells are able to demonstrate
some degree of specificity relative to tReof their culture substrate, then there is
strong feasibility for certainly the 2 kPa subsraib be promoting neuronal
differentiation, with a similae to brain tissue previously reported (Engler et al.,
2006).1t is less clear as to why 35 kPa is inducing digantly more differentiation at
the later 12-day stage. There were no visible @ffees in proliferation or confluency
observed across the various conditions at the étltecexperiment, as with all GXG
experiments carried out.

Two of the specific neuronal genes were signifiganp-regulated within the
35 kPa GXG substrate compared to the 2 kPa GXGtratbs after the 12-day

directed neuronal differentiation. A 3.9 fold inase in the relative expression of the
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dopaminergic neuron marké&ih and a 2.3 fold increase in the relative expression
the GABAergic neuronal markégad2 (p < 0.05 for both) was evident within the
harder substrate condition compared to the saftlly, the pattern was reversed upon
guantification of Cnpase a marker for oligodendryocytes; this marker was
up-regulated within the 2 kPa GXG condition (2.8045), whilst minimal up-
regulation occured within the harder 35 kPa GXG ditoon. This clearly
demonstrates the key effect that mechanical stnepfitys in the specification of
neuronal sub-types, as well as during the firggesteof progenitor development. The
harder substrate is able to selectively promoteadopergic and GAGergic neuronal
formation, whilst the softer substrate tends towalecifying for the oligodendrocyte
lineage.

There have been a small number of reports demadingtrow different
neuronal sub-types are able to variably sense ibsstiffnessNeurons cultured
within agarose hydrogels have demonstrated a to#seirate of 3D neurite extension
correlating with an increase in concentration (iigidity) of the gel (Balgude et al.,
2001). In another report using acrylamide/bis-aornytle substrates, astrocytes have
instead been shown to exhibit small, round morpiwl@n softer substrates,
compared to more typical, highly spread morpholegie harder substrates (Balgude
et al., 2001; Georges et al., 2006). Here, asteoagthesion actually decreased on the
softer acrylamide gel, mean shear modulus of 2@D +Pa, after a 24-hour culture,
with less cells initially adhering to the surfacédurs after seeding, compared to the
harder substrate, mean shear modulus o609 kPa. (The mean shear modulus differs
from E in that it represents the material’s respotts shear strain instead of linear

strain).
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The mechanotransduction pathway proposed to beirkdiyking in matrix
elasticity with neuronal differentiation again inves signalling from the cell surface
receptors that are able to attach and translatefdiee signal. As mentioned in
Chapter 1p-catenin is a protein essential for neuronal déffidiation and it has been
reported that accumulation of this protein is agded with the activation of integrin
linked kinase (ILK), an FA protein involved in bimg of integrins to the ECM
(Otero et al., 2004; Hannigan et al., 1996). lee@ent study looking at differentiation
of hESCs on a collagen matrix, it was found thatagority of the differentiated cells
resembled ectodermal cells, describing the lik@dhthat increased surface tensional
forces offered by the matrix were transduced vi&K Ito promote b-catenin
accumulation and thus encourage neuronal diffeagoti (Sridharan et al., 2009).
Additionally, if considering the similarity betwegelatin and collagen, the signalling
pathways induced by integrin binding to gelatin potentially very similar to those
induced by binding to collagen, further proving theliness that the specifig that
promoted neuronal differentiation did so in an Ik&ated manner.

In summary, the work in this chapter has highlightiee acute sensitivity to
matrix elasticity that stem cells exhibit duringeithculture. The methods by which
mechanical strength can affect the morphology aedegexpression of ESCs are
clearly interlinking with key mechanisms translgtiather variables within the stem
cell niche. These experiments have highlightedikeglvement of this factor within
one particular lineage specification, but furthierdges and investigations into the role
of E in later differentiation stages will be essential understanding the role of

mechanical rigidity in the cell microenvironment.

295



5. Conclusions and Future Work

The work presented in this report has been caoigdvith the aim of improving the
expansion and differentiation processes of ESGstha creation of reproducible and
efficient culture processes. Investigations intgieeering the growth substrate for
these cells have yielded key observations regardatg the complexity involved in
hESC culture and the involvement of a major culwagable in mESC self-renewal
and differentiation.

In order to overcome challenges presented by #redatd method for hESC
culture, a scalable, novel feeder layer for hESGnteaance has been developed,
using alginate to immobilise mEFs into a biphasiltuze system. Investigations into
the suitability of the layer highlighted the nedgs® involve a peptide, RGD, known
to encourage cell attachment. Analysis of proliieraand viability of mEFs within
CaAlgRGD/mEF layers compared to standard cultumvgu the suitability of the
immobilisation in mimicking the standard feederdaygystem. Results from short-
term maintenance of hESCs on the modified layehligbted the feasibility for this
system to successfully promote attachment of @ sells, maintaining proliferation
and expression of essential markers for pluripgtebonger-term analysis of hESCs
passaged continually on the CaAlgRGD/mEF novelesysshowed that the cells
remained viable and proliferating, as observedeoprding cell numbers and viability
via flow cytometry. However, SSEA-4 staining andRP&howed that other factors
essential for long-term maintenance of the embiymtate were missing. Minimal
ECM marker staining in standard feeder layers almoeed that the lack of markers
found in CaAIlgRGD/mEF layers was not a main causetie failings of the layer.

ECM production resulting from hESC/mEF contact ¢enpredicted, however, as
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being a key aspect affecting the success of thelrmuture system, due to the cell-
cell contact being significantly altered.

These results highlight the importance in analysimeyv potential culture
systems for reproducibility across a number of hE®Gcultures, since it was this
analysis that demonstrated the true efficacy ofGRAIgRGD/mEF layer. This is an
essential step in the characterisation of any gialernative to the standard mEF
feeder layer and will help the development of appeie xeno-free culture systems
suitable for large-scale expansion.

It is quite clear that a much more intricately defi culture system, with a
tight regulation between the nature of the cultsueface and factors present in the
cell media, would be required as a suitable alteraaystem for hLESC maintenance
and expansion. Hence one of the first key stepdeireloping the CaAlgRGD/mEF
system as described in Chapter 3 would be to iserdf@e complexity of the culture
system. It would be interesting to see if the additof exogeneous Activin A or
TGFb-1 factors to the culture media would aid the nmeance of hESC pluripotency
over another long-term culture period within thpHasic system (Beattie et al., 2005;
James et al., 2005). Improvements could also beert@mthe culture surface. Further
ECM analysis could highlight the vital proteins atwed in hESC maintenance and
peptides (other than the RGD sequence) mimickiegthcial ECM proteins could be
incorporated into the alginate polymer before ocwmsion of the layers via
carbodiiamide chemistry, a protocol described ire aof the early successful
derivatisations of alginate for cell culture (Rowlet al., 1999). Introducing a coating
of such ECM components onto the CaAlgRGD/mEF layremdeed co-casting the
layers with the complete proteins could also yelbetter culture surface for hESCs

to attach and be maintained on. Similar to thatomea by Kim et al (2007),
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characterisation of the mEF/hESC contact withinrtbeel biphasic system would be
useful in quantifying the effect of a surface cogtor co-cast protein on the hESCs.
Undoubtedly, eventual exclusion of the mEF cellthimi the CaAlgRGD/mEF layer
would be highly desirable, with suitable compersatiia addition of essential factors
as described here.

Considering the effects of mechanical strength &C BEphenotype evident
within the results presented in Chapter 4, furtlgerantification of E in the
CaAlgRGD/mEF layer using AFM techniques could irtlebe investigated.
Construction of layers with differing values using the viscosity or concentration of
the alginate solution as the variable parameterldcdae optimised for hESC
maintenance and indeed directed differentiationnabe report presented by Engler
et al (2006) regarding the differentiation of MS@sdeed, further gPCR could be
carried out on the cell populations harvested atethd of the long-term experiment
described within Chapter 3; since the cells had atestrated a significant loss of
pluripotency markers, it would be interesting tee s any particular lineage had
already been selected for by analysis of germ lmyakers.

From the work described throughout this thesisaspiffis clear that other than
the choice of substrate, multiple variables withie culture system affect ESC
growth and lineage specification. The work desdrilmeChapter 4 has highlighted the
key effect thatE has in influencing cell fate decisions. mMESCs wen#ured on
elastically tuneable GXG surfaces, with varying réeg of stiffness found to affect
maintenance and differentiation of the cells tdedihg extents. The GXG surfaces
provided a suitable culture substrate for the mE&@s the cells maintained their
pluripotency comparably with those cultered on déad tissue culture plastic, when

cultured in LIF-containing medium. In subsequentorgpneous differentiation
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experiments there was a clear effectbobn the cells, with the GXG substrates
encouraging the loss of pluripotency markers, ality significant up-regulation of
germ layer markers. The same was evident withiected neuronal differentiation of
MESCs, with utilisation of é&oxXGFP cell line for immediate detection of the
neuronal lineage. In most of the experiments, theldr 35 kPa GXG surface was
able to encourage differentiation and loss of pltency to a greater extent than the
softer GXG surface investigated.

In summary, the work presented here has showrntlieat is a marked effect
of E on mESCs, regarding the expression of pluripotemeykers, regulation of
spontaneous differentiation and efficiency of dieecneuronal differentiation. This
highlights how adequate control Efis critical within differentiation processes and
thus needs to be maintained in order to achieva¢icessary increased yield of stem
cell bioprocesses. Understanding the mechanicanpeters involved in stem cell
culture in vitro and the behaviour of tissu@s vivo will also be essential in the
development of effective tissue engineering praegsas successful construction of
culture environments effectively mimicking threvivo conditions will only be formed
with full control of the surrounding elasticity.

There is also substantial further analysis thaticcdae achieved within the
GXG culture system. Alike to the CaAlgRGD/mEF lgyaternative ECM proteins or
culture components known to have key roles in chifiiation processes could be
coated on top or indeed co-cast within the gel&yer during construction. This
could further aid differentiation of the mESCsairsynergistic manner with the effect
from E. In order to gain understanding of the mechanigmwhich mechanical
stimulus is able to affect gene expression it wdwgdof great interest to investigate

the involvement of the proposed signaling pathwdgscribed in section 4.4, for
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example analysis of ILK activation drcatenin expression. Additionally, it would be
interesting to further analyse the crossover of haacally stimulated gene
expression with the LIF signaling pathway. This Idobe undertaken by quantifying
the activation of the MAP-kinase signaling pathwayder mechanically varying
culture conditions.

Further analysis into the long-term structural sitghof the GXG substrates
would be essential in characterising the culturgtesy. Other components such as
agarose or indeed even alginate could be co-cakinwihe layers to improve the
structural stability for extended culture periodkis, combined with improved swift
harvesting techniques of the cells, could be etilig the long-term culture of mMESCs
on substrates of varying elasticity, to see if ga@ameter plays a role towards the
latter stages of differentiation processes. Of seushorter culture periods on the
varying substrates could also be incorporated, withsequent culture on tissue
culture plastic, to see if the rigidity of the auk surface affects mESC phenotype and
genotype at singular specific stages of culture.

Whilst the two substrates investigated within tl@search have been used for
different purposes, it would also be interestingnigestigate certain aspects that arise
from working with one of the materials onto theatbne. This could be performed in
a number of ways. Considering the high sensitiefthESCs to new environments
outside of their normal culture system, testing @@AIgRGD layer’'s ability to
support the growth of mESCs could certainly be raériest. Since the mESCs are
already grown feeder-free in the presence of Liigntmoving the cells from the
tissue culture plastic onto a CaAlgRGDmMEF feedged@ould be less of a change in
environment compared with the same attempts with HESCs. (Whilst a small

culture of mESCs within alginate is described witiChapter 3, this was only
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investigated temporarily). On retrospect it mighdoahave been easier to quickly
obtain the large cell numbers of ESCs requiredaftnigh number of experiments if
the mouse cells had been used for the intial iny&sdns into CaAlgRGDmEF
layers, with the potential to move to human celture after a certain degree of fine-
tuning of the culture system.

Considering the results from Chapter 4 showing ¢ffects of E on ESC
pluripotency being quite varied depending on tlregesbf differentiation of the cell,
culturing hESCs for shorter periods on finely turaadl rheologically characterised
CaAlgRGDmMEF layers could certainly be of interé&milar gPCR analysis to that
performed in Chapter 4 would be able to demonstate up or downregulation of
genes corresponding to the particulgr used. If varying the repeating unit
construction of the alginate was not able to repedaly produce layers of defineg]
then it could certainly be of interest to use theG5substrates to culture the hESCs
under differeing elasticities, and thus investigae effects oE on the differentiation
of these cells.

Taking both Chapter 3 and Chaper 4 into accounst itoticeable that the
intial steps in taking stem cells out of their stardin vitro conditions and culturing
them in alternative ways are undoubtably challemgand can be problematic.
Certainly though, as the culture system can behdéurhoned to providing every
suitable need for the cells it can thus be modiéied perfected to get as reproducible
and suitable as possible.

In conclusion, careful engineering of the growtlhsate for ESC culture is
vital in creating viable culture methods for expansof these cells. Finely tuned
control of multiple parameters within the stem e¢etihe can be utilised in improving

culture methods of ESCs for effective stem celpbocessing.
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7. Appendices

Appendix 7.1

Primer sequences for the five genes targeted thouigthe course of all the PCR
experiments performed (refer to section 2.2.5.1)thWegards to the hESCs, the
pluripotency marker©ct4, Nanog and the housekeeping genkactin and Gapdh

were targeted with primers designed by Minal Patehe Department of Biochemical
Engineering, UCL. Regarding the mESCs, the housgkgeayenebactin was the only

gene targeted, with a primer designed by Diana &tetaez at the Department of
Biochemical Engineering, UCL. This was due to digant amounts of qPCR being
employed for the mESC experiments, using pre-vedaigrimers manufactured by

Qiagen, once successful fabrication of the c-DNArgl had been dertermined.

amplicon size
Species Gene (bp) Fwd 5'-3' Rev 5'-3'
Nanog 105 gcaatggtgtgacgcagaggaaccttccaatgtggag
Human Gapdh 114 cagcctcaagatcatcagc tcatgaccacagtcgatgc
bactin 83 aaccgcgagaagatgacc ctatccaggctgtgctatc
Oct4 98 acactgcagcagatcagccagaagggcaagcgatcaa
Mouse  Actin 156 cagcttctttgcagctcctt cacgatggaggggaatacag
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Appendix 7.2

Dot plots of immunocytochemically stained SHEF-3SES analysed via flow
cytometry. A, SHEF-3 hESCs stained with IgG mouS&A&-4 primary antibody and
IgG mouse FITC secondary antibody, where 79 % efclls are positive for FITC;
B, SHEF-3 hESCs stained with IgG mouse FITC seagnaiatibody only; C, SHEF-
3 hESCs stained with IgG mouse isotype control E@l mouse FITC secondary
antibody; D, SHEF-3 hESCs stained again with isetgpntrol, this time IgM mouse
and IgM mouse FITC. The secondary antibody only ganwas used to set a
threshold between negative and positive fluorese€Bg; using this threshold, 79 %
of the SHEF-3 hESCs are positive for SSEA-4 (A)%3positive for IgG mouse

isotype control (C) and 2 % positive for IgM mousetype control (D).
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Appendix 7.3

Top, a screenshot of the Database Tool Realplexvard (Eppendorf) showing the
standard curves performed on one of the human gR@Rekeeping gendsactin.

(refer to section 3.1.4.3). The Pfaffl method wan used to calculate the efficiency,
E, from the slope of the graph of amount of c-DN& humber of copies, against Ct
value; where E = 185°°® (pfaffl, 2001). In the case dfactin here, E was calculated
as 1.89. Bottom, a table showing the efficienciésalbthe human gPCR primers

calculated using the same method.

Gene Efficiency
Oct4 1.794
Nanog 1.898
SOX2 1.892
Htert 1.894
Gapdh 2.096
bactin 1.887
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Appendix 7.4

Top, table containing the different gelatin concatidns used to construct GXG
substrates and their correspondibgalue, as measured by AFM by Andrew Pelling
at The London Centre for Nanotechnology (LCN), LomdUK. Bottom, graph shows
the trend ofE for the GXG substrates constructed usin@Hs the solute; a trendline
of best-fit was used to estimate thef GXG made up using 2 % gelatin in®las 5

kPa.
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Appendix 7.5

ICC isotype control results from 2-day P8Xt4GFP mESCs. Left-hand column
contains phase-contrast images showing the celisphology, middle-left column

contains DAPI images highlighting the cells’ nucleiiddle-right column shows the
GFP signal from th@ct4 gene and the right hand column shows the antistadging

results. Alexa Fluor 555 secondary antibody wasl wséhighlight IgG mouse isotype
control (top row) and IgM mouse isotype controlt(bm row). The cells can be seen
to be negative for both isotype controls, showingumspecific staining. All images

taken at 20 x magnification with a scale bar ol 00nm.
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Appendix 7.6

A table showing the efficiencies of all the moudeCdR primers calculated from
standard curve analysis on the Database Tool Reafaiftware (Eppendorf) (refer to
section 3.1.4.3). The Pfaffl method was used toutate the efficiency, E, from the
slope of the graph of amount of c-DNA i.e. numblecapies, against Ct value; where

E = 1d°Y°P)(pPfaffl, 2001).

Gene Efficiency
Oct4 1.688
Nanog 1.835
SOX2 1.934
Gapdh 2.039
bactin 2.071
Nestin 2.143
SOX77 1.840
BrachuryT 2.069
PAX6 1.983
NCaml 1.967
bllitubulin 1.997
MAP2 2.003
Th 1.965
Cnp 2.124
Gad2 2.070
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Appendix 7.7

Image of the agarose gel electrophoresis showiagepice of the housekeeping gene
bactin in the PCR product from reactions using c-DNA fr@tt4GFP mESCs after
a 12-day culture in LIF containing medium on 2 ldPa 35 kPa GXG substrates and
control tissue culture plastic. From top left tottbm right of the gel, bands are
present in 13 lanes signifying correct formation mDNA for each of the four
biological repeats of the three conditions respetti as well as for the start
condition. In between the wells where bands ardesti a control PCR reaction using
RNA was carried out and has correctly resultedarband, showing it to be truly c-
DNA present for the other samples. A reaction adrdontaining neither c-DNA nor
RNA was also performed and run on the gel in tloesé to last lane on the bottom
row; this correctly resulted in no band evident.pelfadder II, with high intensity
bands at 300 bp, 1 kb and 2 kb, and Hyperladdevit, high intensity bands at 100
bp and 200 bp (both Bioline, UK) were used in tingt fand last lanes respectively in
both rows. This helped to mark out the correct fpmsifor the 156 bp sizéactin

gene.
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Appendix 7.8

Image of the agarose gel electrophoresis showiagepice of the housekeeping gene
bactin in the PCR product from reactions using c-DNA fr@tt4GFP mESCs after
a 12-day spontaneous differentiation on ~5 kPa 3mdkPa GXG substrates and
control tissue culture plastic, in medium withodELFrom left to right of the gel,
bands are present in 13 lanes signifying correchébion of c-DNA for each of the
four biological repeats of the three conditionspextively, as well as for the start
condition. In between the wells where bands ardesti a control PCR reaction using
RNA was carried out and has correctly resultedarband, showing it to be truly c-
DNA present for the other samples. A reaction adrdontaining neither c-DNA nor
RNA was also performed and run on the gel in tloosé to last lane; this correctly
resulted in no band evident. Hyperladder V, witghhintensity bands at 100 bp and
200 bp was used in the last to help mark out tmeecbposition for the 156 bp size

bactin gene.
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Appendix 7.9

ICC isotype control results from 2-day P37 48%0xtGFP mESCs. Left-hand side
column contains phase-contrast images showing #iks’ anorphology, middle

column contains DAPI images highlighting the cehsiclei and the right-hand side
column shows the antibody staining results. AlekaF555 secondary antibody was
used to highlight IgG mouse isotype control (topyand IgM mouse isotype control
(bottom row). The cells can be seen to be negébivboth isotype controls, showing
no unspecific staining. All images taken at 20 xgm#fcation with a scale bar of

length 100mm.
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Appendix 7.10

Image of the agarose gel electrophoresis showiagepice of the housekeeping gene
bactin in the PCR product from reactions using c-DNA frd6t Sox2GFP mESCs
after 7 days of directed neuronal differentiationNDiff on 2 kPa and 35 kPa GXG
substrates and control tissue culture plastic. Fefinto right of the gel, bands are
present in 7 lanes signifying correct formation ®@DNA for each of the two
biological repeats of the three conditions respetti as well as for the start
condition. The band for the start condition (shownthe second lane) is slightly
weaker than the others, but a band was definitatjeat. In between the wells where
bands are present, a control PCR reaction using RMA& carried out and has
correctly resulted in no band, showing it to beytrccDNA present for the other
samples. A reaction control containing neither cAOhbr RNA was also performed
and run on the gel in the second to last lane;ahisectly resulted in no band evident.
Hyperladder I, with high intensity bands at 30Q fipgkb and 2 kb, and Hyperladder
V, with high intensity bands at 100 bp and 200 logl§ Bioline, UK) were used in the
first and last lanes respectively. This helped trkrout the correct position for the

156 bp sizebactin gene.
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Appendix 7.11

Image of the agarose gel electrophoresis showiagepice of the housekeeping gene
bactin in the PCR product from reactions using c-DNA frd6t Sox2GFP mESCs
after 12 days of directed neuronal differentiatiomNDiff on 2 kPa and 35 kPa GXG
substrates and control tissue culture plastic. Frmanleft to bottom right of the gel,
bands are present in 12 lanes signifying correchébion of c-DNA for each of the
four biological repeats of the three conditiongpessively, apart from one repeat from
the 35 kPa condition which was lost to contamimgtias well as for the start
condition. In between the wells where bands aregmi a control PCR reaction using
RNA was carried out and has correctly resultedarband, showing it to be truly c-
DNA present for the other samples. A reaction adrdontaining neither c-DNA nor
RNA was also performed and run on the gel in tloesé to last lane on the bottom
row; this correctly resulted in no band evident.pelfadder II, with high intensity
bands at 300 bp, 1 kb and 2 kb, and Hyperladdevit, high intensity bands at 100
bp and 200 bp (both Bioline, UK) were used in tist fand last lanes respectively.

This helped to mark out the correct position fa 156 bp sizéactin gene.
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