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Abstract	

	

Pluripotent	stem	cells	(PSCs)	are	characterised	by	their	ability	to	self-renew	and	to	differentiate	into	

tissues	comprising	the	three	developmental	germ	layers	of	the	body.	This	makes	them	ideal	sources	

of	 cells	 for	use	 in	 regenerative	medicine.	However,	 their	use	 for	 such	purposes	 is	hampered	 for	 a	

number	of	reasons.	Both	the	reprogramming	of	somatic	cells	into	PSCs	and	their	differentiation	for	

use	 in	 research	 and	 the	 clinic	 are	 extremely	 low	 yielding.	 This	 is	 in	 part	 likely	 to	 be	 a	 result	 of	

adaptation	to	the	artificial	culture	environment,	known	to	force	cell	structural	away	from	the	native	

state,	 resulting	 in	 altered	 gene	 expression.	 The	mechanisms	 by	which	 PSCs,	 specifically,	 integrate	

cues	from	their	physical	microenvironment	remain	largely	unexplored.		

	

This	 project	 aimed	 to	 improve	 the	 culture	 environment	of	 PSCs	 for	 their	 enhanced	differentiation	

capacity.	 It	was	 hypothesised	 that	 by	 altering	 the	 physical	 geometry	 of	 the	 culture	 substrate,	 the	

native	PSC	structure	could	be	maintained,	to	 improve	performance	upon	differentiation.	This	work	

utilised	 the	varying	 topographies	provided	by	 three	 commercial	 polyHIPE	 scaffolds	 (Alvetex®),	 and	

the	human	EC	cell	line,	TERA2.cl.SP12,	as	a	model	PSC	lineage.	

	

The	 three	 scaffolds	 of	 differing	 topography	 were	 considered	 for	 their	 ability	 to	 maintain	

pluripotency;	 a	 micro-topography	 resulted	 in	 immediate	 evidence	 of	 differentiation.	 A	 mixed	

micro/nano	and	nano-topography	substrate	appeared	to	maintain	pluripotency.	Due	to	its	ability	to	

allow	complete	cell	removal,	the	smaller	void	size	scaffold	was	used	to	develop	a	method	for	long-

term	 PSC	 culture.	 This,	 however,	 resulted	 in	 gradual	 cell	 differentiation,	 suggesting	 that	 a	mixed-

topography	was	more	 suited	 for	 PSC	 growth.	 Alvetex®	 Strata	 has	 been	 previously	 shown	 to	 be	 a	

suitable	 substrate	 for	 the	 long-term	 maintenance	 of	 PSCs	 for	 enhanced	 differentiation	 (up	 to	

approximately	 50	 days).	 Here,	 we	 show	 that	 the	 same	 effect	 is	 possible	 from	 a	 single	 10-day	

conditioning	step,	we	term	“priming”,	with	evidence	of	enhanced	differentiation	in	vitro	and	in	vivo.		

	

The	 mechanisms	 of	 mechanotransduction	 in	 PSCs	 are	 poorly	 understood;	 the	 culture	 system	

developed	here	allowed	 for	a	direct	 comparison	between	 two-dimensional	 (2D,	 conventional)	 and	

three-dimensional	 (3D)	 culture	with	 substrate	 geometry	 as	 the	only	 variable.	 The	 structure	of	 the	

actin	cytoskeleton,	as	well	as	 that	of	 intermediate	 filaments	and	microtubules,	was	 less-developed	

after	 3D	 culture.	 This	was	 attributed	 to	 a	marked	decrease	 in	 the	nucleation	of	 actin,	 providing	 a	

correlative	 link	 to	 the	enhanced	differentiation	possible	after	3D	priming.	Additionally,	 there	were	

significant	differences	in	the	presence	of	cell-matrix	adhesions	as	well	as	evidence	of	reorganisation	

of	the	nuclear	lamina.	This	process	was	successfully	applied	to	the	culture	of	mouse	embryonic	stem	

cells,	 with	 comparable	 effect,	 demonstrating	 amenability	 to	 functionalisation	 and	 scale-up	

development.	Overall	 this	 system	has	allowed	 for	 the	culture	of	PSCs	 for	enhanced	differentiation	

and	 allowed	 for	 novel	 insights	 into	 how	 they	 interact	 with	 their	 microenvironment	 through	

mechanotransduction.		
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Dynamic	Regulation	of	the	Pluripotent	Stem	Cell	Structure-Function	
Relationship	through	Topographical	Cues.	
	

1 Introduction	

	

1.1 Overview	of	Thesis	

	

The	research	presented	herein	 focusses	upon	the	 investigation	of	culture	substrate	topography	on	

the	growth	of	pluripotent	stem	cells	 (PSCs)	 in	 the	context	of	enhancing	differentiation	potential	 in	

vitro.	3D	culture	systems	are	heavily	used	for	this	purpose	in	more	recent	years	[1]	as	an	attempt	to	

increase	currently	low-yielding	PSC	maintenance	and	differentiation	protocols.	Clear	progress	in	the	

field	has	been	made;	bio-reactor	technology,	for	example,	is	nearing	stages	where	it	can	be	applied	

for	 the	 cultivation	 of	 PSCs	 for	 clinical	 purposes	 [2].	 Somewhat	 lacking	 is	 a	 comprehensive	

understanding	of	 the	manner	 in	which	PSCs	 interact	with	 their	 in	 vitro	microenvironment	 to	elicit	

their	 function.	 A	 key	 review	 published	 in	 2014	 reflected	 this,	 concluding	 the	 following	 [3];	

“…advancing	 understanding	 of	 how	 mechanobiology	 is	 involved	 in	 regulating	 human	 PSC	 (hPSC)	

behaviours	will	 contribute	 significantly	 to	 improvements	 of	 large	 scale	 production	 of	 clinical	 grade	

hPSCs	 and	 their	 derivatives”.	 The	 authors	 go	 on	 to	 suggest	 that	 to	 do	 so,	 considerations	 of	 the	

following	are	required:	

• Cellular	biotechnology	

• Materials	science	

• Microscale	technology	

• Mechanobiology	

• Advanced	stem	cell	biology	

Thus,	a	system	by	which	PSCs	can	be	cultured	to	enhance	their	differentiation	capacity	is	required.	

Furthermore,	a	system	that	can	inform	upon	the	signaling	mechanisms	underpinning	the	interaction	

of	PSCs	with	their	microenvironment.		

	

This	thesis	is	intended	to	use	this	as	a	basis	to	provide	a	broad	investigation	through	alteration	of	the	

cellular	microenvironment,	 its	optimisation	 for	 the	enhanced	differentiation	potential	of	PSCs,	 the	

mechanisms	 which	 may	 underlie	 this	 as	 well	 as	 its	 application	 to	 further	 cell	 types.	 Individual	

literature	 reviews	have	been	 conducted	 for	 each	 focussed	 area	of	 research,	 in	 turn,	 to	 determine	

clear	 rationales	 for	 each	 step	 in	 this	 process.	 Furthermore,	 this	 work	 is	 broad	 in	 scope	 and	

interdisciplinary,	 allowing	 for	 initial	 investigations	 into	 each	 discussed	 area	 providing	 a	 basis	 and	

important	 rationale	 for	 further	 in-depth	 evaluation	 and	 development.	 The	 general	 introduction	

explores	 the	 need	 for	 alternative	 cell	 culture	 methods	 to	 provide	 more	 physiologically	 relevant	

models	 of	 cell	 function.	 This	 is	 underpinned	 by	 the	 concept	 that	 a	 maintained	 cell	 structure	 is	

hypothesised	to	retain	a	more	 in	vivo-like	cell	function.	PSCs	are	put	forward	as	a	model	system	of	
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this	 by	which,	 through	 differentiation,	morphology	 is	 defined	 providing	 a	 clear	 route	 by	which	 to	

assess	the	effects	of	changes	to	the	microenvironment.	

	

Chapter	3	begins	this	process	by	taking	a	step	back	from	previously	conducted	research	to	consider	a	

comparison	of	 three	prospective	porous	polystyrene	scaffolds	 in	 the	context	of	PSC	growth.	These	

scaffolds	 are	 identical	 in	 material	 chemical	 composition	 to	 common	 tissue	 culture	 plastic	 (TCP),	

differing	only	 in	 the	topography	provided	by	a	range	of	void	sizes.	The	 literature	review	concludes	

that	there	is	a	need	to	develop	models	of	PSC	growth	that	are	more	standardised,	allow	monitoring	

of	 cell	 stress	 and	 avoid	 excessive	 spontaneous	 differentiation.	 Furthermore,	 it	 identifies	 human	

embryonal	 carcinoma	 (EC)	 cells	 as	 a	 model	 system	 in	 which	 to	 initially	 investigate	 molecular	

mechanisms	 underlying	 differentiation	 potential.	 This	 chapter	 then	 explores	 the	 effect	 of	 these	

topographies,	providing	features	of	micro-	mixed-	and	nanoscale	upon	the	growth	and	pluripotency	

of	hECs.	It	shows	a	side-by-side	comparison	of	the	topographical	cues	provided,	expanding	upon	that	

previously	investigated,	with	the	view	of	optimising	a	protocol	for	the	long-term	growth	of	the	cells	

to	 replace	 current	 methodologies.	 This	 chapter	 highlights	 that	 substrate	 topography	 affects	 the	

capacity	 of	 PSCs	 to	 maintain	 their	 ability	 to	 differentiate,	 and	 this	 was	 not	 necessarily	 the	

environment	that	was	initially	expected.		

	

Chapter	4	considers	the	need	for	extended	culture	in	3D	to	obtain	an	enhanced	cell	phenotype.	The	

literature	review	concludes	that	a	short-term	system	to	provide	enhanced	physical	cues	to	the	cells	

may	enable	retention	of	the	native	cellular	structure,	to	enhance	differentiation.	This	is	predicted	to	

avoid	 culture	 adaptation,	 an	 inherent	 feature	 of	 concern	 for	 the	 carcinogenicity	 of	 differentiated	

populations	 in	 the	 clinic.	 Research	 has	 previously	 shown	 that	 a	 mixed-topography	 substrate	 can	

support	the	continual	expansion	of	PSCs	[4].	Here,	this	process	is	 increased	in	efficiency	to	shorten	

the	 time	 periods	 involved	 in	 order	 to	 reduce	 such	 culture-induced	 deviation	 from	 the	 native	

phenotype.	 This	 results	 in	 a	 protocol	 that	 is	 easily-adaptable	 from	 current	 systems	 in	 which	 to	

provide	populations	of	hECs	enhanced	in	their	differentiation	capacity,	in	just	10	days.	This	chapter	

concludes	 with	 a	 brief	 characterisation	 of	 a	 number	 of	 vital	 components	 thought	 to	 control	

mechanotransduction	in	PSCs.	This	is	in	relation	to	cell	confluency	during	conventional	culture,	with	

the	view	that	3D	culture	enables	an	enhanced	confluency,	not	otherwise	possible.	This	 identifies	a	

number	of	markers	differentially	expressed	to	provide	the	rationale	for	a	more	directed	study	of	the	

relationship	between	cell	architecture,	cytoskeletal	dynamics	and	differentiation	capacity	in	PSCs.		

	

Chapter	 5	 turns	 towards	 a	 more	 mechanistic	 approach.	 The	 mechanobiology	 underpinning	 cell	

pluripotency	 and	 its	 transition	 to	 differentiation	has	 been	 largely	 unexplored	until	 recently.	 There	

have	been	 calls	 to	 tackle	 this	 issue	 [3]	 in	order	 to	 create	more	meaningful	 and	 instructive	 culture	

environments.	 The	 approach	optimised	 in	 this	 thesis	 provides	 a	 system	by	which	both	 2D	 and	3D	

cultured	cells	can	be	directly	compared,	with	the	main	difference	being	substrate	topography.	Any	

changes	observed	between	the	cell	populations	can	be	attributed	to	their	environment	and	be	seen	
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as	 components	 important	 for	 PSC	 cell	 function.	 This	 has	 provided	 a	 novel	 insight	 into	 general	

mechanisms	PSCs	may	employ	to	respond	to	their	environment.	

	

Finally,	 Chapter	 6	 moves	 to	 apply	 the	 process	 conducted	 with	 hEC	 cells	 and	 apply	 it	 to	 a	 true	

embryonic	cell	 type	not	previously	tested	 in	this	type	of	culture	system.	Scope	for	development	of	

the	 technology	 is	 explored,	 adhering	 to	 the	 need	 for	 suitable	 approaches	 that	 are	 free	 from	

xenogenous	 chemical	 control	 and	 scalable,	 for	 use	 in	 regenerative	 medicine.	 Similarly,	 the	

consideration	of	an	 in	 vitro	 alternative	process	 to	 in	 vivo	 pluripotency	 testing	 is	 considered	 in	 this	

thesis,	 again	 utilising	 polystyrene	 scaffolds.	 Both	 cell	 lines	 used	 in	 this	 work	 are	 subject	 to	 the	

protocol	which	 is	 compared	 directly	 to	 the	 in	 vivo	 counterpart,	 providing	 clear	 evidence	 that	 this	

approach	is	a	viable	alternative	to	compare	cell	population	phenotype.	

	

This	 work	 has	 developed	 novel	 protocols	 for	 the	 culture	 of	 PSCs	 to	 alter	 their	 capacity	 for	

differentiation.	This	importantly	has	provided	a	route	to	identify	key	effectors	that	may	be	crucial	to	

the	mechanotransduction	of	PSCs.	Future	work	in	this	area	is	extremely	topical	and	the	scope	for	the	

applications	of	this	work	are	discussed	throughout	each	chapter	in	turn.	
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1.2 Background	

	

The	 structure	 of	 a	 cell	 defines	 its	 function.	 This	 concept	 is	 fundamental,	 not	 only	 to	 allow	 the	

complex	physiology	of	whole	organisms	to	work	as	one,	but	also	as	we	study	these	processes	in	the	

laboratory.	 All	 differentiated	 cell	 types	 display	 polarity,	 an	 unsymmetrical	 internal	 organisation,	

allowing	 them	 to	 complete	 their	 specialised	 functions.	 Symmetry	 breaking,	 presumably	 driven	 by	

cytoskeletal	 changes	 allows	 this	 internal	 reorganisation	 of	 a	 cell	 to	 occur	 during	 cell	 lineage	

specification	(reviewed	in	detail	by	[5])	and	the	fundamental	structure-function	relationship	of	a	cell	

is	best	described	by	way	of	example.	

	

In	their	main	function	as	a	barrier	between	internal	organ	systems	and	the	outside	world,	epithelial	

cells	form	both	an	apical	and	basolateral	portion	(Figure	1.1	A),	defined	by	their	position	in	relation	

to	the	lumen	(outside)	and	extracellular	matrix	(ECM,	inside	-	extensively	reviewed	by	[6]).	The	apical	

membrane	 contains	 a	 number	 of	 transporters	 and	 channels	 to	 allow	 or	 refuse	 the	 passage	 of	

molecules	whereas	 the	basolateral	 contains	 complexes	 to	anchor	 the	 cells	 to	 their	 ECM.	Similarly,	

the	lateral	portions	of	these	cell	types	contain	junctions	that	tightly	bind	the	cells	together	forming	

the	basic	barrier	structure.	Another	highly	polarised	cell	type	is	the	neuron,	consisting	of	three	main	

areas;	 the	 soma,	 axon	 and	 axon	 terminal.	 This	morphology	 (Figure	 1.1	 B)	 facilitates	 the	 effective	

transmission	 of	 signals	 by	 providing	 a	 close	 proximity	 between	 pre-synaptic	 and	 post-synaptic	

elements.	Neurotransmitters	then	allow	the	axon	to	continue	transmission	at	high	speeds	enabling	

continual	communication	throughout	the	nervous	system.			

	

	

Figure	 1.1.	 The	 structure	 of	 a	 cell	 defines	 its	 function.	 	 Epithelial	 cells	 show	 polarity	 to	 allow	

differential	 permeability	 for	 transport	 and	 barrier	 function	 (A),	 whereas	 neurones	 span	 large	

distances	for	the	fast	transmission	of	information	(B).	

	

When	cells	are	unable	to	maintain	their	structure,	they	can	no	longer	carry	out	their	functions.	This	

occurs	in	a	number	of	ways,	be	it	through	faulty	development	and	cell	differentiation,	or	through	the	

effects	of	disease	breaking	down	cell	structure.	Using	the	above	cell	types	as	further	examples,	when	

epithelial	cell	structure	does	not	develop	effectively,	a	number	of	disease	states	become	apparent.	
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When	 apical	 and	 basolateral	 portions	 are	 not	 well	 defined,	 for	 example	 by	 misplacement	 of	

transporters,	diseases	such	as	Polycystic	Kidney	Disease	present.	In	this	example,	misplacement	of	a	

specific	transporter	results	in	hyperproliferation	of	specific	epithelial	cells,	continually	allowing	cysts	

to	 form	 over	 the	 kidneys	 (reviewed	 in	 detail	 by	 [7])	 eventually	 resulting	 in	 failure.	 In	 addition	 to	

abnormal	development,	cellular	functions	cannot	progress	if	cell	structure	is	interfered	with	through	

the	 products	 of	 disease.	 Siskova	 et	 al.	 demonstrated	 that	 causing	 structural	 changes	 in	 dendrites	

results	 in	 excitability	 differences	 in	 a	 murine	 Alzheimer’s	 model.	 This	 is	 a	 common	 feature	 of	

neurodegenerative	disorders,	and	as	is	the	case	with	cell	polarisation,	driven	in	part	by	cytoskeletal	

dynamics.	

	

In	1982,	Mina	Bissell	 [9]	 introduced	 the	concept	 that	 the	ECM,	cytoskeleton,	and	nucleus	within	a	

cell	are	dynamically	 linked,	driving	cell	 shape	and	functional	changes	through	gene	expression	and	

this	process	was	termed	dynamic	reciprocity	(DR).	Since	then,	these	components	have	been	linked	in	

more	and	more	detail	resulting	in	a	current	working	model	of	how	cell	structure	alters	cell	function.	

	

	

1.2.1 The	machinery	controlling	cell	structure	

	

1.2.1.1 The	cellular	cytoskeleton	

	
In	2010,	Fletcher	and	Mullins	[10]	summarised	3	vital	concepts	to	the	understanding	of	cell	biology,	

working	to	the	premise	that	cells	should	be	thought	of	as	an	integrated	whole:	

• The	being	of	a	cell	is	guided	by	its	spatial	and	physical	cues,	

• The	cytoskeleton	of	a	cell	controls	its	physical	properties,	

• The	cytoskeleton	links	a	cell	to	its	environment	to	determine	cell	function.	

As	such,	the	architecture	of	a	cell	is	governed	by	its	cytoskeleton	and	the	major	components	of	this	

are	microtubules,	intermediate	filaments	(IFs)	and	microfilaments,	as	depicted	in	Figure	1.2.		

	
	

1.2.1.1.1 Microtubules	
	

Microtubules	are	classically	known	to	serve	two	main	purposes,	as	structural	support	(much	like	the	

other	 components	 of	 the	 cytoskeleton)	 and	 in	 the	 trafficking	 of	 intracellular	 components	 such	 as	

organelles.	 In	 its	distinct	role,	movement	can	take	place	through	the	utilisation	of	polymer	specific	

motor	proteins	kinesin	and	dynein,	or	 through	 the	dynamic	 instability	 inherent	 in	polymer	growth	

and	shrinkage	(reviewed	in	[11]).	A	vital	example	of	microtubule	function	is	in	the	formation	of	the	

mitotic	 spindle,	 during	 cell	 division,	 and	 so	 the	 distribution	 of	 this	 cytoskeletal	 component	 is	

generally	 more	 within	 the	 cytosolic	 areas	 of	 any	 given	 cell	 (Figure	 1.2).	 In	 the	 context	 of	 cell	

architecture,	 MT	 function	 is	 contested,	 with	 recent	 work	 showing	 that	 their	 spatial	 organisation	

follows	changes	in	cell	shape	as	opposed	to	dynamically	driving	it	[12].	
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1.2.1.1.2 Intermediate	Filaments	
	

IFs	 act	 as	 a	 more	 substantial	 cellular	 structural	 support	 and	 are	 the	 only	 component	 of	 the	

cytoskeleton	known	to	have	distinct	 cytoplasmic	and	nuclear	 forms	 (microfilaments	are	present	 in	

both	areas,	but	not	categorised	as	cytoskeletal	compartments	outright).	Not	only	this,	but	there	are	

varying	 forms	 dependent	 upon	 cell	 type.	 Considering	 the	 relative	 abundance	 of	 these	 proteins,	

especially	in	comparison	to	actin,	the	nuclear	role	of	these	filaments	is	by	far	the	most	influential	for	

the	regulation	of	gene	expression.	

	

Nuclear	 IFs	have	a	 vital	 role	 in	 gene	expression,	 as	 a	 result	of	 their	 close	proximity	 to	 the	 cellular	

genetic	 material	 (as	 depicted	 in	 Figure	 1.4).	 Their	 identification	 and	 relevance	 to	 the	 cellular	

cytoskeleton	were	discovered	in	the	1980s	[13].	Referred	to	collectively	as	the	nuclear	lamina,	they	

comprise	 a	 class	 of	 A,	 B	 and	C	 type	 IFs	 and	 early	work	 suggested	 localisation	 to	 be	 alongside	 the	

inner	nuclear	membrane	 [14,15].	 The	 lamina	meshwork	has	been	 shown	 to	 alter	 in	 its	 expression	

dependent	 upon	 differentiation	 state	 (lamin	 B	 is	 ubiquitously	 expressed	 whereas	 lamin	 A/C	

fluctuates	upon	cell	differentiation)	highlighting	a	potentially	 important	role	 in	cell	 function	[16].	 It	

has	 also	 been	 shown	 that	 the	 lamina	 interacts	 closely	 with	 chromatin	 and	 its	 conformation	 [17],	

through	protein	complexes	linking	cytoskeletal	elements	directly	to	DNA.	

	

Microfilaments 
Actin 

Microtubules 
Tubulin 

Intermediate	Filaments 
e.g.	Vimentin 

Figure	 1.2.	 Cytoskeletal	 components	 of	mammalian	 cells.	The	 cellular	 cytoskeleton	 is	 comprised	 of	

microfilaments,	 microtubules	 and	 intermediate	 filaments	 (highlighted	 through	 green	 fluorescent	

staining).	 Together	 they	 provide	 a	 cell	 with	 its	 shape	 as	 well	 as	 structural	 support	 with	 direct	

implications	in	cell	regulatory	networks.	Component	schematics	taken	from	Molecular	Cell	Biology	(6th	

Edition).	

Nucleus	Actin Nucleus	Tubulin Nucleus	Vimentin 
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Cytoplasmic	IFs	comprise	a	relatively	large	protein	family,	leading	to	greater	cell-type	specificity	than	

occurs	with	microfilaments	and	microtubules.	For	example,	neuronal	cell	lineages	exclusively	utilise	

the	neurofilament	proteins	[18]	as	their	predominant	IF,	whereas	muscle	cells	express	greater	levels	

of	 desmin	 [19].	 These	 proteins	 are	 categorised	 according	 to	 their	 functionality	 [20];	 keratins,	

vimentin-like	proteins	and	the	nuclear	lamins.		

	

Keratins	are	expressed	mainly	 in	epithelial	cells,	and	present	as	Type	 I	or	Type	 II,	dependent	upon	

their	 size	 [21].	Much	work	elucidating	 roles	of	 keratins	has	been	completed	using	 skin	as	a	model	

organ	type	due	to	the	clear	expression	of	the	filaments	dependent	upon	differentiation	state.	As	skin	

develops	and	the	epidermis	matures,	keratin	expression	changes.	Not	only	this,	cell-specific	keratins	

have	 been	demonstrated	 to	 be	 involved	 in	 vital	 tissue-wide	 functions,	 for	 example,	 K10	 has	 been	

shown	to	control	proliferation	 in	 the	murine	basal	epidermis	 [22].	Further	 IFs	also	have	 important	

roles	relating	cell	structure	to	function.	

	

Vimentin	 is	 known	 to	 be	 in	 high	 abundance	 in	 mesenchymal	 cells	 and	 undergoes	 drastic	

reorganisation	as	 these	 cells	differentiate	 from	 their	multipotent	 state.	 Indeed,	 the	 reverse	 is	 also	

true,	during	the	epithelial-mesenchymal	transition	whereby	keratin	expression	is	replaced	by	that	of	

vimentin	 [23].	 The	 direct	 function	 of	 vimentin	 remains	 largely	 elusive,	 as	 knock	 out	 animals	

demonstrated	little	in	the	way	of	a	detrimental	phenotype	[24],	although,	it	is	thought	to	be	a	crucial	

part	of	a	number	of	cellular	functions	including	intracellular	signaling	and	migration	[25].	

	
	

1.2.1.1.3 Microfilaments			
	

Out	of	the	3	main	constituents	of	the	cytoskeleton,	actin	is	by	far	the	most	studied,	due	to	it	being	

the	most	abundant	protein	 in	a	cell.	Actin	presents	 in	3	forms	of	microfilament	network;	 isotropic,	

bundled	and	branched	to	control	cell	shape	(reviewed	in	[10]).	

	

Most	 studies	 underpinning	 our	 current	 understanding	 of	 the	 role	 of	 actin	 in	 controlling	 cell	

architecture	 has	 been	 completed	 using	 fibroblasts.	 Buckley	 and	 Porter	 [26]	 in	 1967	 observed	

“cytoplasmic	fibril”	structures	in	both	fixed	and	live	samples,	now	commonly	known	as	stress	fibres.	

This	provided	 the	 first	 evidence	 that	 these	 structures	were	 in	 fact	bundles	 consisting	of	 individual	

fibres	suggesting	the	connection	of	a	cytoplasmic	matrix	within	the	cell,	previously	not	resolved.		

	

Actin	has	the	ability	to	present	its	monomeric	or	polymeric	form,	associating	and	dissociating	rapidly	

to	dynamically	 control	 cell	 shape.	A	 range	of	 actin-binding	proteins	 are	 known	 to	orchestrate	 this	

balance	 [27],	directing	where	and	how	a	 filament	 forms,	as	well	as	affecting	 the	 transduction	of	a	

number	 of	 intracellular	 signaling	 processes.	 As	 a	 result,	 there	 are	 numerous	 actin	 structures	 that	

form	 within	 a	 cell	 to	 define	 its	 shape	 and	 motility	 and	 to	 continuously	 feed-back	 extracellular	

information	to	the	nucleus.	Its	filamentous	form	itself	is	dynamic,	taking	on	a	number	of	structures	
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dependent	upon	the	cellular	requirement	[28].	Within	an	adhesive	cell	(Figure	1.3),	this	is	a	result	of	

Focal	 Adhesion	 (FA)	 formation.	 These	 bundles	 of	 actin	 filaments,	 or	 stress	 fibres,	 can	 be	 located	

dorsally,	ventrally	or	in	a	transverse	orientation	[29].	

	

	

	

	

Figure	1.3.	The	actin	cytoskeleton.	Actin	forms	a	number	of	different	structures	contributing	to	cell	

shape,	motility	and	function.	The	leading	edge	of	a	cell	faces	the	direction	of	movement	and	consists	

of	lamellipodia	and	filopodia.	Large	fibres	of	actin	form	to	scaffold	a	cell	and	link	points	of	adhesion,	

dorsally,	ventrally	and	forming	so-called	transverse	arcs.	Adapted	from	Le	Clainche	&	Carlier	[30].	

	

Actin	also	forms	the	core	structure	of	a	number	of	protrusions	from	the	main	cytoplasmic	region	of	a	

cell	(Figure	1.3).	Although	dynamics	of	all	of	these	types	of	actin-based	structure	are	not	completely	

elucidated,	 roles	 have	 been	 evidenced	 in	 recent	 years.	 Lamellipodia	 are	 relatively	wide	 structures	

forming	at	the	leading	edge	of	a	cell,	approximately	1-5	µm	in	size,	containing	the	site	of	much	actin	

polymerisation	and	break-down	[31].	Protruding	from	this	area	are	Filopodia,	known	for	their	role	in	

“feeling”	the	cellular	microenvironment	[32].	Invadopodia	are	the	pathological	counterpart	of	these	

structures,	present	during	cancer	growth	and	metastasis.	Again,	defined	by	their	polymerised	actin	

core,	these	structures	are	thought	to	form	in	response	to	the	hostile	environment	provided	during	

cancer,	through	hypoxia,	for	example,	to	drive	metastasis	through	the	local	environment	[33].	

	

It	 is	 accordingly	 through	 actin	 that	 the	 clearest	 links	 between	 a	 cell’s	 environment,	 and	 its	 effect	

upon	 gene	 expression	 through	 cellular	 architecture,	 have	 been	made.	 To	 appreciate	 this	 process	

further,	it	is	important	to	consider	how	a	cell	adheres	to	its	substrate.	
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1.2.1.2 Integrins	and	Focal	Adhesions	–	the	link	between	the	ECM	and	cytoskeleton	

	

Early	work	isolated	integrins	as	receptors	that	allow	cells	to	adhere	to	their	ECM	[34,35]	and	this	was	

later	 speculated	 to	 facilitate	 information	 transmission	 to	 and	 from	 the	 outside	 of	 the	 cell	 via	 the	

cytoskeleton	[36].	This	allowed	molecular	mechanisms	of	DR	to	be	 investigated	with	the	view	that	

links	to	the	ECM	were	the	key	to	determining	cell	shape.	Focus	will	remain	on	the	outside-in	route	of	

signaling;	 the	 effects	 of	 microenvironmental	 changes	 upon	 gene	 expression,	 as	 opposed	 to	 cells	

actively	remodelling	the	ECM.	

	

Cell	surface	integrins	are	known	to	act	through	the	formation	of	FAs	serving	as	a	hub	for	a	range	of	

cell	regulatory	pathways.	In	1992,	Ridley	and	colleagues	[37]	postulated	that	the	Rho-GTPase	family	

of	 proteins	 regulated	 the	 formation	 of	 these	 FAs.	 In	 the	 same	 year,	 Schaller	 and	 colleagues	 [38]	

isolated	an	associated	 tyrosine	 kinase,	 from	 then	on	 known	as	 Focal	Adhesion	Kinase	 (FAK).	 Since	

then,	this	process	has	been	documented	extensively	(for	useful	reviews,	see	[39–41]).	

	

In	 this	 dynamic	 process,	 cell-ECM	 contact	 promotes	 integrin	 subunit	 clustering.	 This	 process	 is	

specific	 to	 different	 ECM	 components,	 for	 example,	 the	 recognition	 of	 collagen	 by	a1b1	 and	a2b1	

integrins	 [42].	 Linker	proteins	 (such	as	vinculin,	 talin,	paxillin,	and	actinin)	anchor	 these	clusters	of	

integrins,	directly	altering	actin	assembly	[43].	Functions	of	actin	dynamics	are	then	regulated	by	Rho	

family	GTPases	 [37].	This	was	 first	proven	experimentally	 in	1992	when	 it	was	shown	that	vinculin	

co-localised	with	the	ends	of	actin	stress	fibres,	which	was	disrupted	by	the	introduction	of	a	mutant	

RhoA	 [44].	 Since	 then,	 this	 family	 of	 proteins	 has	 been	 linked	 to	 a	 great	 number	 of	 signaling	

pathways	 suggesting	 its	 importance	 as	 a	 "master	 regulator"	 of	 the	 actin	 cytoskeleton	 [45].	 These	

include	proliferation	and	survival,	such	as	the	mitogen-activated	protein	kinase	(MAPK)	pathway.	

	

	

Figure	 1.4.	 General	 summary	 of	 mechanotransduction.	 Cells	 sense	 their	 underlying	 substrate	

through	 integrin	 receptors.	 Clustering	 of	 integrins	 results	 in	 the	 activation	 of	 FA	 related	 proteins	

coupling	the	adhesion	site	to	the	cellular	cytoskeleton.	These	proteins	can	also	act	as	effectors	upon	a	

number	of	intracellular	signaling	pathways.	Similarly,	groups	of	proteins	in	the	LINC	complex	directly	

connect	the	cytoskeleton	to	the	cell	nucleus	to	drive	gene	expression.	
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1.2.1.3 LINC	complex	and	cell	nucleus	

	

As	more	insight	has	been	gained	into	the	cytoskeleton,	the	notion	that	the	nucleus	is	critically	linked	

into	 this	 system	has	become	more	 important.	 Proteins	were	 identified	 in	nematodes	 that	bridged	

the	 gap	 between	 the	 cytoskeleton	 and	 nucleus,	 and	 in	 2005	 two	 groups	 showed	 the	 same	 in	

mammalian	 systems	 [46–48].	 The	 nesprin	 family	 of	 proteins	 was	 known	 to	 bind	 to	 cytoskeletal	

elements	[49]	and	it	was	then	proven	that	the	nuclear	bound	SUN	and	KASH	proteins	could	interact	

with	these	to	directly	affect	 force	transmission	to	the	nucleus	via	 the	cytoskeleton	[50],	creating	a	

linker	of	nucleoskeleton	and	cytoskeleton	(LINC)	complex,	summarised	in	Figure	1.4	B.	

	

The	 precise	 manner	 in	 which	 this	 process	 affects	 gene	 expression	 is	 still	 unclear.	 A	 favouring	

argument	is	that	of	the	direct	 interactions	of	the	nuclear	 lamins	with	chromatin.	Knock	out	studies	

suggest	 that	 the	 lamina	 is	 involved	 in	 the	 positioning	 of	 heterochromatin	 (from	 the	 nuclear	

periphery	 to	 the	 centre	 upon	 knockdown)	 [51,52].	 It	 is	 thought	 that	 the	 association	 of	 chromatin	

with	the	lamina	through	lamina-associated	domains	[53]	results	in	gene	repression	[54],	providing	a	

mechanism	by	which	extracellular	cues	can	be	directly	linked	to	gene	activation	[55].	

	

The	model	of	DR	emphasises	that	the	ECM	is	the	driving	force	for	changes	in	cell	shape	through	the	

aforementioned	mechanisms,	 although,	 this	 is	 starting	 to	 be	 challenged	 [56].	 It	 is	 becoming	 clear	

that	the	whole	microenvironment	in	addition	to	the	ECM	drives	cell	structure.	

	

	

1.2.1.4 Cadherins	–	the	links	between	neighbouring	cells	and	the	cytoskeleton	

	

Without	neighbouring	cell-cell	contact,	it	is	impossible	for	a	tissue	to	operate	in	the	dynamic	manner	

it	needs	to	complete	its	function.	Underlying	this	process	are	cell	anchoring	molecules,	in	the	form	of	

cadherins.		

	

Molecules	 suspected	 of	 mediating	 cell-cell	 adhesion	 were	 first	 discovered	 in	 the	 early	 1980s	 by	

groups	 investigating	calcium-dependent	and	 independent	mechanisms	of	 cell	adhesion	 [57].	There	

have	since	been	a	number	of	types	of	cadherins	described,	generally	dependent	upon	the	presence	

in	specific	tissues.	These	are	split	into	Type	1	and	2	families	with	E-Cadherin	(epithelial),	N-Cadherin	

(neural)	and	P-Cadherin	(placental)	comprising	the	former	and	VE-Cadherin	(vascular-endothelial),	K-

Cadherin	(kidney)	and	M-Cadherin	(muscle)	the	latter	[58,59].	

	

Maitre	 and	 Heisenberg	 suggested	 3	 main	 roles	 of	 these	 molecules	 in	 cell-cell	 interactions	 [60];	

adhesion	 tension,	 adhesion	 signaling	 and	 adhesion	 coupling.	 The	 latter	 is	 the	 most	 basic	

consideration	 of	 molecular	 function;	 the	 mechanical	 coupling	 of	 neighbouring	 cells	 via	 junctions.	

Adhesion	 tension	 and	 signaling	 can	 be	 considered	 together	 based	 on	 the	 fact	 that	 they	 are	 both	
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dynamically	linked.	Once	adjacent	cells	are	anchored	together	by	numerous	molecules	of	E-Cadherin	

this	alters	 the	shape	of	 the	cell	via	direct	contact	with	 the	actin	cytoskeleton.	 Increases	 in	contact	

between	 cells	 results	 in	 an	 increased	 surface	 tension	 causing	 cell	 spreading.	 Similarly,	 this	

mechanism	is	directly	linked	to	various	intracellular	signaling	processes	controlling	proliferation	and	

homeostasis.		

	

This	process	of	 cell-cell	 adhesion	also	 functions	 in	 the	 context	of	 integrins	 (Figure	1.5).	As	may	be	

expected	 these	 arrangements	 of	 proteins,	 although	 spatially	 separate,	 work	 as	 one	 to	 define	 cell	

shape.	It	is	thought	that	cell-cell	communication	drives	cell	shape	through	the	linking	of	cadherins	to	

the	actin	cytoskeleton	by	catenin	proteins,	acting	through	dimerisation	of	α	and	β	subtypes	[61].	The	

specific	mechanism	of	this	interaction	is	contested	[62].	

	

	

	

1.2.2 Environmental	cues	controlling	cell	structure	

	

All	cells	are	surrounded	by	a	complex	microenvironment.	This	niche	is	made	up	of	both	chemical	and	

physical	 influences	 (summarised	 in	 Figure	 1.6)	 which	 alter	 cell	 structure	 and	 signaling	 pathways.	

Chemical	factors	encompass	all	biologically	active	agents	that	endogenously	(via	paracrine,	autocrine	

or	 endocrine	 routes)	 or	 exogenously	 (via	 synthetic	 molecules,	 for	 example)	 affect	 cell	 behaviour.	

Acting	through	the	mechanisms	described	thus	far	are	physical	factors.	These	directly	influence	cell	

shape	 through	 anchoring	 integrins,	 by	 altering	 the	 physical	 form	 of	 the	 ECM,	 or	 through	 the	

surrounding	tissue	morphology.	

Figure	 1.5.	 Cell-cell	 communication.	 Cells	 not	 only	 communicate	 with	 their	 environment,	 but	 also	

with	 the	 cells	 in	 their	 immediate	 surroundings.	 Cadherin	 proteins	 facilitate	 intercellular	

communication	using	Catenins	as	molecules	to	transduce	extracellular	signals.	
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Figure	 1.6.	 Factors	 encompassing	 extracellular	 influences	 upon	a	 cell.	Cell	 structure	 is	 defined	 by	

both	 chemical	 and	 physical	 factors.	 Chemical	 factors	 comprise	 growth	 factors	 or	 hormones	 in	 the	

surrounding	 medium,	 for	 example.	 Physical	 cues	 refer	 more	 to	 the	 surrounding	 environment,	 for	

example	the	topography	of	the	underlying	substrate.	

The	 ECM	 surrounding	 a	 cell	 is	 composed	 of	 water,	 proteins	 and	 polysaccharides	 with	 the	 main	

constituents	being	proteoglycans	(PGs)	and	fibrous	proteins	(the	most	common	of	which	is	collagen).	

This	matrix	provides	a	source	for	the	mechanical	changes	that	affect	cell	structure	and	is	dynamically	

maintained	throughout	a	cell’s	lifetime	(the	constituents	of	the	ECM	in	this	context	are	reviewed	in	

detail	by	[63]).	In	1994,	Frisch	and	Francis	[64]	documented	a	form	of	cell	death	which	was	termed	

“Anoikis”.	This	was	postulated	to	be	the	process	whereby	cells	could	no	longer	survive	due	to	ECM	

disruption,	in	this	case	by	preventing	its	deposition.	This	work	first	highlighted	the	need	for	a	cell	to	

maintain	its	microenvironment,	in	order	to	survive.	Around	this	time,	there	was	also	interest	sparked	

in	the	composition	of	the	ECM	and	its	relationship	to	cell	shape	and	function.	With	the	inhibition	of	

cell	spreading	using	agents	such	as	Cytochalasin	D,	chondrocytes	have	been	shown	to	decrease	their	

PG	 synthesis	 [65].	 Similar	 early	 studies	 also	 demonstrated	 altered	 collagenase	 levels	 in	 cells	 that	

were	 chemically	 forced	 to	 change	 shape	 [66,67].	 These	 studies,	 and	 more	 provide	 convincing	

evidence	that	cell	shape	is	determined,	in	part,	by	both	the	deposition	and	turnover	of	the	ECM.	

	

Some	studies	have	investigated	the	impact	of	the	physical	shape	of	the	ECM	on	cell	shape	with	more	

complex	 situations.	 This	 includes	 the	 effect	 of	 vessels,	 tubes	 or	 pores	 within	 tissues.	 These	

experiments	often	use	fabricated	micro/nanopatterned	substrates	to	direct	cell	growth.	Initial	aims	

in	this	field	using	micropatterning	were	to	constrict	the	growth	area	of	cells	to	alter	shape	in	specific	

ways	to	gain	function	reminiscent	of	that	 in	vivo.	This	has	been	shown	to	be	effective	in	a	range	of	

cell	 types	 including	 neurons	 [68]	 and	 endothelial	 cells	 [69].	 Amongst	 the	 first	 to	 begin	 to	

demonstrate	 the	 importance	 of	 nanotopography	 upon	 cell	 behaviour	 was	 Yim	 et	 al.	 [70]	 who	

showed	their	elongation	when	cells	were	cultured	upon	nano-imprinted	gratings	of	350	nm.	To	take	

this	 one	 step	 further,	 groups	 have	 incorporated	 smaller	 scale	 technologies	 with	 perfusion,	 using	

microfluidics	 (reviewed	 by	 [71])	 to	 mimic	 the	 physiological	 fluids	 in	 the	 microenvironment.	 In	

comparison	to	static	cultures	it	has	been	shown	that	ECM	components	such	as	collagen	and	laminin	
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[72]	 fail	 to	 organise	 in	 the	 same	orientation	 and	 as	 a	 result,	 nuclear	 shape	 changes	were	 evident	

dependent	upon	the	type	of	culture.		

	

With	this	 in	mind,	 it	 is	 important	to	consider	how	scientists	translate	these	complex	situations	into	

the	laboratory	in	order	to	study	and	understand	their	properties.	

	

	

1.2.3 The	in	vitro	cellular	microenvironment	

	

Since	 the	 advent	 of	 cell	 culture	 in	 the	 1950s,	 methodologies	 have	 been	 based	 around	 planar	

substrates	on	which	to	grow	cells	(most	commonly	flasks	or	plates).	Although	this	has	facilitated	vast	

progress	 in	 the	 field	 of	 cell	 biology	 there	 are	 a	 number	 of	 set-backs	 limiting	 the	 use	 of	 TCP,	

summarised	by	a	lack	of	complex	structure	of	the	physical	microenvironment.		

	

The	composition	of	 the	cellular	microenvironment	 in	vivo	 is	 inherently	different	 from	that	 in	vitro.	

The	concept	that	so-called	two-dimensional	(2D)	culture	dramatically	changes	cells	has	been	in	the	

literature	 far	 longer	 than	 one	 might	 think.	 In	 1978	 von	 der	 Mark	 et	 al.	 [73]	 documented	

chondrocytes	losing	their	cellular	phenotype	within	four	passages	of	2D	culture.	There	is	a	wealth	of	

research	investigating	behaviours	of	cells	dependent	upon	the	topography	of	their	growth	substrate,	

including	morphology	[74,75]	and	proliferation	[76]	in	addition	to	those	previously	introduced.	In	2D,	

cells	are	said	to	contain	a	forced-polarity,	a	specific	form	defined	by	contact	with	a	substrate	on	one	

portion	of	the	cell	 (reviewed	 in	Baker	and	Chen,	2012	[77]).	This	results	 in	a	 flattened	morphology	

unlike	that	of	cells	 in	vivo	as	depicted	 in	Figure	1.7	and	has	been	demonstrated	by	various	groups,	

for	example	[78,79].	

	

	

Figure	 1.7.	 Cells	 respond	 to	 their	 environment	 and	 adapt.	 As	 cells	 are	 taken	 from	 an	 in	 vivo	

environment,	 they	 adhere	 to	 their	 substrate,	 and	 adapt	 through	 the	 mechanisms	 previously	

described.	This	generally	 results	 in	cell	 flattening	and	a	 forced	polarity	 that	ultimately	affects	gene	

expression	through	mechanotransduction.	

Further	 to	 this,	 in	 2005	 [80]	 it	 was	 suggested	 that	 models	 of	 controlling	 cell	 shape	 in	 three-

dimensions	 (3D)	 were	 lacking	 and	 that	 current	 planar	methodologies	 only	 provided	weak	 control	

over	 the	 cellular	 microenvironment.	 This	 suggests	 that	 enhancing	 the	 growth	 environment,	 by	

controlling	the	physical	factors	that	define	the	cellular	niche	may	give	greater	control.	This	has	led	to	
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the	 development	 of	 3D	 cell	 culture,	 the	 definition	 of	 which	 is	 open	 to	 interpretation.	 There	 are	

varying	forms	of	this	type	of	culture	all	aiming	to	better	recapitulate	the	in	vivo	environment.	

	

	

1.2.4 Three-dimensional	and	advanced	cell	culture	techniques	and	their	application	

	

In	1994,	Peppas	et	al.	suggested	a	number	of	factors	that	needed	consideration	to	drive	forward	the	

use	 of	 biomaterials	 [81].	 This	 included	 reduced	 immunogenic	 responses,	 controllable	 degradation	

and	 increased	 ability	 for	 visualisation.	 In	 2007,	 Pampaloni	 and	 colleagues	 [80]	 described	 five	

representative	 examples	 of	 3D	 cell	 cultures;	 explants,	 spheroids,	 polarised	 epithelial	 cell	 culture,	

artificial	 skin	production	 and	microcarriers.	Haycock	 [82]	 used	 this	 as	 a	basis	 to	 then	 suggest	 four	

main	 methodologies	 of	 3D	 cell	 culture;	 animal	 explants,	 microcarriers,	 spheroids	 and	 cellular	

scaffolds,	 with	 a	 large	 emphasis	 upon	 the	 importance	 of	 the	 latter.	 Explant	models	 are	 generally	

used	in	physiology	investigations,	and	such	ex	vivo	methods	have	been	defined	for	a	range	of	tissues,	

for	example,	the	retina	(e.g.	[83])	and	spinal	cord	(e.g.	[84]).	The	main	advantage	of	this	type	of	3D	

culture	is	that	it	retains	any	ECM	of	the	constituent	cells	allowing	studies	to	remain	analogous	to	the	

situation	 in	 vivo.	 A	more	 recently	 applicable	 disadvantage	 is	 the	 fact	 that	 this	model	 uses	 animal	

tissues,	which	does	not	strictly	adhere	to	the	principle	of	the	3	R's,	to	reduce,	refine	and	eventually	

replace	 the	 use	 of	 animals	 in	 scientific	 research.	Microcarriers	 function	 by	 providing	 a	 small-scale	

(e.g.	 in	 bead	 form)	 support	 for	 cells	 to	 form	 more	 controlled	 aggregations	 (e.g.	 [85]).	 This	 is	 a	

technology	that	is	rarely	used	over	the	others	described	here.	Although	cells	are	introduced	to	a	3D	

environment,	they	cannot	yet	be	sub-cultured	and	so	are	limited	in	their	cell	expansion	capacity.		

	

	

1.2.4.1 Spheroids,	aggregates,	and	organoids	

	

Spheroid	models	 rely	on	the	ability	of	some	cell	 types	to	aggregate	when	grown	 in	 low	adherence	

conditions	(as	depicted	in	Figure	1.8)	allowing	structures	reminiscent	of	the	tissue	of	origin	to	form	

[86].	 Again,	 this	 method	 results	 in	 a	 system	 whereby	 cells	 secrete	 their	 own	 ECM,	 but	 well	

characterised	and	established	cell	lines	can	be	used.	This	avoids	the	need	for	primary	animal	tissue,	

although,	this	is	not	exclusively	the	case.	Methods	to	produce	spheroids	can	include	cell	seeding	as	a	

single	 cell	 or	 partially	 dissociated	 suspension	 into	 a	 non-tissue	 culture	 treated	 vessel	 [87].	 This	

method	 is	extremely	simple	but	can	be	hampered	by	 lack	of	control	over	spheroid	sizes	 leading	to	

greater	variation	than	alternative	methods,	such	as	the	hanging	drop	method	[88].	This	controls	the	

size	 of	 the	 aggregate	 using	 gravity	 to	 draw	 the	 cells	 together	 in	 a	 droplet	 of	 very	 small	 volume,	

thereby	 improving	 upon	 variability	 concerns.	 This	 process	 can	 also	 be	 completed	 using	

undifferentiated	 cell	 populations	under	exogenous	 control	 to	 form	“organoids”	 (outlined	 in	 Figure	

1.8).	 These	 structures	 differentiate	 and	 develop	 to	 form	 architecture	 reminiscent	 of	 the	 target	
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tissues	and	are	becoming	a	popular	method	to	investigate	a	range	of	tissue	types,	including	the	brain	

[89]	and	intestine	[90].	

	

	

Figure	1.8.	Methods	of	3D	cell	 culture	using	aggregation.	Cells	 can	be	allowed	 to	adhere	 to	each	

other	 by	 culture	 in	 low	 adherence	 conditions.	 Differentiated	 cell	 types	 cultured	 in	 this	 way	 form	

spheroids,	which	 are	 often	 less	 developed	 than	 organoids.	Organoids	 can	 be	 formed	 from	PSCs	 or	

adult	 stem	 cells	 in	 the	 presence	 of	 defined	 growth	 factors	 and	 morphogens	 to	 form	 rudimentary	

tissues.	Taken	from	[91].	

	

	

1.2.4.2 Scaffolds	

	

There	are	a	large	number	of	methodologies	surrounding	the	production	of	scaffolds	to	support	cell	

growth	 [86].	 Scaffolds	 aim	 to	 provide	 cells	with	 a	 fabricated	 support	 on/in	which	 they	 can	 retain	

their	 natural	 morphology.	 Scaffold	 fabrication	 itself	 can	 be	 either	 natural	 or	 synthetic	 in	 nature.	

Hydrogels	 encompass	 water	 based	 substrates	 for	 cell	 growth	 [92],	 from	 natural	 proteins	 such	 as	

collagen	 (or	commercialised	substitutes	 including	Matrigel)	 to	synthetic	constructs.	Although	3D	 in	
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form,	cells	encapsulated	within	hydrogels	are	difficult	to	image	due	to	light	scattering	and	regulating	

inherent	chemical	gradients	can	be	challenging	[93].	Scaffolds	with	defined	architectures	(e.g.	fibres	

or	 pores)	 have	 been	 gaining	 more	 attention	 recently.	 The	 development	 of	 methods	 such	 as	

stereolithography	and	electrospinning	allowing	both	natural	and	synthetic	substrates	to	be	formed.	

However,	 these	 models	 can	 suffer	 from	 lot-to-lot	 variability	 with	 the	 former	 hydrogel	 based	

methods	and	lack	of	cell	interaction	with	the	latter	scaffolds.	In	addition,	it	can	be	practically	difficult	

to	retrieve	cells	from	these	types	of	culture.	There	are	difficulties	with	growth	due	to	times	in	culture	

before	cross-linking	of	the	polymers	[94]	and	the	materials	utilised	are	often	expensive.		

	

	

1.2.4.3 Methods	of	3D	scaffold	production	for	cell	culture	

	

There	are	a	range	of	fabrication	techniques	for	scaffold	production	for	cell	culture.	Natural	scaffolds	

generally	encompass	hydrogels	and	are	 regarded	as	 the	most	 flexible	approach	 to	3D	cell	 culture,	

reviewed	extensively	by	[95].	Their	composition	is	highly	tuneable	to	differing	stiffnesses	and	grades	

of	 functionalisation,	 reflected	 in	 their	 widespread	 use	 with	 a	 large	 number	 of	 cell	 types.	 The	

production	of	 hydrogels	 is	 defined	by	 the	 cross-linking	of	 polymers	 to	 form	a	network;	 this	 cross-

linking	 can	 occur	 in	 a	 number	 of	 ways,	 for	 example,	 UV	 exposure	 or	 utilising	 specific	 chemical	

reactions	[96].	Focus	has	turned	to	synthetic	hydrogels	to	overcome	disadvantages	with	the	use	of	

natural	hydrogels	 [97],	namely	 their	difficulty	 in	 imaging,	and	 limited	capacity	 for	degradation	and	

ability	 to	 remove	cells	 for	downstream	applications.	Approaches	are	generally	based	upon	cellular	

encapsulation	 to	 allow	 for	 a	 population	 to	 mould	 its	 environment.	 This	 has	 been	 proven	 to	 be	

particularly	effective	in	the	case	of	mesenchymal	stem	cell	(MSC)	differentiation	[98–100].	Cells	have	

also	been	cultured	upon	hydrogel	supports,	more	akin	to	the	situation	during	conventional	culture	

methods,	one	example	of	which	shows	the	culture	of	 intestinal	cells	upon	a	range	of	hydrogels	for	

enhanced	functionality	[101].	

	

Scaffolds	have	also	been	produced	by	a	maintenance	of	the	native	ECM,	through	the	removal	of	cells	

through	 so-called	 decellularisation	 techniques.	 This	 has	 been	 pioneered	 for	 cardiac	 regeneration	

[102],	and	is	rapidly	expanding	to	areas	of	the	body	such	as	the	knee	joint	[103].	The	methods	are	

based	upon	the	 isolation	of	animal	 tissue	 (porcine	tissue	 is	often	used).	Subsequent	removal	of	all	

cells	by	incubation	in	a	series	of	defined	detergents,	leaves	behind	the	native	ECM	structure,	for	the	

introduction	of	new	host-compatible	cells	[104].	

	

The	most	commonplace	techniques	for	the	production	of	synthetic	scaffolds	are	electrospinning	and	

polyHIPE	 formation.	Electrospinning	 is	a	 technique	based	upon	the	elution	of	a	polymer	through	a	

charged	needle	onto	a	surface	of	choice	[105].	This	approach	can	be	somewhat	tuneable	in	terms	of	

diameter	size	[106].	However	often	the	fibres	can	be	aligned	or	random	in	orientation,	in	which	case	

causing	some	concern	for	reproducibility.	PolyHIPE	formation	takes	an	oil	and	water	emulsion	as	its	
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basis.	The	oil	phase	generally	consists	of	polymers	that	can	be	mixed	with	the	aqueous	phase	under	

defined	temperatures	and	stir	speeds	to	control	the	size	of	the	voids	[107].	The	water	can	then	be	

evaporated	 leaving	 behind	 a	 cured	 sponge-like	 structure	 suitable	 for	 cell	 culture,	 as	 shown	

schematically	in	Figure	1.9	[108].	Advantages	of	this	system	include	the	tuneable	nature	of	the	void	

sizes	[109]	and	the	reproducibility	as	well	as	ease	of	processing	for	visualisation.	

	

In	attempts	to	streamline	the	production	process,	a	lot	of	focus	has	turned	to	the	use	of	3D	printing	

of	 synthetic	 scaffolds.	 This	 technology	 is	 in	 its	 infancy,	 and	 initial	 efforts	 have	 worked	 towards	

recapitulating	the	structures	described	above,	and	in	some	cases	using	the	materials	themselves	to	

print	 designed	 structures	 [110].	 A	major	 downside	 still	 remains;	 that	 of	 resolution.	 Using	 current	

methods,	 the	 fine	 structures	 offered	 by	 the	 alternative	 routes	 are	 not	 possible.	 This	 results	 in	

features	larger	than	the	cells	themselves,	not	ideal	for	a	number	of	applications	[111].	Nevertheless,	

applications	are	still	possible,	 for	example,	the	3D	printing	of	a	polycapralactone	scaffold	has	been	

shown	to	serve	a	suitable	alternative	for	trachea,	in	mouse	models	[112].		
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Figure	1.9.	Methods	employed	for	3D	culture.	Culture	methods	are	commonly	aggregation	based,	or	

scaffold	based.	Hydrogels	are	often	used	to	encapsulate	cells	in	their	cross-linkes	matrix.	Aggregates	

of	 cells	 can	 be	 termed	 spheroids	 and	 based	 upon	 the	 spontaneous	 aggregation	 of	 cells	 in	 low	

adherence	 conditions.	 Scaffolds	 can	 be	 natural	 or	 synthetic	 in	 composition	 and	 are	 formed	 by	 a	

number	 of	 methods;	 electrospinning,	 3D	 printing	 or	 polyHIPE	 formation	 as	 three	 examples.	

Constructed	using	BioRender	(https://biorender.io).		

	
	

1.2.5 PSCs:	a	model	system	in	which	to	investigate	cell	structure-function	relationship	

	

1.2.5.1 Introduction	

	

Regenerative	medicine	 aims	 to	 effectively	 exploit	 the	 properties	 of	 cells	 in	 our	 bodies	 in	 order	 to	

replace	lost	or	damaged	tissues.	Underpinning	this	area	of	research,	due	to	their	self-renewing	and	

undifferentiated	status,	are	stem	cells.	Stem	cells	can	be	defined	as	uni-,	multi-	or	pluripotent,	the	

latter	 of	 which	 are	 of	 greatest	 relevance	 to	 regenerative	 approaches	 due	 to	 the	 capacity	 for	

complete	differentiation	into	any	tissues	comprising	the	human	body.		

	

PSCs	 are	 present	 soon	 after	 the	 commencement	 of	 human	 development	 in	 the	 pre-implantation	

stage	 blastocyst	 before	 their	 commitment	 to	 one	 of	 the	 three	 developmental	 germ	 layers;	

mesoderm,	 endoderm	 or	 ectoderm.	 There	 are	 a	 number	 of	 key	 signaling	 events	 involved	 in	 the	

progression	 of	 cell	 differentiation	 during	 embryogenesis.	 Symmetry	 breaking	 of	 the	 mammalian	

blastocyst	 is	 the	 first,	potentially	pre-determined	event	 to	govern	alterations	 in	cell	 shape	to	drive	

development	 [113].	 Cascades	 of	 signaling	 events	 follow,	 during	 specified	 points	 during	 cell	

differentiation	 [114,115].	 Notch	 governs	 a	 number	 of	 these	 events;	 a	 cell-cell	 signaling	 receptor	
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present	during	development	to	allow	intercellular	communication	to	affect	various	signaling	events	

[116].	The	ligand	for	Notch,	Delta,	is	thought	to	be	expressed	differently	and	activating	the	receptor	

as	such,	with	activation	causing	cleavage	of	an	intracellular	domain	to	affect	gene	transcription.	This	

allows	 for	 the	 segregation	 of	 areas	 within	 a	 developing	 embryo,	 as	 shown	 in	 neural	 fates	 of	

Drosophila	[117].	Similarly,	Fibroblast	Growth	Factors	(FGF)	signal	through	their	namesake	receptors	

and	also	play	a	 role	 in	patterning	as	well	as	other	phases	of	development	 [118],	all	of	which	 form	

distinct	gradients	of	activity.	As	a	result,	development	is	a	highly	dynamic	process	and	research	has	

enabled	the	suspension	of	the	pluripotent	state	in	vitro.	

	

	

1.2.6 PSCs	in	vitro	

	

Evans	and	Kaufman	[119]	showed	that	pluripotent	embryo	cells	could	be	derived	from	the	inner	cell	

mass	 (ICM)	of	murine	blastocysts,	maintaining	an	undifferentiated	form	 in	culture	 -	now	known	as	

embryonic	stem	(ES)	cells.	These	cells	were	utilised	due	to	their	similarity	to	the	already	established	

EC	 cell	 lines,	 which	 are	malignant	 and	 derived	 from	 cancerous	 germ	 cells	 in	 vivo,	 having	 formed	

teratocarcinomas	 [120].	 The	most	 recent	 cell	 type	 to	be	used	 in	 stem	cell	 research	 is	 the	 induced	

Pluripotent	Stem	Cell	(iPSC),	all	summarised	in	Figure	1.10).	Takahashi	et	al.	in	2007	[121]	pioneered	

retroviral	 transduction	 of	 four	 genes	 thought	 to	 control	 pluripotency;	 Oct4,	 Sox2,	 Klf4	 and	 c-Myc	

resulting	in	the	ability	to	culture	PSCs	derived	from	differentiated	tissues.	In	order	to	culture	ESCs	in	

vitro,	 it	 has	 been	 necessary	 to	 utilise	 feeder	 layer	 cells	 such	 as	mouse	 embryonic	 fibroblasts.	 The	

majority	of	research	into	stem	cell	growth	conditions	has	focused	upon	growth	supplementation	and	

media	to	avoid	the	need	for	these	cell	types.	Specialised	products	(e.g.	StemPro®,	mTesR™)	are	now	

commonplace	 rendering	 feeder	 layers	 somewhat	 redundant,	 but	 there	 has	 been	 surprisingly	 little	

research	 into	 the	 stem	 cell	 physical	microenvironment	 (or	 niche)	 until	 very	 recently.	 Even	 so,	 this	

field	 has	 focussed	 almost	 exclusively	 upon	 adult	 stem	 cells	 and	 their	 differentiation	 rather	 than	

developmental	 potency.	 One	 example	 shows	 enhanced	 osteogenic	 differentiation	 [122]	 in	 MSCs	

when	 cultured	 in	 a	 collagen	 hydrogel	 with	 osteoinductive	 supplements.	 In	 contrast,	 these	

differences	 diminished	 with	 2D	 passaging	 of	 the	 MSCs,	 suggesting	 that	 a	 fundamental	 change	 is	

occurring	 with	 this	 2D	 culture	 of	 the	 experimental	 starting	 material.	 This	 is	 a	 recurring	 theme	

throughout	 these	 types	 of	 experiments	 providing	 no	 real	 control	 for	 divergence	 away	 from	 the	

situation	 in	vivo	caused	by	both	new	microenvironments	(3D),	and	those	conventionally	used	(2D).	

Meanwhile,	 recent	 theories	 concerning	 the	 real	origin	of	 the	 cellular	models	used	 throughout	 this	

field	 are	 being	 questioned,	 introducing	 yet	 more	 complexity	 to	 the	 systems	 currently	 in	 use.	

Theoretically,	all	stem	cells	used	in	research	arise	from	defined	points	in	the	developmental	timeline.	

This	 process	 is	 so	 dynamic	 that	 it	 is	 being	 postulated	 that	 this	may	 not	 possible,	 allowing	 one	 to	

stipulate	that	there	is	currently	no	means	of	standardising	the	cells	that	are	being	used	to	perform	

vital	stem	cell	research	(for	review	see	[123]).	There	is,	as	a	result,	a	great	need	to	improve	the	basis	

of	models	such	as	these	to	improve	data	quality	as	a	whole.	
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Figure	1.10.	Pluripotent	stem	cell	derivation	in	culture.	ESCs	are	isolated	from	the	inner	cell	mass	of	

the	blastocyst,	 iPSCs	are	reprogrammed	through	defined	factors	from	somatic	cells	and	EC	cells	are	

isolated	from	germ	cell	tumours.	Differentiation	can	be	directed	to	form	cells	of	all	three	germ	layers.	

Constructed	using	BioRender	(https://biorender.io).	

	

	

1.2.7 Challenges	in	the	culture	and	use	of	PSCs	in	vitro	

	

Although	it	 is	possible	to	culture	PSCs	 in	vitro	and	maintain	their	capacity	for	differentiation,	there	

are	a	number	of	issues	arising	when	considering	their	proposed	use	within	regenerative	medicine.	It	

has	 been	 suggested	 that	 the	 formation	 of	 tumours	 after	 implantation	 is	 a	 major	 risk	 to	 the	

application	of	PSC	therapies	[124].	Cells	that	have	adapted	to	culture	are	more	likely	to	be	a	risk	for	

this	process,	as	a	direct	result	of	the	integration	of	non-physiological	cues	[125].	Similarly,	there	is	a	

growing	body	of	evidence	 that	PSCs	within	a	population	 in	 culture	 can	exhibit	 vast	heterogeneity,	

leaving	pluripotent	cells	and	leading	to	incomplete	differentiation.	This	heterogeneity	is	also	present	

across	the	vast	numbers	of	cell	lines	currently	available	[126].	To	improve	upon	this,	defined	culture	

conditions	 are	 being	 sought	 after,	 and	 Skottman	 et	 al.	 [127]	 propose	 four	 generations	 of	 culture	

conditions	to	reflect	this;	Feeder-dependent	(upon	mouse	feeders),	feeder-dependent	(upon	human	

feeder	cells	with	human	serum	or	a	replacement),	human	feeder	cell	dependent	(in	serum	and	xeno-
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free	conditions)	and	finally	 feeder	and	xeno-free	with	defined	medium.	The	sentiment	here	 is	 that	

with	 increased	 numbers	 of	 components	 for	 the	 successful	 culture	 of	 PSCs,	 comes	 increased	

variability	whether	it	be	of	the	culture	substrate,	or	batch	variations	in	supplements,	as	an	example.	

Indeed,	 the	 literature	 is	 rapidly	 expanding	 upon	 the	 xeno-free	 ideal	 of	 PSC	 culture	 [128–132],	

although,	 it	 is	not	clear	whether	this	 is	the	only	approach	needed	to	enable	the	use	of	PSCs	 in	the	

clinic	with	 enhanced	 functionality.	McKee	 et	 al.	 outlined	 a	 number	 of	 key	 challenge	 observations	

concerning	the	culture	of	PSCs;	

• Conventional	2D	culture	is	expensive	and	provides	limited	cell	expansion	

• Challenges	present	in	deciding	the	correct	type	of	biomaterial	to	use	

• Conditioning	may	be	required	before	functional	use/in	testing	

• There	remains	a	need	for	scaling-up	of	any	new	protocols	for	culture	

In	this	review,	it	is	postulated	that	a	number	of	these	challenges	could	be	overcome	by	advancement	

from	conventional	2D	culture	techniques	[133].	To	understand	how	these	problems	can	 indeed	be	

addressed,	it	is	necessary	to	evaluate	what	is	currently	knows	about	how	PSCs	integrate	extracellular	

signals	to	control	their	function.	

	

	

1.2.8 Pluripotent	stem	cell	structure	and	cell	sensing	machinery	

	

Considering	the	wealth	of	research	underpinning	the	effect	of	culture	conditions	on	pluripotency	–	

there	is	very	limited	documentation	on	the	mechanistic	effects	of	this	in	terms	of	cellular	structure	

and	specifically	how	PSCs	integrate	these	cues	to	form	a	response.	The	mechanosensing	of	cells,	 in	

general,	was	 introduced	above.	 In	general,	 the	trend	 in	addressing	this	disparity	has	been	to	make	

basic	observations	of	a	number	of	components	known	to	be	 involved	 in	mechanotransduction	and	

link	either	to	pluripotency,	or	effects	upon	differentiation	in	a	superficial	manner.	Although	a	good	

starting	point,	linking	these	areas	of	research	together	with	fundamental	cell	biology	is	necessary	to	

understand	how	culture	conditions	in	general	affect	PSC	growth.	

	

To	investigate	the	mechanobiology	of	PSCs	in	the	context	of	enhancing	their	growth	environments,	it	

is	 first	 important	 to	 consider	 their	 comprising	 cytoskeletal	 elements.	 Early	 research	 using	 EC	 cells	

demonstrated	 low	 keratin,	 vimentin	 and	 neurofilament	 expression	 that	 increased	 upon	 cell	

differentiation	with	retinoic	acid	[134,135].	Previous	work	further	demonstrated	that	both	actin	and	

tubulin	are	present	in	a	range	of	undifferentiated	EC	cells.	The	former	vastly	changing	in	morphology	

with	 little	 evidence	 of	 microfilament	 bundles	 often	 now	 seen	 as	 characteristic	 of	 the	 actin	

cytoskeleton	 of	 differentiated	 derivatives.	 The	 latter	 maintaining	 a	 microtubule	 network	 in	 the	

cytoplasm	[136].	This	was	also	the	case	in	early	work	in	the	mouse	embryo,	where	actin	distribution	

was	 around	 the	 cell	 periphery	 [137].	 Only	 within	 the	 last	 5	 years	 has	 focus	 again	 turned	 to	

cytoskeletal	dynamics	in	PSCs.	Boraas	et	al.	published	a	characterisation	of	major	components	of	the	

cellular	cytoskeleton	of	ESCs,	iPSCs,	and	MEFs	in	2016	[138].	In	general,	these	observations	validated	
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those	 published	 upon	 EC	 cells	 over	 three	 decades	 previously;	 the	 cytoskeleton	 is	 generally	 less	

developed	 in	 PSCs	 with	 altered	 distribution	 of	 its	 components,	 but	 limited	 differences	 within	

microtubule	networks.	Actin,	nestin,	and	vimentin	were	all	demonstrated	to	be	localised	around	the	

cell	 nuclei	 suggesting	 this	 lack	 of	 developed	 structure	with	 respect	 to	 intermediate	 filaments	 and	

microfilaments.	 This	 study	 also	 considered	 the	 nucleoskeleton	 with	 respect	 to	 the	 intermediate	

filament	 lamin	 A/C,	 which	 was	 not	 present	 in	 ESCs,	 intermittent	 in	 its	 expression	 in	 iPSCs	 and	

consistently	expressed	 in	differentiated	MEFs.	This	again	validated	previous	work	demonstrating	a	

link	between	lamin	A/C	expression	and	the	differentiation	state	of	PSCs.	That	is	its	expression	is	up-

regulated	 during	 the	 onset	 of	 cell	 differentiation,	 resulting	 in	 its	 postulation	 as	 a	 marker	 of	

undifferentiated	 cell	 populations	 [16,139].	 The	 alternative	 lamin	 subtype,	 lamin	 B	 is	 known	 to	

generally	 be	 expressed	 independently	 of	 differentiation	 state	 [16].	 By	 growing	 stem	 cells	 on	

nanogratings,	 it	 was	 demonstrated	 that	 nuclear	 changes	 occurred	 in	 addition	 to	 gene	 expression	

alterations	previously	seen	and	that	this	is	a	fast	process	[140].	This	work	was	also	a	demonstration	

that	graduating	the	stiffness	of	the	growth	substrate	also	gradually	deforms	cell	nuclei.	This	supports	

the	 growing	 body	 of	 evidence	 to	 consider	 the	 nucleus	 as	 a	mechanosensor	 in	 PSCs	 as	 previously	

introduced.		Finally,	a	unique	feature	of	the	stem	cell	nucleus	is	its	increased	plasticity	in	comparison	

to	 lineage-committed	 cells.	 This	 was	 shown	 by	 Pajerowski	 et	 al.	 in	 2007	 using	 micropipette	

aspiration	and	correlated	with	lamin	A/C	expression	changes.	It	could	be	postulated	that	a	controlled	

physical	microenvironment	may	 have	 a	 greater	 effect	 on	 undifferentiated	 cells	 due	 to	 their	more	

plastic	nature.	

	

Focal	 adhesion	 components	 define	 the	 links	 between	 a	 cell	 and	 its	 substratum.	 Sutherland	 et	 al.	

showed	 in	 1993	 that	 integrin	 expression	 was	 present	 throughout	 the	 development	 of	 the	 early	

mouse	embryo	highlighting	its	importance	in	regulating	pluripotency	[142].	In	the	literature,	this	has	

been	characterised	 to	 some	extent	 in	 terms	of	 integrin	expression	 in	cultured	cells	and	 its	basis	 is	

using	the	F9	EC	stem	cell	line	in	the	1990s.	It	was	shown	that	integrin	expression	increased	upon	cell	

differentiation	 [143],	 and	when	perturbed	 reduced	 cell	 adhesion	 altering	 cell	morphology	 but	 not	

affecting	 differentiation	 capacity	 [144].	 When	 vinculin,	 a	 well	 characterised	 focal	 adhesion	

component,	 was	 knocked	 out	 in	 this	 cell	 type,	 cell	 spreading	was	 reduced.	 Focal	 adhesions	were	

maintained,	 demonstrating	 a	 dynamic	 compensatory	 mechanism	 involving	 other	 adhesion	

components	(e.g.	paxillin,	talin)	[145].	And	so,	it	was	known	from	an	early	time	point	that	PSCs	signal	

through	 focal	 adhesion	 complexes,	 which	 may	 alter	 cell	 morphology	 upon	 differentiation.	 Again,	

only	more	recently	has	focus	turned	to	characterising	this	further.	In	2007,	Salasznyk	et	al.	showed	

that	FAK	may	play	a	key	role	in	MSC	differentiation	[146],	and	the	same	was	later	demonstrated	for	

the	self-renewal	of	mESCs	in	2015	[147]	and	hESCs	in	2016	[148].		

	

In	 terms	 of	 cell-cell	 contacts,	 the	 final	 major	 cellular	 component	 recognised	 to	 be	 vital	 for	

mechanotransduction,	E-Cadherin	is	expressed	and	as	previously	discussed	has	been	suggested	to	be	

a	key	component	 in	PSC	self-renewal.	 In	EC	cells	E-Cadherin	 is	also	known	to	be	present	generally,	
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alongside	 high	 expression	 of	 P-Cadherin	 and	 a	 generally	 low	 expression	 of	 N-Cadherin.	 In	 the	

NTERA2	 hEC	 cell	 line	 E-Cadherin	 is	 reported	 to	 conversely	 express	 low	 levels	 of	 E-Cadherin	 and	

higher	 levels	 of	 N-Cadherin	 [149].	 From	 a	 similar	 study,	 it	 is	 suggested	 that	 this	 is	 not	 always	

necessary	 to	maintain	 pluripotency	 in	 the	 same	manner	 demonstrated	 for	 E-Cadherin	 in	 ESCs.	 P-

Cadherin	 [150]	 has	 been	 shown	 to	 be	 present	 in	 ESCs,	 however,	 N-Cadherin	 seems	 to	 be	 only	

expressed	in	embryonic	cell	populations	on	the	onset	of	differentiation	[151].	Cadherins	may	present	

an	alternative	mechanism	for	mechanotransduction,	as	dynamic	in	nature	as	that	of	focal	adhesions.		

	

	

1.2.9 3D	cell	culture	models	for	the	maintenance	of	pluripotency	

	

There	are	generally	two	types	of	3D	cell	culture	used	within	stem	cell	biology;	spheroid	models	and	

scaffolds.	 Alongside	 the	 development	 of	mouse	 ES	 cells	 in	 culture	 came	 the	 idea	 that	 these	 cells	

spontaneously	 formed	 aggregates	 when	 grown	 in	 suspension	 much	 like	 the	 spheroids	 of	

differentiated	 cell	 lineages,	 called	 embryoid	 bodies	 (EBs)	 [152].	 These	 EBs	 have	 been	 shown	 to	

differentiate	into	cells	of	all	three	germ	layers	using	human	ES	cells	and	as	a	result	have	become	an	

in	vitro	model	of	differentiation.	There	is	various	literature	suggesting	that	developmental	potency	is	

restricted	in	conventional	2D	cell	culture.	 It	has	been	shown	that	haematopoietic	differentiation	of	

ES	 cells	 using	 a	 3D	 biomimetic	 scaffold	 is	 more	 efficient	 [153],	 and	 furthermore,	 chondrogenic	

differentiation,	utilising	EBs	in	hydrogels,	has	been	demonstrated	to	a	greater	extent	in	3D	[154].	In	

using	EB	systems,	it	is	difficult	to	control	differentiation,	as	reviewed	by	Bratt-Leal	et	al.	[155].	This	is	

for	 a	 number	 of	 reasons,	 one	 example	 being	 the	 fact	 that	 controlling	 differentiation	 via	 soluble	

factors	(e.g.	retinoic	acid)	requires	access	to	all	cells,	rather	than	just	those	on	the	surface	of	the	cell	

aggregates.		

	

Brafman	and	colleagues	[156]	tested	a	large	number	of	synthetic	polymers	demonstrating	that	self-

renewal	 of	 PSCs	 is	 possible.	 Translating	 this	 work	 to	 3D	 would	 develop	 this	 approach	 further,	

avoiding	 the	use	of	 animal	material	whilst	 allowing	 cells	 to	 retain	 a	 3D	morphology.	 This	 has	 also	

been	 shown	 for	mouse	 iPSCs	 [157].	 Cells	were	 propagated	 upon	 synthetic	 hydrogels,	maintaining	

and	even	surpassing	the	expression	of	Oct4,	Sox2,	and	Nanog,	whilst	increasing	in	teratoma-forming	

efficiency.	

Major	 approaches	 for	 the	 serial	 passaging	 of	 PSCs	 cells	 are	 based	 upon	 aggregations	 and	 often	

culture	within	bioreactors.	The	main	advantage	of	this	type	of	technology	is	that	of	scalability;	most	

3D	substrates	are	limited	in	the	growth	area	available	for	cells	to	occupy,	often	remaining	in	dishes	

or	well	plates.	Contrastingly,	bioreactors	and	suspension	culture	can	be	scaled	to	nearly	any	desired	

volume,	 with	 greater	 ease	 of	 maintenance,	 making	 it	 an	 attractive	 approach	 for	 industrial	

applications.	 The	 development	 of	 this	 process	 has	 received	 a	 lot	 of	 research	 attention,	 and	

representative	examples	follow.	Dang	et	al.	[158]	reported	that	by	encapsulating	mouse	and	human	

EBs	in	agarose,	aggregation	could	be	controlled	in	size,	resulting	in	enhanced	culture	longevity	and	
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differentiation.	This	has	also	been	evidenced	for	the	maintenance	of	pluripotency;	hESCs	cultured	as	

aggregates	in	stirred	vessels	have	maintained	and	surpassed	the	expression	of	Oct3/4	and	Nanog	in	

comparison	 to	 2D	Matrigel-coated	 dishes	 [159].	 This	 has	 been	 possible	 with	 the	 incorporation	 of	

alginate	microcarriers	in	which	to	encapsulate	PCSs.	Krawetz	et	al.	[160]	showed	that	Y27632	(a	vital	

ROCK	inhibitor	used	in	routine	PSC	maintenance),	could	be	removed	after	certain	times	in	this	type	

of	culture	system,	and	pluripotency	marker	expression	(Oct4,	SSEA4,	and	TRA-1-60)	was	maintained.	

After	 longer	 time	 periods	 and	 passaging	 with	 collagenase	 this	 diminished,	 highlighting	 the	

importance	of	cell	dissociation	in	processes	such	as	these.	Alternatively,	iPSCs	passaged	8	times	over	

several	weeks	using	EB	formation	and	a	stirred	system	[161]	demonstrated	enhanced	cell	yield	(25-

fold	 and	 55-	 fold	 expansion	 of	miPSCs	 in	 the	 3D	 bioreactor	 system),	maintenance	 of	 viability	 and	

Alkaline	Phosphatase	(AP)	activity.	

Through	 the	 large	 range	 of	 studies	 that	 have	 been	 conducted,	 both	 in	 their	 approach	 and	 their	

choice	 of	 PSC	 type;	 what	 is	 clear,	 is	 that	 those	maintaining	 high	 degrees	 of	 cell-cell	 contacts	 are	

those	that	maintain	or	even	improve	upon	cell	pluripotency,	and	this	 is	an	important	point	to	next	

consider	in	the	context	of	using	polyHIPEs	for	the	same	purpose.	

	

It	 is	 clear	 that	 the	microenvironment	 in	which	a	 cell	 lies	 is	 crucial	 to	exploiting	 its	 function.	 In	 the	

case	 of	 PSCs,	 there	 is	 a	 lack	 of	 understanding	 of	 how	 the	 cells	 integrate	 signals	 from	 their	

extracellular	 environment.	 This	 has	 resulted	 in	 protocols	 that	 are	 expensive,	 time-consuming,	 and	

pose	 risks	 through	 limited	 differentiation	 capacity	 and	 potential	 tumorigenicity	 through	 culture	

adaptation.	 A	 valuable	 approach	 to	 address	 these	 issues	 would	 be	 the	 introduction	 of	 a	 culture	

method	 that	 can	 retain	 heightened	 cell-cell	 contact	 and	 enhance	 the	 developmental	 potential	 of	

PSCs	through	altered	geometric	cues,	to	allow	for	an	understanding	into	the	transduction	of	physical	

cues	into	a	cellular	response.	This	will	be	approached	using	EC	cells,	as	a	model	pluripotent	line	and	

the	introduction	of	physical	cues	through	culture	upon	3D	polyHIPE	scaffolds.		

	

	 	



46	
	

1.3 Project	aims	and	objectives	

	

1.3.1 Aims	

	

Based	 on	 the	 literature	 reviewed	 here	 this	 project	 aims	 to	 utilise	 3D	 cell	 culture	 technologies	 to	

provide	 a	 reproducible	model	 to	 study	 the	 biology	 of	 stem	 cells.	 It	 is	 hypothesised	 that	 it	will	 be	

possible	 to	 enhance	 the	 potency	 of	 cultured	 stem	 cells	 by	 providing	 a	 3D	microenvironment	 and	

enhancing	the	structure	of	stem	cells	in	preparation	for	the	differentiation	in	3D	derivatives.			

	

The	first	stage	of	this	work	will	be	to	optimise	a	methodology	for	the	long	term-propagation	of	stem	

cells	in	3D	and	confer	a	3D	structural	phenotype.	This	is	in	terms	of	substrate	choice,	seeding	density	

and	 manner	 of	 cell	 removal	 from	 the	 3D	 environment	 in	 conjunction	 with	 previously	 completed	

work	 in	 the	 lab	 group.	 The	 growth	 of	 these	 cells	 will	 be	 defined	 to	 characterise	 the	 system	 and	

structure	of	these	cells	can	be	assessed	at	the	single	cell	level	to	determine	cytoskeletal	and	nuclear	

architectural	changes	that	result	from	maintenance	in	this	enhanced	growth	environment.	Similarly,	

cell	 surface	 markers	 can	 be	 assessed	 in	 addition	 to	 gene	 expression	 and	 protein	 production	 to	

determine	 the	 functional	 effects	 of	 altering	 the	 cellular	microenvironment.	 Once	 cells	 have	 been	

primed	 in	 a	 3D	 environment	 they	 can	 then	 be	 used	 in	 a	 number	 of	 model	 systems	 to	 test	

pluripotency,	 including	the	 formation	of	embryoid	bodies	 in	addition	to	teratomas	 in	vivo	allowing	

assessment	at	the	tissue	level.	This	will	result	in	the	development	of	a	system	in	which	to	grow	and	

maintain	stem	cells	in	a	3D	environment,	providing	a	high	yield	of	cells	with	increased	pluripotency.	

In	a	wider	context,	it	is	hoped	that	this	technology	will	be	used	to	establish	stocks	of	a	number	of	cell	

types	 grown	 and	 maintained	 in	 3D	 to	 overcome	 challenges	 inherent	 in	 using	 cells	 grown	

conventionally	to	improve	quality	of	data	produced	using	these	methods.	This	can	then	be	used	as	a	

basis	for	investigations	into	the	mechanotransduction	of	PSCs	in	culture,	to	inform	upon	approaches	

utilising	the	geometry	of	the	extracellular	environment.	

	

1.3.2 Objectives	

	

This	project	aims	to	answer	the	following	biological	questions:	

• Can	stem	cells	be	cultured	in	3D	for	prolonged	time	periods?	

• Does	this	method	of	culture	affect	cell	structure?	

• Can	the	function	of	these	cells	then	be	enhanced	as	a	result	of	changes	to	cell	structure	via	

the	physical	microenvironment?	

• Do	any	functional	changes	at	the	cellular	level	correlate	to	alterations	in	tissue	formation	in	

vivo?	

In	order	to	answer	these	questions,	the	following	objectives	must	be	met:	

• Produce	a	protocol	for	the	maintenance	of	stem	cells	in	a	3D	environment.		

• Characterise	the	growth	effects	of	cells	maintained	in	3D.	
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• Assess	 the	 phenotype	 of	 the	 resultant	 cell	 populations	 to	 determine	 if	 developmental	

potential	can	be	enhanced.	

• Investigate	 the	 effect	 an	 altered	 substrate	 geometry	 has	 on	 the	 cytoskeleton	 and	

mechanotransduction	of	PSCs.	

• Apply	the	approach	to	alternative	pluripotent	stem	cell	types.	
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2 Materials	and	Methods	

	

	

2.1 Analysis	of	Alvetex®	substrates	

	

Alvetex®	 cell	 culture	 inserts	 are	 commercially	 available	 (ReproCELL	 Europe	 Ltd.,	 Sedgefield	 UK)	 in	

two	 formats;	 Scaffold	 and	 Strata.	 Polaris	 is	 a	 non-commercially	 available	 form,	 and	 all	 are	

manufactured	as	described	by	[109].	Substrates	are	referred	to	as	Scaffold,	Strata	and	Polaris.	

	

2.1.1 Scanning	Electron	Microscopy	(SEM)	

	

The	 structures	 of	 Alvetex®	 substrates	 were	 visualised	 using	 SEM.	 Samples	 were	 prepared	 for	

microscopy	by	coating	with	5	nm	of	Platinum	using	a	Cressington	328UHR	ultra	high-resolution	EM	

coating	system	(Cressington	Scientific	Instruments,	Watford	UK).	High	resolution	images	could	then	

be	obtained	using	a	Hitachi	S7600	electron	microscope	(Hitachi	High-Technologies).	

	

2.1.1.1 Quantification	of	void	size	

	

Using	high-resolution	electron	micrographs,	a	modal	void	size	for	each	substrate	type	was	calculated	

with	ImageJ	software	(NIH,	Maryland,	USA).	The	software	was	calibrated	for	each	sample	by	tracing	

over	a	scale	bar	and	using	the	analyse	menu	to	set	the	scale	and	input	the	set	distance.	The	line	tool	

was	 then	used	by	 tracing	 the	diameter	of	50	voids	of	each	 image,	and	using	 the	analyse	menu	 to	

select	measure.	This	could	then	be	expressed	to	determine	the	modal	void	size	measured.	

	

2.1.1.2 Quantification	of	interconnect	size	

	

Measurements	of	interconnect	diameter	were	completed	using	a	mercury	porosimeter,	according	to	

the	 quality	 control	 procedures	 at	 ReproCELL	 Europe	 Ltd.	 Data	 was	 expressed	 as	 a	 void	 size	

distribution.	
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2.1.2 Topography	mapping	

	

The	 topographies	 of	 Alvetex®	 substrates	were	mapped	 using	 a	 Talysurf	 (Taylor	Hobson,	 Leicester,	

UK)	surface	profilometer	(Figure	2.1,	 left)	by	Precision	Optics	Ltd.	 (Sedgefield,	UK)	Substrates	were	

cut	and	mounted	on	a	measurement	platform	(Figure	2.1,	right)	using	double	sided	carbon	tape	and	

measurements	 acquired	 by	 obtaining	 reflected	 light	 measurements	 from	 each	 sample.	 Data	 was	

expressed	as	a	heat	map	to	summarise	the	surface	topography	and	as	traces	to	quantify	cell	height	

at	 representative	 planes	 of	 each	 membrane.	 A	 conventional	 TCP	 flask	 (T25	 BD	 Biosciences,	 New	

Jersey,	USA)	was	measured	to	represent	the	2D	substrate.	

	

Figure	 2.1.	 Equipment	 utilised	 for	 topography	 mapping	 of	 Alvetex®	 substrates	 	 (optical	

profilometer,	left),	experimental	set-up	consisting	of	mounted	substrates	(right).	

	

2.1.3 Atomic	Force	Microscopy	(AFM)	

	

Untreated	 Alvetex®	 scaffolds	 were	 attached	 to	 a	 microscope	 slide	 before	 analysis	 using	 a	

Nanowizard®3	 AFM	 (JPK	 Instruments,	 Berlin	 DE),	 with	 a	 NCHV-A	 pyramidal	 probe	 cantilever	

(Brucker)	with	a	spring	constant	of	40	Nm
-1
.	Young’s	modulus	values	were	assessed	across	3	regions	

of	 3	 fields	 of	 view	 using	 JPKSPM	data	 analysis	 software	 (JPK	 Instruments,	 Berlin	DE)	 and	 the	 pre-

loaded	Hertz-fit	analysis.	

	

	

2.2 Pre-treatment	of	Alvetex®	substrates		

	

In	order	to	render	the	substrates	hydrophilic,	there	are	two	main	methods	by	which	the	material	can	

be	treated	as	outlined	in	Figure	2.2.	Substrates	can	be	treated	for	at	least	1	min	with	70	%	Ethanol	

which	 passes	 through	 the	 material,	 bringing	 H20	 alongside.	 Alternatively,	 the	 material	 can	 be	

exposed	 to	 oxygen	 plasma,	 which	 alters	 the	 surface	 chemistry,	 depositing	 oxygen	 rich	 functional	

groups	onto	the	surface	which	can	attract	H20	to	aid	in	cell	adhesion.	For	the	treatment	of	Alvetex®	

an	ashing	time	of	5	minutes	at	40	W	rendered	the	surface	hydrophilic.		
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Figure	 2.2	 Schematic	 detailing	 the	 main	 methods	 by	 which	 the	 hydrophobic	 polyHIPEs	 can	 be	

rendered	hydrophilic.	
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2.3 Cell	Culture	

	

2.3.1 Conventional	2D	culture	of	NIH-3T3	

	

NIH-3T3	(adherent	mouse	embryonic	fibroblasts)	cells	(ECACC,	Porton	Down	UK)	were	maintained	in	

Dulbeccos	Minimum	Essential	Medium	(DMEM,	Lonza,	Basel	CH)	with	10	%	Fetal	Bovine	Serum	(FBS,	

Thermo	Fisher	Scientific,	Massachusetts	USA)	and	1	mg/mL	Penicillin-Streptomycin	(Lonza)	at	37	°C	

and	5	%	CO2.	Cells	were	passaged	once	having	reached	a	maximum	of	80	%	confluency	by	washing	

with	 Phosphate	 Buffered	 Saline	 (PBS,	 Lonza)	 and	 dissociation	 with	 0.25	 %	 trypsin	 EDTA	 (Thermo	

Fisher	 Scientific).	 The	 cell	 suspension	was	 centrifuged	at	 1000	 rpm	 for	 2	min,	 and	 resuspended	 in	

growth	medium.	Cell	suspension	was	then	transferred	to	the	required	flasks	and	media	added.	Cells	

were	sub-cultured	at	ratios	of	1:5	to	1:8	and	the	medium	changed	every	2	days.	

	

2.3.2 Conventional	2D	culture	of	A549	

	

A549	(adherent	human	 lung	carcinoma)	cells	 (ECACC)	were	maintained	 in	DMEM	with	10	%	FBS,	2	

mM	L-Glutamine	and	1	mg/mL	Penicillin-Streptomycin	 at	 37	 °C	and	5	%	CO2.	Cells	were	passaged	

once	 having	 reached	 70	 %	 confluency	 by	 washing	 with	 PBS	 and	 dissociation	 with	 0.25	 %	 trypsin	

EDTA.	 The	 cell	 suspension	 was	 centrifuged	 at	 1000	 rpm	 for	 2	 min	 and	 resuspended	 in	 growth	

medium.	Cell	 suspension	was	 then	 transferred	 to	 the	 required	 flasks	and	media	added.	Cells	were	

sub-cultured	at	ratios	of	1:5	to	1:8	and	the	medium	changed	every	2	days.	

	

2.3.3 Conventional	2D	culture	of	TERA2.cl.SP12	

	

TERA2.cl.SP12	 (adherent	human	embryonal	 carcinoma)	cells	were	maintained	 in	DMEM	with	10	%	

heat-treated	 FBS,	 2	mM	 L-Glutamine	 and	 1	mg/mL	 Penicillin-Streptomycin	 at	 37	 °C	 and	 5	%	 CO2.	

Cells	were	passaged	once	having	reached	95	%	confluency	by	rolling	acid-washed	beads	over	the	cell	

monolayer	 until	 detached	 from	 the	 flask	 surface.	 Cell	 suspension	 was	 then	 transferred	 to	 the	

required	flasks	and	growth	medium	added.	Cells	were	sub	cultured	at	a	ratio	of	1:3	and	cultured	for	

4-5	days	before	passaging	with	media	changes	every	1-2	days.	

For	 long-term	 storage,	 confluent	 cultures	 were	 washed	 with	 PBS	 and	 a	 single	 cell	 suspension	

produced	using	acid-washed	beads.	Cells	were	centrifuged	at	1000	rpm	for	2	min	and	resuspended	

in	 FBS	 containing	 10	%	DMSO	 at	 a	 density	 of	 1:3	 in	 cyrovials	 (Thermo	 Fisher	 Scientific).	 Cryovials	

were	 gradually	 cooled	 using	 a	 Mr	 Frosty™	 (Thermo	 Fisher	 Scientific)	 in	 a	 -80	 ˚C	 freezer,	 before	

transferring	to	-150	˚C	for	long-term	storage.		
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To	revive	cells	from	cryopreservation,	vials	were	warmed	in	a	water	bath	until	almost	thawed,	and	

the	cell	suspension	transferred	to	9	mL	complete	growth	medium.	Cell	suspensions	were	centrifuged	

and	then	resuspended	in	growth	medium	before	transferring	to	a	T25	cell	culture	flask.	Culture	then	

proceeded	as	described	above.	

	

2.3.4 3D	culture	of	TERA2.cl.SP12,	NIH-3T3	and	A549	using	Scaffold,	Strata	and	Polaris	

	

Substrates	 were	 treated	 according	 to	 previously	 introduced	 methods	 [4]	 in	 order	 to	 render	 the	

surfaces	hydrophilic;	oxygen	plasma	treatment	at	40	W	for	5	min	or	 immersing	the	 inserts	 in	70	%	

EtOH.	Cells	cultured	in	2D	were	trypsinised	using	0.25	%	trypsin	EDTA	then	neutralised	with	serum-

containing	media	before	centrifugation	at	1000	rpm	for	3	minutes.	Cells	were	counted	using	trypan	

blue	 exclusion	 (detailed	 below)	 and	 the	 desired	 number	 of	 cells	 seeded	 into	 Alvetex®	 substrates	

using	one	of	the	following	methods:	

Dispersed:	9	mL	of	growth	medium	was	added	to	a	plate	containing	EtOH	treated	Alvetex®.	500	µL	of	

cell	 suspension	 was	 then	 added	 to	 the	 inner	 compartment	 and	 plate	 incubated	 at	 37	 °C	 for	 30	

minutes.	500	µL	media	was	then	added	to	connect	both	compartments.	

Concentrated:	Cells	were	resuspended	at	the	required	density	to	allow	for	the	addition	of	100	µL	cell	

suspension	before	incubating	at	37	°C	for	15	min	and	submerging	in	10	mL	growth	medium.	

	

2.3.5 Subculture	of	TERA2.cl.SP12	cells	using	Polaris	

	

Cells	 were	 retrieved	 from	membrane	 discs	 by	 unclipping	 with	 blunt	 forceps,	 washing	 in	 PBS	 and	

placing	at	the	bottom	of	a	12	well	tissue	culture	plate	(Greiner	Bio-One,	Kremsmunster,	AT)	before	

applying	0.25	%	trypsin	solution	for	3	minutes	at	37	oC	on	an	orbital	shaker.	Trypsin	was	neutralised	

using	 complete	 growth	medium	 and	 cells	 flushed	 from	 the	 insert	 by	 pipetting.	 The	 resultant	 cell	

suspension	could	then	be	pooled	together	and	centrifuged	at	1000	rpm	for	3	min.	The	cell	pellet	was	

resuspended	 in	media	and	cells	counted	using	a	haemocytometer	and	Trypan	Blue	exclusion	assay	

(detailed	below)	and	0.25	million	cells	 (P1	&	2,	0.5	million	P3+)	reseeded	onto	new	 inserts	using	a	

concentrated	 seeding	 method.	 Cells	 were	 passaged	 every	 5	 days	 in	 line	 with	 the	 protocol	

optimisation.	Cells	were	cryopreserved	as	described	above,	using	the	optimised	cell	removal	method	

and	preserving	at	a	density	of	1	million	cells	per	vial.	
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2.3.6 Sub-culture	of	TERA2.cl.SP12	using	Strata	

	

Cells	were	seeded	in	a	dispersed	manner	as	described	in	section	2.3.4	at	a	density	of	0.5	million	cells	

per	well	 onto	 EtOH-treated	 Strata	 and	 cultured	 for	 4	 days	with	 a	 change	 of	 growth	medium	 and	

culture	plate	on	Day	1.	Cells	were	retrieved	from	membrane	discs	by	unclipping	with	blunt	forceps,	

washing	in	PBS	and	placing	at	the	bottom	of	a	6	well	plates	(Greiner	Bio-One)	before	applying	0.25	%	

trypsin	 EDTA	 for	 7	minutes	 at	 37	 ˚C	 on	 an	 orbital	 shaker	 (100	 rpm).	 Trypsin	was	 neutralised	with	

growth	medium	and	cells	 scraped	 from	the	membranes	as	previously	described.	The	 resultant	cell	

suspensions	 were	 pooled	 together	 and	 centrifuged	 at	 1000	 rpm	 for	 3	 min.	 The	 cell	 pellet	 was	

resuspended	 in	 growth	 medium	 and	 cells	 counted	 using	 a	 haemocytometer	 and	 Trypan	 Blue	

exclusion	assay.	0.5	million	cells	were	reseeded	 in	500	µL	using	the	previously	described	dispersed	

seeding	method	onto	new	Strata.	Cells	were	passaged	every	4	days	with	a	media	and	tissue	culture	

plate	change	on	day	1.		

	

	

2.3.7 Priming	of	TERA2.cl.SP12	using	Strata	

	

Cells	were	seeded	as	described	previously	and	above	at	a	density	of	0.5	million	cells	per	well.	Growth	

medium	and	tissue	culture	plates	were	changed	on	day	1	of	culture	with	subsequent	media	changed	

at	 days	 4	 and	 7	 post	 seeding.	 On	 day	 10	 of	 culture	 cells	 were	 removed	 from	 the	 substrates	 as	

described	above	for	further	study.		For	optimisation	experiments	seeding	densities	and	culture	times	

were	altered	as	indicated.	Trypsin	EDTA,	Versene	and	mechanical	bead	dissociation	were	substituted	

as	necessary.	Versene	was	directly	substituted	for	trypsin	EDTA	in	the	above	protocol,	whereas	bead	

dissociation	was	conducted	as	follows.	Cells	were	retrieved	from	membrane	discs	by	unclipping	with	

blunt	 forceps,	 washing	 in	 PBS	 and	 placing	 at	 the	 bottom	 of	 a	 6	 well	 plate.	 An	 equal	 volume	 (in	

comparison	to	the	amount	of	trypsin	EDTA	or	Versene	used)	of	growth	medium	was	added	to	each	

well	 before	 the	 addition	 of	 acid-washed	 glass	 beads.	 Plates	 were	 tilted	 back	 and	 forth	 as	 during	

conventional	2D	cell	maintenance.	The	remainder	of	the	protocol	was	followed	as	with	the	alternate	

dissociation	reagents.		

	

	

2.3.8 Conventional	2D	culture	of	CGR8	

	

CGR8	 (mouse	 embryonic	 stem,	 ECACC)	 cells	 were	 maintained	 in	 Glasgow’s	 Minimum	 Essential	

Medium	 (GMEM,	 Lonza,	 Basel	 CH)	with	10	%	ES	qualified	 FBS	 (Thermo	Fisher	 Scientific),	 2	mM	L-

Glutamine,	1	mg/mL	Penicillin-Streptomycin,	0.05	mM	2-Mercaptoethanol	(Thermo	Fisher	Scientific)	

and	1000	units/mL	Leukaemia	 Inhibitory	Facor	 (LIF,	AMSBIO,	Abingdon	UK)	at	37	°C	and	5	%	CO2.	

Cells	were	passaged	once	reaching	70	%	confluency	by	washing	with	PBS	and	dissociated	with	0.25	%	

trypsin	EDTA.	The	cell	suspension	was	centrifuged	at	1000	rpm	for	2	min	and	resuspended	in	growth	
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medium.	 Cell	 suspension	 was	 then	 transferred	 to	 the	 required	 flasks	 coated	 with	 0.2	 %	 gelatin	

(Sigma	Aldrich,	Missouri	USA)	 solution	 in	PBS	 (coated	 for	 a	minimum	of	20	minutes	at	37	°C)	and	

media	added.	Cells	were	sub-cultured	at	a	ratio	of	1:9	and	the	growth	medium	changed	daily.	

For	 long-term	 storage,	 confluent	 cultures	 were	 washed	 with	 PBS	 and	 a	 single	 cell	 suspension	

produced	using	0.25	%	trypsin-EDTA.	Cells	were	centrifuged	at	1000	rpm	for	2	min	and	resuspended	

in	 qualified	 FBS	 containing	 10	 %	 DMSO	 at	 a	 density	 of	 1:9	 in	 cyrovials.	 Cryovials	 were	 gradually	

cooled	using	a	Mr	Frosty™	in	a	-80	˚C	freezer,	before	transferring	to	-150	˚C	for	long-term	storage.		

To	revive	cells	from	cryopreservation,	vials	were	warmed	in	a	water	bath	until	almost	thawed,	and	

the	cell	suspension	transferred	to	9	mL	complete	growth	medium.	Cell	suspensions	were	centrifuged	

and	then	resuspended	in	growth	medium	before	transferring	to	a	T25	cell	culture	flask.	Culture	then	

proceeded	as	described	above.	

	

	

2.3.9 Priming	of	CGR8	using	Strata	

	

Cells	were	seeded	as	described	previously	and	above	at	a	density	of	0.5	million	cells	per	well.	Growth	

medium	and	tissue	culture	plates	were	changed	on	day	1	of	culture	with	subsequent	media	changes	

daily.	On	day	 5	 of	 culture	 cells	were	 removed	 from	 the	 substrates	 as	 described	 above	 for	 further	

study,	without	 agitation.	Alvetex®	 Strata	was	 coated	with	0.2	%	gelatin	when	 required	by	wetting	

first	with	70	%	EtOH,	followed	by	2	washed	of	PBS	and	incubation	in	gelatin	overnight	at	37	°C.	
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2.4 Characterisation	of	cell	growth	

	

2.4.1 MTT	assay	

	

Cells	 were	 grown	 upon	 substrates	 or	 in	 traditional	 tissue	 culture	 plastic.	 At	 each	 time	 point	 cells	

were	washed	in	PBS	(after	3D	inserts	had	been	placed	in	cell	culture	plates),	1	mL	of	Thiazolyl	Blue	

Tetrazolium	 Bromide	 solution	 (MTT,	 Sigma-Aldrich,	 1	 mg/ml	 in	 PBS)	 was	 added	 to	 each	 sample	

including	a	control	well	(with	no	cells).	Plates	were	incubated	at	37	°C	20	%	CO2	for	1	hr	after	which	1	

mL	 of	 acidified	 isopropanol	 was	 added.	 This	 was	 incubated	 in	 the	 dark	 for	 10	 min	 on	 an	 orbital	

shaker	at	50	rpm.	20	µL	of	this	solution	was	transferred	to	a	96-well	plate	and	180	µL	 isopropanol	

added.	Absorbance	was	measured	at	570	nm	using	a	Bio-Tek	ELx800	plate	reader	(Bio-Tek,	Vermont	

USA).	

	

2.4.2 Trypan	blue	exclusion	assay	

	

Trypan	 Blue	 (Sigma-Aldrich)	 was	 added	 to	 cell	 suspensions	 at	 a	 1:1	 ratio	 and	 applied	 to	 a	

haemocytometer.	Cells	were	counted	and	viability	assessed	as	a	percentage	of	live	cells	(dead	cells	

appear	dark	blue).	

	

2.4.3 Assessment	of	media	quality	

	

2.4.3.1 Lactic	acid	

	

Lactic	 acid	 concentration	 in	 growth	 medium	 was	 measures	 using	 a	 L-Lactate	 microplate	 assay	

(Megazyme	 u.c.,	 Wicklow	 IE),	 following	 the	 manufacturer’s	 instructions.	 Briefly,	 5	 µL	 of	 growth	

medium	was	sampled	and	diluted	as	directed.	Absorbance	was	recorded	using	a	BioTek	ELx800	plate	

reader	at	340	nm.	2	µL	of	L-LDH	was	added	to	each	well	and	absorbance	read	at	340	nm	every	10	

minutes	until	plateau.	Concentration	of	lactic	acid	was	then	calculated	as	follows:		

Lactic	acid	concentration	(g/L)	=	
∆"	(%&'()*)
∆"	(%,&-.&/.)	X	g/L	standard	x	F	

Where,	A:	absorbance,	F:	dilution	factor.	

	

	

2.4.3.2 	Glucose		

	

Glucose	 concentration	 in	 growth	medium	was	measured	 using	 a	GlucCellä	 Glucose	Meter	 (Cesco	

Bioengineering	Co.,	Rotherham	UK)	and	associated	GlucCell™	Glucose	Test	Strips.	5	µL	of	medium	
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was	 sampled	 and	placed	 in	 droplet	 form	onto	 the	 test	 strip	 and	 inserted	 into	 the	meter.	Glucose	

concentration	was	then	measured	automatically.	

	

	

2.4.3.3 pH	

	

pH	was	measured	by	 removing	 the	 substrate	 from	 the	media	 containing	well	 plate,	 sterilising	 the	

electrode	in	70	%	EtOH	prior	to	use,	and	taking	measurements	directly	in	the	well	using	a	standard	

laboratory	pH	meter.	

	

2.4.4 Quantification	of	cell	penetration	

	

Cell	 penetration	 was	 quantified	 using	 micrographs	 from	 Haematoxylin	 &	 Eosin	 stained	 samples	

cultured	on	 the	 three	 test	 substrates	using	 ImageJ	 software.	 The	area	of	 the	whole	 substrate	and	

then	area	of	cell	growth	was	traced	manually,	recorded	using	the	set	measurements	function.	Areas	

of	cell	growth	were	then	expressed	as	a	percentage	of	the	total	possible	growth	area.	

	

2.4.5 Quantification	of	cell	population	doubling	time	

	

Population	doubling	time	was	calculated	by	removing	cells	from	their	respective	growth	substrates	

as	previously	described	and	applying	cell	counts	gained	from	trypan	blue	exclusion	to	the	following	

equation:	DT=Tln2/ln(Xe/Xb),	where	DT=	doubling	time,	T	=	incubation	time,	Xe	=	Cell	number	at	end	

of	 culture,	Xb	=	Cell	 number	at	 the	beginning.	Cell	 numbers	were	 taken	 from	 the	exponential	 cell	

growth	phase.	
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2.5 Assessment	of	cell	morphology	and	structure	

	

2.5.1 Neutral	Red	(NR)	Staining	

	

In	order	 to	visualise	 the	gross	 localisation	of	cells	upon	the	growth	substrates,	 it	was	necessary	 to	

stain	the	cells.	Membranes	were	washed	in	PBS	and	50	µL	NR	solution	(Sigma-Aldrich)	added	for	10	

min.	Membranes	were	washed	thoroughly	with	PBS	and	placed	upon	a	microscope	slide	for	imaging	

using	a	Leica	DM500	microscope	(Leica	Microsystems,	Wetzlar	DE).	

	

2.5.2 Tissue	processing	(paraffin	wax)	

	

Samples	cultured	on	the	substrates	were	unclipped	from	their	supports	and	washed	 in	PBS	before	

being	transferred	into	4	%	Paraformaldehyde	(PFA,	Thermo	Fisher	Scientific)	overnight	at	4	°C	or	for	

30	min	at	 room	temperature.	Fixed	samples	were	washed	 in	PBS	and	dehydrated	by	covering	 in	a	

series	of	EtOH	solutions	for	15	min	each	at	4	°C	as	follows;	30	%,	50	%,	70	%,	80	%,	90	%,	95	%	and	

100	%.	Samples	were	cut	in	half	and	soaked	in	Histo-Clear	(National	Diagnostics,	Lichfield	UK)	for	15	

min	at	room	temperature	then	paraffin	wax	(Thermo	Fisher	Scientific)	added	(1:1	with	Histo-Clear),	

and	 placed	 at	 60	 °C	 for	 30	min.	 This	was	 replaced	with	 100	%	wax	 and	 incubated	 at	 60	 °C	 for	 a	

further	30	min-	1	h.	If	samples	were	difficult	to	keep	adhered	to	the	slide	surface,	a	flat	method	was	

adopted	 throughout	 to	 ensure	 no	 loss	 of	 sample.	 Samples	 were	 transferred	 into	 100	 %	 wax	 in	

dispomoulds	 (Thermo	 Fisher	 Scientific),	 topped	 with	 an	 embedding	 cassette	 (Thermo	 Fisher	

Scientific)	and	left	to	set	at	room	temperature.	5-8	µm	slices	of	embedded	sample	were	cut	using	a	

Leica	EG1120	Microtome	(Leica	Microsystems)	and	then	moved	to	a	mounting	bath	at	45	°C,	before	

placing	on	microscope	slides	and	leaving	on	a	slide	drying	bench	for	at	least	2	h	or	overnight.	

	

2.5.3 Tissue	processing	(OCT	embedding	matrix)	

	

Samples	cultured	on	Polaris	were	occasionally	difficult	to	maintain	through	the	processing	methods	

required	 using	 wax	 and	 were	 processed	 using	 OCT	 (Thermo	 Fisher	 Scientific).	 Samples	 were	

unclipped	from	their	supports,	drained	of	excess	media	and	cut	in	half.	Samples	were	placed	in	OCT	

for	10	min.	Samples	could	then	be	moved	to	-80	°C	for	storage	after	the	inserts	set	in	place	using	dry	

ice.	5	µm	slices	were	then	obtained	using	a	cryostat,	placed	onto	microscope	slides	and	then	left	to	

dry	for	2	h.	Samples	were	stored	at	-20	°C	until	required.	
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2.5.4 Haematoxylin	&	Eosin	(H&E)	staining	

	

To	visualise	cells	by	staining	their	nuclei	and	cytoplasm,	samples	were	deparaffinised	in	Histo-Clear	

for	5	min	and	immersed	in	absolute	EtOH	for	2	min,	then	rehydrated	through	95	%	and	70	%	EtOH	

for	1	min.	 If	cryosections	were	being	analysed,	these	steps	were	skipped	and	instead	the	following	

steps	were	implemented;	3	(3	min)	washes	in	PBS,	followed	by	4	%	PFA	fixation	for	10	min	at	4	°C	

and	another	3	PBS	washes.	Samples	were	 then	washed	with	distilled	water	 (dH2O)	 for	1	min	 then	

stained	in	Mayers	Haematoxylin	(Sigma-Aldrich)	for	5	mins	before	being	washed	again	with	dH2O	for	

30	s.	The	nuclei	in	the	samples	were	turned	blue	by	immersion	in	alkaline	alcohol	for	30	s	followed	

by	dehydration	for	30	s	in	70	%	and	95	%	EtOH.	Cytoplasm	of	cells	in	the	samples	were	stained	for	1	

min	 in	Eosin	 then	dehydrated	by	2	washes	 in	95	%	EtOH	 for	10	 s,	and	2	more	washes	 in	absolute	

EtOH	for	10	s	and	then	15	s.	Samples	were	then	washed	twice	in	Histo-Clear	for	3	min.	Slides	could	

then	be	dried	around	the	sample,	DPX	mountant	(Thermo	Fisher	Scientific)	or	Omni-Mount	(National	

Diagnostics)	added	and	coverslip	applied	before	leaving	to	dry	for	~2	h.	

	

2.5.5 Masson’s	trichrome	staining	

	

In	order	to	visualise	specific	 tissue	types,	Masson’s	 trichrome	staining	was	completed,	staining	the	

following	 structures	 specific	 hues	 as	 displayed	 below	 in	 Table	 2.1.	 Staining	 was	 completed	 upon	

paraffin	wax	embedded	sections	produced	as	previously	described	and	following	the	manufacturers	

protocol	 (Atom	Scientific,	Hyde	UK).	Briefly,	 Samples	were	de-waxed	 in	Histo-Clear	 for	15	minutes	

and	rehydrated	through	90	%	and	70	%	EtOH	for	5	minutes	each.	Samples	were	 incubated	in	dH20	

for	 5	minutes	 before	 applying	Wiegert’s	 Iron	 Haematoxylin	 for	 20	minutes	 at	 room	 temperature.	

Samples	were	rinsed	in	dH20	and	differentiated	by	rinsing	in	1	%	acid	alcohol	before	rinsing	in	water	

again.	 Ponceau	 Fuschin	was	 applied	 for	 5	minutes	 before	 rinsing	 again	 in	water.	 Phosphotungstic	

acid	was	then	applied	for	15	min	and	Methyl	Blue	solution	added	for	1	min.	Samples	were	rinsed	in	

water,	dehydrated	through	70	%	and	95	%	EtOH	for	2	min	each,	cleared	in	Histo-Clear	for	10	minutes	

and	mounted	using	Omni-Mount.	

	

																														Table	2.1.	Structures	identified	using	Masson's	Trichrome	staining.	

Type	of	tissue	structure	 Colour	Stained	

Nuclei	 Blue/Black	

Cytoplasm/Muscle	 Red	

Collagen/Cartilage/Bone	 Blue	

Erythrocytes	 Red	
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2.6 Assessment	of	cell	function	

	

2.6.1 Cell	differentiation	protocols	

	

2.6.1.1 Aggregate	and	neurosphere	formation	from	TERA2.cl.SP12	hECs	

	

Cells	were	removed	from	their	 respective	culture	conditions	as	previously	 introduced	and	counted	

using	 a	 trypan	 blue	 exclusion	 assay.	 Cells	 were	 seeded	 into	 low	 adherence	 90	 mm	 Petri	 dishes	

(Thermo	Fisher	Scientific)	at	a	density	of	1	million	cells.	If	differentiation	was	to	be	directed	for	the	

formation	of	neurospheres,	the	synthetic	retinoid	EC23	(ReproCELL	Europe	Ltd.	was	added	on	day	1	

post-seeding	as	an	assay	dependent	concentration.	Aggregates/neurospheres	were	cultured	for	up	

to	 21	 days	 with	 media	 replenishment	 every	 3-4	 days.	 Samples	 were	 then	 washed	 with	 PBS	 and	

incubated	in	4	%	PFA	for	30	minutes	for	downstream	processing.	

	

	

2.6.1.2 Embryoid	body	(EB)	formation	from	CGR8	mESCs	

	

Embryoid	bodies	were	formed	from	mESCs	by	removing	them	from	their	respective	environments	as	

previously	stated.	Cells	were	resuspended	into	differentiation	medium	(growth	medium	with	no	LIF)	

and	 counted	 using	 trypan	 blue	 exclusion	 and	 seeded	 into	 an	 AggreWell™800	 (Stem	 Cell	

Technologies,	Vancouver	CA)	plates	to	allow	initial	aggregation	in	a	reproducible	manner,	as	follows.	

500	µL	of	differentiation	medium	was	added	 to	each	well	 and	plate	 centrifuged	at	2000	 x	g	 for	5	

minutes,	after	which	wells	were	observed	to	ensure	air	bubbles	had	been	removed.	A	further	500	µL	

of	differentiation	medium	was	added	until	sell	seeding,	storing	the	plate	in	a	humidified	incubator.	

Cells	were	seeded	into	each	well	at	a	density	of	0.1	million	cells/well	and	each	well	topped	up	to	a	

total	volume	of	2	mL/well.	Plates	were	incubated	and	a	50	%	media	change	was	performed	daily	for	

3	days.	After	 this	point	EBs	were	 flushed	out	of	 the	microwells	by	pipetting	and	 transferred	 to	90	

mm	Petri	dishes.	EBs	were	then	cultured	until	required	and	media	replenished	every	4-5	days	or	as	

required.	

	

A B C 

Figure	2.3.	The	formation	of	Embryoid	Bodies	from	CGR8	mESCs	using	AggreWell™	plates.	A)	 cell	

suspension	before	centrifugation,	B)	cell	suspension	after	centrifugation,	C)	EB	formation	after	24	h	

in	culture.	Scale	bars	represent	200	µm.	
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2.6.1.3 Neurite	outgrowth	

	

Assessment	 of	 neurite	 outgrowth	was	 completed	 as	 described	 by	 Clarke	 et	 al.	 2017.	 Briefly,	 cells	

were	cultured	either	in	2D	or	3D	as	described	above	after	which	they	were	trypsinised	and	seeded	

into	low	adherence	Petri	dishes	at	a	density	of	1.5	million	wells	per	plate.	Cells	were	then	allowed	to	

form	3D	aggregates	in	the	presence	of	0.01	µM	EC23	(photostable	synthetic	retinoid	used	to	induce	

neuronal	 differentiation),	 for	 21	 days	 with	 media	 replenishment	 every	 3-4	 days.	 The	 resulting	

neurospheres	were	then	seeded	to	Poly-D-Lysine(PDL)/Laminin	(Sigma-Aldrich)	coated	tissue	culture	

plates	 and	 allowed	 to	 adhere	 and	 form	 neurites	 for	 a	 further	 7	 days	 in	 the	 presence	 of	 mitotic	

inhibitors;	1	μM	cytosine	arabinoside	(Sigma-Aldrich),	10	μM	5'fluoro2'deoxyuridine	(Sigma-Aldrich)	

and	 10	 μM	 uridine	 (Sigma-Aldrich).	 Samples	 were	 then	 fixed	 overnight	 at	 4	 °C	 in	 4	 %	 PFA	 and	

prepared	for	immunostaining.	

	

	

2.6.1.4 Differentiation	of	TERA2.cl.SP12	as	monolayers	

	

Monolayer	 differentiation	 was	 completed	 by	 seeding	 of	 respective	 cell	 suspensions	 (gained	 as	

previously	described)	into	6	well	tissue	culture	treated	plates	(Greiner	Bio-One,	Kremsmunster	AT)	at	

a	density	of	0.1	cells/well.	On	day	1	post	seeding,	cultures	were	dosed	with	1	µM	EC23	and	cultured	

for	a	 further	7	or	14	days	before	fixation	 in	4	%	PFA	and	downstream	processing	and	analysis.	For	

protein	expression	analysis,	cells	were	seeded	into	T25	tissue	culture	flasks	and	seeded	at	a	density	

of	0.26	million	cells	and	processed	as	described	in	2.6.2.8.	

	

	

2.6.1.5 Differentiation	of	TERA2.cl.SP12	within	Alvetex®	Scaffold	

	

Cells	were	removed	from	their	respective	culture	environments,	single	cell	suspensions	gained	and	

cells	were	seeded	into	Alvetex®	Scaffold	as	previously	described	at	a	density	of	1.5	million	cells/well.	

Cultures	were	dosed	with	1	µM	EC23	and	cultured	for	a	further	7	or	14	days	before	fixation	in	4	%	

PFA	and	downstream	processing	and	analysis.	

	

	

2.6.1.6 Directed	differentiation	of	CGR8	mESCs	as	monolayers	and	mEBs	

	

CGR8	mESCs	 were	 directed	 in	 their	 differentiation	 through	monolayer	 culture	 in	 the	 presence	 of	

morphogens	or	EB	culture	 in	the	presence	of	the	same	compounds.	Monolayer	differentiation	was	

completed	 by	 seeding	 of	 respective	 cell	 suspensions	 (gained	 as	 previously	 described)	 into	 6	 well	

tissue	 culture	 treated	 plates	 at	 a	 density	 of	 500	 cells/well.	 On	Day	 1	 post	 seeding,	 cultured	were	

dosed	 with	 the	 following	 morphogens	 and	 concentrations.	 Cultures	 were	 maintained	 and	 media	
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replenished	 as	 required.	 For	 the	 directed	 differentiation	 of	 EBs,	 the	 same	 concentrations	 and	

morphogens	 were	 used.	 EBs	 were	 initialled	 and	 cultured	 as	 described	 above	 and	 dosed	 with	

morphogens	once	transferred	to	Petri	dishes	for	7	days	before	fixation	in	4	%	PFA.	

	

Table	2.2.	Morphogens	and	concentrations	used	to	direct	the	differentiation	of	CGR8	mESCs	in	both	

monolayer	and	EB	culture.	

Morphogen	 Supplier	 Final	Concentration	

Activin	A	 Thermo	Fisher	Scientific	 50	ng/mL	

BMP-4	 Thermo	Fisher	Scientific	 13	ng/mL	

EC23	 Tocris	Bioscience	 1	µM	

	

	

2.6.1.7 Tissue	Disc	formation	

	

Cells	were	removed	from	their	respective	culture	conditions	as	previously	described.	1	million	cells	

were	seeded	to	low-adherence	Petri	dishes	for	14	days	(TERA2.cl.SP12)	or	7	days	(CGR8)	with	media	

replenishment	 every	 3-4	 days.	 Cell	 aggregates/mEBs	 were	 then	 transferred	 onto	 EtOH-treated	

Alvetex®	 Polaris	 by	 aspiration	 and	 dispensing	 directly	 onto	 the	 substrate	 using	 a	 sterile	 pastette.	

Cultures	 were	 maintained	 for	 a	 further	 7	 (TERA2.cl.SP12)	 or	 14	 (CGR8)	 days	 in	 complete	 growth	

medium	in	a	humidified	incubator	at	37	˚C	with	no	further	media	replenishment,	before	fixation	in	4	

%	PFA	and	tissue	processing	as	previously	described.	

	

	

2.6.1.8 Teratoma	Assay	

	

Cells	were	removed	from	their	respective	culture	conditions	using	the	methods	previously	described.	

Cells	were	counted	using	Trypan	Blue	exclusion,	centrifuged	at	1000	rpm	for	3	min	and	resuspended	

to	allow	for	0.5	million	cells	per	100	µL	growth	medium.	100	µL	of	each	cell	suspension	was	mixed	

with	 a	 further	 100	 µL	 Matrigel	 (BD)	 before	 being	 loaded	 into	 1	 mL	 syringes	 with	 21	 G	 needles.	

Samples	were	then	stored	on	ice	until	needed.	Cells	were	then	injected	subcutaneously	into	the	right	

flank	 of	 male	 NSG	 young	 (10-16	 weeks)	 mice.	 A	 single	 injection	 per	 animal	 was	 conducted	 and	

repeated	4	times	to	give	the	possibility	of	4	tumours	per	condition.	Animals	were	weighed	initially,	

and	 twice	 weekly	 with	 tumour	measurements	 being	 taken	 at	 the	 same	 time	 once	 formation	 has	

begun.	Before	 tumours	had	 reached	5	%	of	body	weight	 (8.5	mm	 in	a	25	g	mouse),	 animals	were	

killed	 according	 to	 the	 Schedule	 1	method,	 and	 tumours	 surgically	 removed.	 All	 procedures	were	

completed	with	permission	and	according	to	the	guidelines	of	Newcastle	University	and	the	Home	

Office,	UK.	
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2.6.1.8.1 Processing	of	Teratoma	Tissue	

	

Tissue	 was	 stored	 in	 4	 %	 PFA	 immediately	 after	 removal	 and	 fixed	 overnight	 at	 4	 ˚C.	 Tissue	 was	

washed	3	times	in	PBS	and	then	dehydrates	through	each	concentration	of	EtOH	for	2	hours	each	at	

room	temperature;	70	%,	80	%,	90	%,	95	%	and	2	X	100	%.	Samples	were	incubated	in	Histo-Clear	for	

2	hours	at	room	temperature,	followed	by	a	50:50	solution	of	paraffin	wax	and	Histo-Clear	overnight	

at	 60	 ˚C.	 This	 solution	 was	 then	 replaced	 with	 100	 %	 paraffin	 wax	 and	 samples	 incubated	 again	

overnight	at	60	˚C	a	further	3	times.	Teratomas	were	then	embedded	in	wax	and	sectioned	at	6	µm	

and	mounted	onto	microscope	slides	for	histological	staining.	The	central	section	of	each	teratoma	

was	 stained	using	H&E	with	 immunostaining	being	 conducted	on	 the	neighbouring	 sections,	using	

the	methods	previously	described.		

	

	

2.6.2 Assessment	of	cell	phenotype	

	

2.6.2.1 Alkaline	Phosphatase	(AP)	staining	

	

AP	metabolism	was	used	to	assess	the	pluripotency	of	mESCs,	using	a	commercially	available	kit;	AP	

Staining	kit	II	(Stemgent,	Texas	USA).	The	manufacturer’s	instructions	were	used,	briefly	as	follows.	

Cells	were	washed	with	PBST	(0.05	%	Tween	20	 in	PBS)	and	fixed	using	the	supplied	solution	for	5	

minutes.	 Fixative	 was	 aspirated	 and	 samples	 washed	 with	 PBS.	 AP	 substrate	 was	 added	 and	

incubated	protected	from	light	for	15	minutes.	The	reaction	was	stopped	by	aspirating	the	staining	

solution	 and	 washing	 twice	 with	 PBS.	 Samples	 were	 mounted	 using	 DPX	 and	 visualised	 when	

required.		

	

	

2.6.2.2 Immunohistochemistry	

	

In	order	to	visualise	markers	expressed	by	cells	in	3D,	sectioned	samples	were	washed	for	15	min	in	

PBS,	fixation	conducted	in	4	%	PFA	for	10	min	at	4	°C,	with	a	final	3	PBS	washes	for	3	min.	Samples	

were	 immersed	 in	permeabilisation	buffer	and	blocking	buffer	 (20	%	Neonatal	Calf	Serum	(NCS)	 in	

0.4	%	Triton-X-100	 in	PBS),	 for	20	min	each	on	a	 rocker	at	50	 rpm	at	 room	temperature.	 Samples	

were	 then	 incubated	 overnight	 at	 4	 °C	with	 primary	 antibody	 or	 for	 1	 h	 if	 cells	 were	 in	 2D	 (see	

below).	 Samples	 were	 washed	 3	 times	 for	 10	 min	 in	 blocking	 buffer	 and	 incubated	 for	 1	 hr	 in	

secondary	antibody	or	1	hr	for	2D	samples	(see	below).	Samples	were	washed	3	times	for	10	min	in	

blocking	 buffer	 at	 50	 rpm	 and	 mounted	 in	 VECTASHIELD®	 (Vector	 Laboratories,	 California	 USA).	

Slides	 were	 imaged	 using	 standard	 fluorescence	 or	 confocal	 microscopy.	 To	 ensure	 specificity	

controls	were	completed	for	each	secondary	antibody,	by	adding	or	omitting	primary	antibody.	
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2.6.2.3 Immunocytochemistry	

	

To	 visualise	 markers	 expressed	 by	 conventionally	 cultured	 2D	 cells,	 samples	 were	 cultured	 as	

previously	described	and	fixed	in	4	%	PFA.	Samples	were	blocked	and	permeabilised	in	20	%	NCS	in	

0.4	%	Triton-X-100	in	PBS	for	1	h	at	room	temperature.	Samples	were	then	incubated	with	primary	

antibody	for	1	h	at	room	temperature.	Samples	were	washed	3	times	in	PBS	and	incubated	for	1	hr	

in	secondary	antibody	at	room	temperature.	Samples	were	washed	3	times	in	PBS	and	mounted	in	

VECTASHIELD®	with	 DAPI,	 or	 a	 1:10000	 dilution	 of	 Hoescht-33342	 in	 PBS	 added	 for	 30	 s	 prior	 to	

mounting.	 Slides	 were	 imaged	 using	 standard	 fluorescence	 or	 confocal	 microscopy.	 To	 ensure	

specificity	 controls	 were	 completed	 for	 each	 secondary	 antibody,	 by	 adding	 or	 omitting	 primary	

antibody	(as	shown	overleaf).	

	

Table	2.3.	Primary	(top)	and	secondary	(bottom)	antibodies	and	dilutions	used	for	immunostaining	

of	cells	cultured	in	2D	or	3D.	

Antibody	target	 Species	 Supplier	 Dilution	

Anti-Oct4	 Rabbit	 Abcam	 1:100	

Anti-Sox2	 Rabbit	 Abcam	 1:200	

Anti-Nanog	 Rabbit	 Abcam	 1:100	

Anti-TUJ-1	 Rabbit	 Biolegend	 1:600	

Anti-CK8	 Mouse	 Abcam	 1:100	

Anti-A2B5	 Mouse	 R&D	Systems	 1:20	

Anti-Nestin	 Mouse	 Millipore	 1:200	

Anti-FAK	 Rabbit	 Abcam	 1:100	

Anti-pFAK	 Rabbit	 Abcam	 1:100	

Anti-Lamin	A/C	 Mouse	 Durham	University	LSSU	 1:2	

Anti-Lamin	B	 Goat	 Santa	Cruz	Biotechnologies	 1:50	

Anti-E-Cadherin	 Mouse	 BD	 1:500	

Anti-N-Cadherin	 Rabbit	 Abcam	 1:100	

Anti-P-Cadherin	 Mouse	 Cell	Signaling	Technologies	 1:100	

	

Antibody	target	 Species	 Supplier	 Dilution	

Anti-Rabbit	 Goat	 Life	Technologies	 1:600	

Anti-Mouse	 Goat	 Life	Technologies	 1:600	

Anti-Goat	 Rabbit	 Life	Technologies	 1:600	
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DAPI Mouse	Negative	Control 

Rabbit	Negative	Control 

Goat	Negative	Control 

Figure	2.4.	Representative	negative	control	samples	for	immunostaining	protocols.		Samples	were	

incubated	 without	 primary	 antibody	 to	 control	 for	 any	 background	 produced	 by	 the	 secondary	

antibodies.	Scale	bars	represent	50	µm.	
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2.6.2.4 Flow	cytometry	

	

A	 single	 cell	 suspension	 was	 produced	 using	 0.25	 %	 trypsin	 EDTA.	 For	 extracellular	 markers	 cells	

were	 washed	 three	 times	 with	 PBS,	 before	 being	 resuspended	 in	 blocking	 buffer.	 If	 intracellular	

markers	 were	 to	 be	 measured,	 cells	 were	 fixed	 in	 4	 %	 PFA	 for	 20	 min,	 washed	 twice	 in	 PBS,	

permeabilised	(0.1	%	Triton-X-100	in	PBS)	for	15	minutes	and	washed	twice	in	blocking	buffer.	Cells	

were	 counted	 using	 a	 haemocytometer	 and	 0.1-0.2	 million	 added	 to	 required	 wells	 of	 a	 96-well	

plate.	Cells	were	then	centrifuged	at	4	°C	and	resuspended	in	50	µL	primary	antibody	(see	Table	2)	in	

blocking	buffer,	 then	 left	on	 ice	 for	1	h.	100	µL	blocking	buffer	was	added	to	each	well	 to	remove	

excess	 antibody	 and	 cells	 washed	 with	 blocking	 buffer	 twice.	 Cells	 were	 resuspended	 in	 50	 µL	

secondary	 antibody	 and	 incubated	 on	 ice	 in	 the	 dark	 for	 1	 h.	 Excess	 antibody	 removal	 and	wash	

steps	 were	 repeated	 and	 cells	 resuspended	 in	 0.1	 %	 Bovine	 Serum	 Albumin	 in	 PBS	 (BSA,	 Sigma-

Aldrich).	The	plate	was	then	analysed	using	a	Guava	Flow	Cytometer	(Millipore,	Darmstadt	DE).	

Table	2.4.	Primary	(top)	and	secondary	(bottom)	antibodies	and	dilutions	used	for	immunostaining	

of	cells	for	flow	cytometry,	after	culture	in	2D	or	3D.	

Antibody	target	 Species	and	Isotype	 Supplier	 Dilution	used	

Anti-P3X	 Mouse		 R&D	Systems	 1:50	

Anti-Oct4	 Rabbit		 Abcam		 1:100	

Anit-Sox2	 Rabbit	 Abcam	 1:200	

Anti-Nanog	 Rabbit	 Abcam	 1:100	

Anti-TRA-1-60	 Rabbit	 Abcam	 1:100	

Anti-SSEA3	 Mouse	 DSHB	 1:5	

Anti-SSEA4	 Mouse	 Abcam	 1:100	

	

	

Antibody	target	 Species	and	Isotype	 Supplier	 Dilution	used	

Anti-Rabbit	 Goat	 Life	Technologies	 1:600	

Anti-Mouse	 Goat	 Life	Technologies	 1:600	
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2.6.2.4.1 Flow	cytometry	data	analysis	and	gating	

	

Raw	data	was	first	gated	to	include	live	cells	only,	utilising	the	forward	and	side	scatter	of	the	cells.	

Data	could	then	be	expressed	in	histogram	form	to	view	the	distribution	of	green	fluorescence	in	the	

test	 samples.	 As	 shown	 in	 Figure	 2.5,	 regions	 of	 positive	 signal	 could	 then	 be	 applied	 using	 the	

isotype	control	(P3X)	to	select	for	positive	populations.	Data	could	then	be	expressed	as	%	gated	to	

quantify	the	proportion	of	positive	cells	measures	(taking	into	account	a	correction	for	the	positive	

cells	included	in	the	control	sample).	

	

Figure	 2.5.	 Flow	 cytometry	 antibody	 control	 experiment.	 	Flow	 cytometry	was	 performed	 on	 P10	

TERA2.cl.SP12	hEC	cells	after	no	staining,	secondary	antibody	only	staining,	 isotype	specific	primary	

and	secondary	antibody	and	antibody	of	interest	with	secondary	antibody	for	an	(A)	extracellular	and	

(B)	intracellular	marker.		

	

	

2.6.2.5 RNA	extraction	and	RT-qPCR	

	

RNA	was	 isolated	using	 the	RNeasy	mini	kit	 (QIAGEN,	Venlo	AN).	Cell	 lysates	were	produced	using	

the	 included	RLT	buffer	with	the	addition	of	1	%	2-Mercaptoethanol	 (Sigma-Aldrich),	homogenised	

using	a	21	G	needle	and	 stored	at	 -80	°C	 for	 subsequent	processing.	 Samples	were	centrifuged	at	

maximum	speed	for	15	minutes,	supernatants	transferred	to	new	tubes	and	one	volume	(compared	

to	volume	of	lysate)	of	70	%	EtOH	was	added	to	lysates	before	transferring	700	µL	to	an	RNeasy	spin	

column	and	 centrifuging	 according	 to	 the	manufacturer’s	 instructions.	 Buffers	 RW1	and	RPE	were	

added	 to	 the	 columns	 sequentially,	 centrifuging	 between	 each	 addition,	 discarding	 flow-through.	

RNA	was	eluted	in	RNase-free	H20	and	quantified	using	a	NanoDrop™	spectrophotometer.	

	

Secondary	only Ms	IgG	+	Secondary	 Cells	only SSEA4	+	Secondary 
A 

Secondary	only Rb	IgG	+	Secondary	 Cells	only Oct4	+	Secondary B 
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2.6.2.6 Reverse	transcription	

	

A	 20	 µL	 RT	 reaction	 consisted	 of	 the	 following	 (High-Capacity	 cDNA	 Reverse	 Transcription	 Kit,	

Thermo	Fisher	Scientific): 

• 2	µL	10X	RT	buffer	

• 0.8	µL	25X	dNTP	

• 2	µL	RT	random	primers	

• 1	µL	Reverse	Transcriptase	

• 4.2	µL	RNase-free	H20	

• 10	µL	template	

	 Step	1	 Step	2	 Step	3	 Step	4	

Temperature	 25	 37	 85	 4	

Time	 10	min	 120	min	 5	min	 ¥	

	

	

2.6.2.7 qPCR	

	

A	20	µL	qPCR	reaction	mix	consisted	of	the	following:	

• 500	ng	template	

• 1	µL	20X	TaqMan®	Gene	Expression	Assay	(FAM™	dye-labelled	MGB	probe,	details	below)	

• 10	µL	2X	TaqMan®	RT-PCR	Mix	

• 8	µL	RNase-free	H20	

This	 was	 loaded	 into	 PCR	 plates	 (Bio-Rad	 Laboratories,	 California	 USA),	 sealed,	 and	 the	 following	

conditions	were	applied	using	the	Bio-Rad	CFX	Connect™	Real-Time	System	(Bio-Rad	Laboratories):	

	 cDNA	synthesis	 Initial	

denaturation	

Denaturation	 Annealing	and	

extension	

Temperature	 50	 95	 95	 60	

Time	 2	min	 10	min	 15	s	 1	min	

	

Data	was	normalised	to	GAPDH	or	18s	using	the	DDCt	method.	

	

	

X	40	cycles	
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Table	2.5.	Assay	details	used	for	PCR	experiments.	

Target	 Cat	#	 Assay	ID	

Oct4	 4448892	 Hs04260367_gH	

Sox2	 883779	 Hs01053049_s1	

Nanog	 4453320	 Hs0238740_g1	

GAPDH	 465493	 Rm99999916_s1	

18s	 1508365	 Hs03003631_g1	

	

	

2.6.2.8 Western	blotting	

	

Cells	from	either	2D	or	3D	culture	were	washed	in	PBS	and	lysed	using	RIPA	buffer,	and	cell	scraping.	

Lysates	were	homogenised	using	a	21	G	needle,	 sonicated	 for	30	minutes	before	centrifugation	at	

12,000	 rpm	 for	 20	 minutes	 at	 4	 °C.	 Supernatants	 were	 stored	 at	 -80	 °C	 until	 use.	 Lysates	 were	

quantified	 for	 their	 protein	 content	 using	 a	 pierce-compatible	 Bradford	 assay	 (Fisher	 Scientific),	

diluted	 1:4	 with	 Laemmli	 buffer	 (Bio-Rad	 Laboratories)	 and	 heated	 to	 95	 °C	 for	 5	 minutes.	 Gel	

electrophoresis	 was	 performed	 using	 30	 µg	 protein	 loaded	 to	 SDS	 pre-cast	 gels	 (Bio-Rad	

Laboratories)	and	run	 for	approximately	2	hours	at	120	V.	Transfer	was	performed	overnight	onto	

Methanol-activated	PVDF	(Bio-Rad	Laboratories)	for	21	hours	at	4	°C	and	20	V,	and	then	a	further	2	

hours	at	 room	temperature	and	45	V.	Membranes	were	ponceau	stained	and	then	blocked	 in	5	%	

milk/	PBS/	0.1	%	Tween20®	(Sigma-Aldrich)	for	1	hour	at	room	temperature.	Primary	antibody	was	

applied	overnight	at	4	°C,	membranes	washed	3	times	in	PBST	and	secondary	antibody	incubated	for	

1	hour	at	room	temperature.	Membranes	were	then	washed	a	further	3	times	in	PBST,	Bio-Rad	ECL	

Clarity™	solution	applied	and	membranes	exposed	to	film.	

	

	

	

	

	

	

	

	

	

	

	

	



69	
	

Table	2.6.	Primary	(top)	and	secondary	(bottom)	antibodies	and	dilutions	used	for	western	blotting	

of	both	2D	and	3D	cultured	cell	protein.	

Antibody	target	 Species	 Supplier	 Dilution	

Anti-TUJ-1	 Rabbit	 Biolegend	 1:5000	

Anti-CK8	 Mouse	 Abcam	 1:1000	

Anti-E-Cadherin	 Mouse	 BD	Bioscience	 1:5000	

Anti-N-Cadherin	 Rabbit	 Abcam	 1:1000	

Anti-P-Cadherin	 Mouse	 Cell	Signaling	Technologies	 1:500	

Anti-Actin	 Rabbit	 Cytoskeleton	Inc.	 1:500	

Anti-P-34-arc	 Mouse	 Santa	Cruz	Biotechnologies	 1:400	

Anti-FH2	 Mouse	 Abcam	 1:500	

Anti-Lamin	A/C	 Mouse	 Durham	University	 1:100	

Anti-Lamin	B	 Goat	 Santa	Cruz	Biotechnologies	 1:100	

Anti-GAPDH	 Rabbit	 Abcam	 1:10000	

	

Antibody	target	 Species	 Supplier	 Dilution	

Anti-Rabbit-HRP	 Donkey	 Millipore	 1:10000	

Anti-Mouse-HRP	 Goat	 Sigma	Aldrich	 1:10000	

Anti-Goat-HRP	 Donkey	 Sigma	Aldrich	 1:3000	

	

	

	

2.6.2.9 Quantification	of	cell	aggregation	

	

Cell	aggregation	was	quantified	from	phase	contrast	micrographs	captured	during	the	culture	period	

using	ImageJ	software.	5	fields	of	view	per	sample	were	captured	and	a	grid	overlay	using	the	grid	

function.	Using	a	random	number	generator,	3	aggregates	were	chosen	per	field	of	view	and	traced	

manually,	using	the	set	measurements	tool	to	record	their	morphology.		
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2.7 Cytoskeletal	dynamics	studies	

	

2.7.1 Cell	adhesion	to	coverslips	

	

To	determine	cellular	structure,	cells	were	allowed	to	adhere	to	coverslips	to	enable	imaging	at	high	

resolution	 with	 greater	 ease.	 Cells	 were	 removed	 from	 their	 respective	 culture	 environments	 (as	

previously	described)	using	trypsin	EDTA.	Cells	were	counted	via	trypan	blue	exclusion	as	previously	

described	 and	 seeded	 at	 a	 density	 of	 0.1	 million	 cells/well	 onto	 coverslips	 suitable	 for	 super-

resolution	microscopy	 (Thermo-Fisher	Scientific).	Prior	 to	seeing,	coverslips	were	sterilised	 in	70	%	

EtOH,	and	washed	twice	with	sterile	PBS	and	placed	at	the	bottom	of	a	6	well	tissue	culture	plate.	

Cells	were	allowed	to	adhere	for	up	to	8	h	before	fixation	in	4	%	PFA;	cells	were	washed	once	with	

PBS	and	incubated	with	PFA	for	30	min	at	room	temperature.	Samples	were	washed	a	further	three	

times	with	PBS	and	stored	in	the	final	PBS	wash	at	4	˚C	until	staining.	

	

	

2.7.2 Quantification	of	G/F-actin	content	

	

Measurement	of	actin	concentration	was	achieved	using	the	G-actin/F-actin	In	Vivo	Assay	Biochem	

Kit	(Cytoskeleton	Inc.	#	BK037,	Colorado	USA)	and	following	the	manufacturer’s	instructions.	Briefly,	

cells	 were	 cultured	 in	 their	 respective	 2D	 or	 3D	 growth	 environments,	media	was	 removed,	 cells	

were	lysed	and	actin	stabilised	using	warmed	LAS2	buffer.	Cells	were	scraped	from	their	substrates	

and	transferred	to	a	tube	where	lysates	were	homogenised	using	a	pipette	tip	and	incubated	at	37	

°C	for	10	min.	Lysates	were	sampled	and	centrifuged	at	2000	rpm	at	room	temperature	for	5	min.	

Supernatants	were	retained	and	centrifuged	at	100000	x	g	at	37	°C	for	1	h	in	ultracentrifuge	tubes	

(Brucker).	 G-actin	 containing	 supernatants	 were	 retained	 and	 the	 resultant	 F-actin	 pellet	 was	

resuspended	in	F-actin	depolymerisation	buffer	and	incubated	on	ice	for	1	h.	SDS	was	added	to	each	

sample	 and	 processed	 with	 standards	 of	 known	 actin	 concentration	 via	 SDS-PAGE	 and	 western	

blotting	as	described	below	using	 the	 supplied	pan-actin	and	HRP-conjugated	 secondary	antibody.	

Actin	levels	were	measured	by	densitometry	using	ImageJ	software.		

	

	

2.7.3 Inhibition	of	actin	polymerisation	

	

Inhibition	of	actin	polymerisation	was	achieved	through	incubation	of	cells	adhering	to	coverslips	for	

8	h	in	the	presence	of	the	following	small	molecules	at	the	stated	final	concentration.	Stock	solutions	

of	all	molecules	 (detailed	 in	Table	2.7)	were	produced	 in	DMSO	(Sigma-Aldrich)	and	diluted	 to	 the	

final	concentrations	in	growth	medium.		
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Table	2.7.	Small	molecules	used	for	the	modulation	of	actin	polymerisation	during	adhesion.	

Small	Molecule	 Mode	of	action	 Supplier	 Final	concentration	

Cytochalasin-D	 Binds	 to	barbed	end	of	actin	

filament	

Sigma	Aldrich	 1	µM	

Latrunculin-B	 Sequesters	monomeric	actin	 Sigma	Aldrich	 1	µM	

Y27632	 Destabilises	 actin	 filaments	

through	 myosin	 dependent	

mechansim	

TOCRIS	 1	µM	

	

	

2.7.4 Inhibition	of	actin	nucleation	

	

Inhibition	of	actin	nucleation	was	achieved	through	incubation	of	cells	adhering	to	coverslips	for	8	h	

in	the	presence	of	the	following	small	molecules	at	the	stated	final	concentration.	Stock	solutions	of	

all	molecules	were	produced	in	DMSO	and	diluted	to	the	final	concentrations	in	growth	medium	

	

Table	2.8.	Small	molecules	used	for	the	modulation	of	actin	nucleation.	

Small	Molecule	 Mode	of	action	 Supplier	 Final	concentration	

CK-666	 Arp2/3	Inhibitor	 Abcam	 100	µM	

SMIFH2	 FH2	Inhibitor		 Abcam	 25	µM	

	

	

	

2.7.5 Osmotic	shock	assay	(nuclear	deformation)	

	

Osmotic	shock	was	induced	in	cells	during	adhesion	according	to	the	basis	described	by	Richter	et	al.	

[162].	Cells	were	removed	from	their	respective	environments	as	previously	described	and	allowed	

to	 adhere	 to	 10	 µg/mL	 PDL	 for	 7.5	 h	 before	 incubation	 in	 varying	 concentrations	 of	 hypotonic	

solution.	 Sucrose	 (Sigma-Aldrich)	 was	 dissolved	 in	 growth	 medium	 to	 the	 following	 final	

concentrations;	40	mM,	80	mM,	160	mM,	320	mM	and	640	mM.	Solutions	were	added	to	adhered	

cells	 for	 30	min	 prior	 to	 fixation	 in	 4	%	 PFA	 and	 staining	 using	Hoescht-33342.	Nuclear	 circularity	

index	and	area	were	quantified	from	confocal	micrographs	as	described	below.		
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2.7.6 Staining	for	the	actin	cytoskeleton	

	

Throughout	 this	 work,	 the	 F-actin	 cytoskeleton	 was	 stained	 using	 the	 phallotoxin,	 Phalloidin	 as	

detailed	 below.	Manufacturer’s	 instructions	were	 followed,	 and	 for	 the	 488-conjugated	 Phalloidin	

used	in	the	majority	of	this	work	as	follows.	Cells	were	allowed	to	adhere	to	PDL-coated	coverslips	as	

previously	 and	 fixed	 with	 4	 %	 PFA	 for	 30	min	 before	 washing	 in	 PBS	 three	 times.	 Samples	 were	

permeabilised	in	0.5	%	Triton-X-100	in	PBS	for	5	min	at	room	temperature	and	then	incubated	with	

Phalloidin	 (100	 µM	 working	 solution)	 for	 30	 min	 at	 room	 temperature	 in	 a	 humidified	 chamber	

protected	from	light.	Cover	slips	were	washed	three	times	in	PBS	and	then	nuclei	stained	in	the	final	

wash	 for	 30	 s	 using	Hoescht-33342.	 Coverslips	were	mounted	 in	 Vectashield	 and	 sealed	with	 nail	

varnish	 until	 imaging.	 For	 the	 594-conjugated	 Phalloidin,	 the	 manufacturer’s	 instructions	 were	

followed,	differing	in	concentration	as	outlined	in	Table	2.9.	

	

Table	2.9.	Stains	used	in	assessment	of	cell	and	nuclear	morphology.	

Stain	 Supplier	 Dilution	

Acti-stain™	488	Phalloidin	 Cytoskeleton	Inc.	 100	µM	

Alexa	Fluor™	594	Phalloidin	 Thermo	Fisher	Scientific	 1:200	

Hoescht-33342	(nuclei)	 Thermo	Fisher	Scientific	 1:10000	

	

Immunostaining	 for	 further	markers	 involved	 in	mechanotransduction	was	conducted	as	described	

above.	

	

	

2.7.7 Confocal	and	super-resolution	microscopy	

	

Image	 acquisition	was	 completed	 using	 either	 Zeiss	 880	Confocal	 or	GE	Deltavision	OMX	Blaze	 v4	

super-resolution	 microscopes.	 Super-resolution	 microscopy	 was	 completed	 for	 single	 cell	

visualisation,	 whereas	 confocal	 microscopy	 was	 employed	 to	 convey	 representative	 population	

samples	for	both	cell	area	and	circularity	measurements,	as	detailed	below.		

	

Super-resolution	 microscopy	 was	 conducted	 using	 3D-Structured	 Illumination	 settings	 and	

micrographs;	 during	 data	 acquisition	 immersion	 oil	 choice	 was	 optimised	 to	 gain	 the	 optimal	

refractive	 index	 for	 the	 samples	 at	 hand;	 in	 this	 work	 either	 NA	 =	 1.416	 or	 1.417.	 This	 technique	

requires	computational	 reconstruction	 to	produce	micrographs,	which	was	completed	 through	 the	

softWoRx	computer	software.		

	

	

	

	



73	
	

2.7.8 Quantification	of	cell/nuclear	area,	circularity	and	volume	

	

Cell/nuclear	area	and	circularity	was	calculated	 from	confocal	micrographs	using	 ImageJ	computer	

software.	 5	 fields	 of	 view	were	 acquired	 per	 cpver	 slip	 and	 from	 each	 field	 of	 view	 4	 cells	 were	

randomly	selected	(using	a	random	number	generator	and	grid	overlay)	and	their	perimeter	traced	

using	 the	 freehand	 tool.	Morphology	 parameters	were	 then	 automatically	 recorded	 using	 the	 set	

measurements	function	within	the	software.		

	

	

2.7.9 Quantification	of	cell	height	

	

Cell	 height	 was	 quantified	 from	 super-resolution	 micrographs	 using	 the	 provided	 acquisition	

software.	 Individual	 cells	 were	 measured	 by	 recording	 the	 Z-Stack	 height,	 possible	 through	 the	

visibility	of	resolved	planes,	moved	by	1	µm	at	each	interval	to	determine	the	top	and	bottom	of	any	

given	cell.	

	

	

2.7.10 Atomic	Force	Microscopy	

	

Cells	 were	 removed	 from	 their	 respective	 culture	 conditions	 as	 previously	 described	 and	 seeded	

onto	coverslips	for	24	hours	before	analysis	via	AFM.	Cover	slips	were	removed	from	their	respective	

conditions	 and	 attached	 to	microscope	 slides	 and	 surrounded	by	 glass	 rings	 (glued	 to	microscope	

surface)	 before	 re-introduction	 of	 growth	 medium.	 Cells	 were	 analysed	 using	 a	 Nanowizard®	 3	

Bioscience	 AFM	 (JPK)	 using	 a	 Silicon	 Nitride	 pyramidal	 probe	 cantilever	with	 a	 spring	 constant	 of	

0.005-0.022	Nm
-1
	(APPNANO).	Young’s	modulus	values	were	then	assessed	across	3	regions	per	cell	

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

biological	samples.	
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3 Investigating	the	effect	of	substrate	topography	on	the	growth	of	

PSCs	for	the	enhancement	of	cell	function		

	

3.1 Introduction	

	

Synthetic	 scaffolds	 are	 attractive	 tools	 for	 use	 in	 cell	 culture	 through	 a	 number	 of	 advantages	

including	 scalability,	 avoidance	 of	 spontaneous	 differentiation	 and	 compatibility	 with	 current	 cell	

culture	 formats.	 Vital	 for	 the	 culture	 of	 PSCs,	 as	 previously	 described,	 is	 maintaining	 a	 high	 cell	

density,	whilst	enabling	continual	cell	access	to	the	growth	medium	to	avoid	loss	in	viability.	In	2014,	

Chen	et	al.	[163]	suggested	major	issues	hampering	PSC	culture.	These	include	a	lack	of	standardised	

protocols,	 insufficient	mechanisms	to	monitor	cell	stress	and	excessive	spontaneous	differentiation	

signals.	 Further	 considerations	 are	 heterogeneity	 of	 the	 resultant	 cell	 populations,	 genomic	

instability	and	potential	tumorigenicity.	The	key	environmental	contributors	to	these	effects	in	vitro	

are	suggested	to	be	components	of	the	growth	medium	used	for	cell	culture	and	matrices	used	as	

growth	substrates.	

	

Most	 modes	 of	 PSC	 culture	 combine	 extracellular	 cues	 through	 growth	 substrate	 coating	 with	

extracellular	matrix	components	(e.g.	Laminin	5	is	a	widely	used	example),	or	through	the	inclusion	

of	 chemical	 factors	 (e.g.	 bFGF).	 By	 controlling	 instead	 the	 geometry	 of	 the	 physical	

microenvironment,	 there	remains	the	possibility	 to	negate	the	need	for	 these	exogenous	chemical	

cues,	and	still	enhance	cell	function	for	downstream	processes.	

	

3.1.1 Engineering	topographical	features	as	environmental	cues	for	cell	culture	applications	

	

First	 to	 consider	 in	 the	 control	 of	 cell	 growth	 is	 the	manner	 in	which	 alternative	 geometries	 and	

topographical	 features	can	be	 incorporated	 into	a	substrate	material	and	 remain	suitable	 for	 their	

culture.	There	are	various	 types	of	material	 cell	 culture	 substrates	can	be	engineered	 from.	 In	 the	

field	of	 stem	cell	biology,	 three	 form	 the	main	 focus;	hydrogels,	 electrospun	 fibres	and	polyHIPEs,	

the	 latter	 two	 of	 which	 can	 be	 formed	 from	 conventional	 tissue	 culture	 materials.	 Conventional	

tissue	 culture	plastic	 (TCP)	 is	 generally	produced	 from	polystyrene,	polycarbonate	or	polyethylene	

terephthalate	 (PET).	Many	 engineered	 cell	 growth	 substrates	 use	 these	materials	 (or	 similar)	 as	 a	

basis,	for	ease	of	use,	and	comparability	to	previous	investigations.	Conversely,	hydrogels	generally	

encapsulate	cells	allowing	them	to	interact	and	mould	their	environment	[164],	and	are	made	from	a	

wide	 range	 of	 materials	 making	 them	 highly	 tuneable.	 Hydrogels	 can	 also	 display	 disadvantages,	

such	 as	 increased	 pH,	 and	 temperature	 sensitivities	 that	 often	 are	 not	 fit	 to	 support	 cell	 growth	

[164].	Most	 surfaces,	 such	 as	 these,	 require	 specialist	 equipment	 in	 order	 to	 produce	 them,	 and	

significant	batch	to	batch	variability	 is	often	evident.	Electrospinning	of	synthetic	scaffolds	 is	a	key	



75	
	

example	of	 this,	 requiring	a	high	 skill	 level	and	amount	of	 time	 to	undertake.	 Its	 inherent	 random	

fibre	deposition	results	in	scaffolds	that	are	generally	difficult	to	control	reproducibly	[165,166].	And	

result	in	a	general	lack	of	cell	penetration	[167].	PolyHIPEs	are	considerably	simpler	to	make,	in	their	

basis	 an	 emulsion,	 and	 tuneable	 in	 that	 void	 sizes	 and	 interconnect	 sizes	 can	 be	 controlled.	 This	

technology	is	the	same	as	conventional	methods,	being	produced	from	TCP	materials,	with	only	the	

geometry	of	the	growth	substrate	being	altered.	Some	recent	work	is	focussing	on	the	3D	printing	of	

substrates	such	as	these	to	control	for	any	inherent	variation,	although,	the	obvious	limiting	factor	

with	this	method	is	resolution	[111,168],	often	producing	scaffolds	with	features	larger	than	that	of	

cells.	

Considering	 the	 range	 of	 methods	 available	 to	 produce	 materials	 with	 unconventional	 physical	

geometries,	 the	 resultant	 topographies	 also	 demonstrate	 wide	 variation.	 Generally,	 features	 of	

electrospun	scaffolds	are	referred	to	as	mesh-like	networks	and	polyHIPES	as	porous	networks	[169].	

Hydrogels	are	more	difficult	to	describe	in	terms	of	their	topographies	as	they	are	tuneable	manually	

or	 altered	 by	 the	 cells	 themselves.	 Nevertheless,	 the	 resultant	 topographical	 features	 are	 more	

commonly	 referred	 to	 in	 terms	 of	 their	 nano-	 or	 micro-	 topographies	 (with	 macro-topographies	

referring	to	the	format	of	the	substrate;	discs,	sheets	etc.).	Those	that	are	generally	larger	than	a	cell	

~>10	 µm,	 are	 termed	 micro	 topographies,	 whereas	 those	 smaller	 are	 termed	 nanoscale	 [170].	

Although	this	is	not	exclusively	the	case;	a	number	of	approaches	are	appreciating	that	a	cell’s	native	

ECM	will	likely	comprise	both	modes	of	topography.	Accordingly,	combinatory	approaches	using	one	

or	 more	 of	 the	 methods	 listed	 above	 have	 also	 been	 investigated	 for	 their	 potential	 use	 in	 cell	

culture	[171].	

Nerve	 guidance	 conduits	 as	 treatments	 for	 spinal	 cord	 injury	 are	 an	 ideal	 example	of	 a	 successful	

combinatory	 3D	 cell	 culture	 approach,	 requiring	 specific	 macro	 (to	 bridge	 large	 gaps	 after	 nerve	

injury),	 micro	 (to	 enhance	 cell	 function),	 and	 nano	 (to	 guide	 and	 align	 replacement	 cell	 types)-

topographies.	An	 approach	 for	 this	 developed	over	 a	 number	of	 years	 has	 culminated	 in	 a	 device	

that	 consists	 of	 an	 approximately	 20	 mm	 tube,	 formed	 using	 3D	 printing	 techniques	 and	

polyethylene	 glycol	 (PEG)	 as	 the	 base	 material	 [172].	 This	 device	 performed	 to	 the	 standard	 of	

autologous	 nerve	 grafts	when	 tested	 in	 its	 ability	 to	 regenerate	 a	 3	mm	 nerve	 injury,	 setting	 the	

scene	 for	 an	 improvement	 which	 has	 recently	 been	 demonstrated	 [173].	 Incorporating	

polycapralactone	(PCL)	aligned	electrospun	fibres	into	the	lumen	of	the	conduit	demonstrated	great	

potential	 for	 improvement	 upon	 this	 during	 ex	 vivo	 testing;	 explanted	 dorsal	 root	 ganglions	

demonstrated	cell	outgrowth	along	the	length	of	the	fibres.		

Therefore,	even	though	each	technology	has	distinct	advantages	and	disadvantages,	an	appreciation	

of	combinatory	approaches	has	yielded	success	in	differentiated	cell	types.	
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3.1.2 Characterisation	of	material	for	use	in	cell	culture	applications		

	

Indeed,	with	 the	creation	of	any	new	biomaterial	where	 there	 is	potential	 for	clinical	applications,	

there	must	be	in-depth	characterisation	of	the	substrate	at	hand,	initially	in	the	absence	of	cells	or	

biological	material.	There	are	a	number	of	methods	used	in	the	physical	characterisation	of	materials	

for	applications	in	Biology.	Three	key	physical	aspects	of	a	prospective	cell	culture	substrate	include;	

topography,	roughness	and	elasticity	[174].	Using	this	as	a	basis,	topography,	the	focus	of	this	work	

refers	to	the	more	microscopic	alterations	in	the	surface	of	a	substrate.	Quantification	of	this	is	often	

completed	 using	 surface	 mapping	 techniques	 dependent	 upon	 the	 substrate	 at	 hand;	 scanning	

electron	 microscopy	 [76,109,175–177],	 atomic	 force	 mapping	 and	 optical	 profilometry	

[175,177,178],	 or	 advanced	 microscopic	 techniques	 [179].	 Surface	 roughness	 refers	 to	 that	

“nanoscopic”	 topographies	 that	 reside	 upon	 the	 larger	 features	 of	 the	material.	 Quantification	 of	

roughness	is	through	the	production	of	an	Ra	value	based	upon	measurement	of	the	features	at	high	

resolution	 [180,181].	 Finally,	 surface	 stiffness	 refers	 to	 just	 that;	 how	 easily	 a	 sample	 can	 be	

deformed	and	whether	this	deformation	is	plastic	or	not.	Stiffness	can	be	measured	on	a	number	of	

scales;	at	the	micro-scale,	as	is	the	focus	here,	AFM	can	determine	the	local	stiffness	of	a	substrate	

[177,182].	Using	methods	 that	have	been	well	 characterised,	 such	as	 these	allows	 for	a	consistent	

and	detailed	description	of	any	substrates	that	cells	will	then	be	in	contact	with,	enabling	informed	

hypotheses	to	be	made	with	relation	to	cell	behaviour.	

	

3.1.3 The	effect	of	substrate	topography	on	stem	cell	growth	

	

As	the	use	of	biomaterials	for	cell	growth	has	become	more	widely	used,	so	has	their	use	for	stem	

cell	culture.	Biomaterials	can	be	fabricated	with	micro-	and	nano-topographical	features.	There	have	

been	 suggestions	 that	 the	 effect	 of	 this	 upon	 cell	 behaviours	 may	 be	 choreographed	 differently.	

Nanoscale	 topographies	 are	 suggested	 to	 impact	 integrin	 clustering	 directly,	 whereas	

microtopographies	have	been	suggested	instead	to	result	in	changes	to	FA	maturity	to	elicit	an	effect	

upon	 a	 cell	 [170].	 In	 2012,	 Chen	 and	 group	 [75]	 showed	 the	 influence	 of	 this	 on	 hESCs	 and	were	

among	 the	 first	 to	 do	 this	 in	 a	 relatively	 simple	manner.	 A	 “nano	 rough”	 topography	was	 formed	

using	 photolithography	 and	 cell	 adhesion	 and	 growth	 profiles,	 among	 others,	were	 assessed.	 This	

showed	 that	 ESCs	 can	 sense	 nanotopographical	 cues,	 although	 in	 this	 case,	 such	 surfaces	 tended	

towards	spontaneous	differentiation.		

As	previously	eluded	to,	the	topography	of	the	substrate	must	align	with	the	situation	in	vivo	if	cells	

of	 greater	 physiological	 relevance	 are	 to	 be	 produced.	 This	 is	 clear	 when	 considering	 the	 use	 of	

biomaterials	in	the	differentiation	of	PSCs.		

An	area	that	has	been	explored	relatively	well	 is	the	generation	of	bone	and	cartilage	 in	vitro	from	

SCs	 using	 alternate	 substrate	 topographies.	 The	 formation	 of	 bone	 in	 vitro	 has	 been	 well	
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characterised	 using	 MSCs	 in	 2D	 culture,	 but	 more	 recently	 this	 has	 been	 used	 and	 applied	 to	

successful	 osteogenesis	 from	 ESCs	 [183].	 PSCs	 have	 also	 been	 subject	 to	 a	 huge	 range	 of	

differentiation	 protocols	 in	 3D	 over	 recent	 years.	 By	 culturing	 mESCs	 as	 embryoid	 bodies	 in	 a	

hydrogel,	 it	 has	 been	 shown	 [154]	 that	 in	 comparison	 to	 conventional	 2D	 culture	 there	 was	

increased	expression	of	 chondrogenic	markers	 such	 as	 Sox9.	 This	 approach	has	 also	been	used	 to	

differentiate	ESCs	into	alternative	cell	types.	Similar	in	approach	[184],	hiPSCs	encapsulated	as	single	

cells	or	 as	 cell	 colony	 “islands”	maintained	 their	 contractility	when	guided	 towards	 cardiomyocyte	

differentiation,	 alongside	maintained	 expression	 of	 key	 differentiation	markers.	 Importantly	 these	

researchers	demonstrated	their	approach	across	the	range	of	cell	sources	used	 in	vitro;	 tissue,	cell	

islands	 (or	 colonies),	 spheroids	 and	 single	 cells.	 Further	 examples	 show	mESC	 aggregation	 upon	 a	

biomimetic	scaffold	demonstrated	by	Liu	et	al.	[153],	which	resulted	in	maintained	aggregation,	but	

enhanced	differentiation	of	haematopoietic	markers	such	as	CD34	in	3D	culture.		

Through	studies	such	as	these,	and	the	many	hundreds	also	extending	throughout	the	literature,	it	is	

clear	 that	 the	 use	 of	 3D	 culture	 approaches	 by	 altering	 the	 topography	 of	 growth	 substrates	 can	

allow	more	physiological	environments	to	be	engineered	 in	vitro.	 In	addition	to	their	use	for	more	

efficient	 cell	 differentiation,	 biomaterials	 are	 also	 being	 used	 to	 maintain	 and	 even	 enhance	

pluripotency	as	introduced	in	the	general	introduction	to	this	thesis.	

	

	

3.1.4 Biomaterials	for	the	long-term	culture	of	PSCs	

	

There	 have	 been	 a	 number	 of	 attempts	 to	 propagate	 PSCs	 in	 3D	 environments	 to	 overcome	 the	

downfalls	 previously	 introduced,	 with	 some	 success.	 iPS	 cells	 have	 been	 shown	 to	 maintain	

pluripotency	upon	fixed	MEFs	[185];	an	indication	that	topography	may	be	playing	the	main	role	in	

the	function	of	the	feeder	layer	to	maintain	pluripotency.	Using	this	as	a	basis	forms	the	rationale	for	

using	electrospun	scaffolds	upon	which	to	culture	PSCs.	Leong	et	al.	demonstrated	the	potential	for	

these	 showing	 comparable	 cell	 growth	 to	Matrigel,	 and	when	extended	over	a	 series	of	passages,	

maintained	Oct4	 amongst	 other	 stem	 cell	marker	 expression	 and	differentiation	 to	 all	 three	 germ	

layers	through	a	teratoma	assay.	

Similarly,	 Liu	 and	 colleagues	 produced	 nanofibrous	 gelatin	 scaffolds	 on	 which	 to	 culture	 hESCs	

resulting	 in	 comparable	 pluripotency	 to	 matrigel	 models,	 by	 the	 expression	 of	 the	 cell	 surface	

marker	SSEA4	throughout	a	number	of	passages	(over	10)	[186].	Scaffolds	produced	from	PET	both	

coated	 and	 uncoated,	 appear	 to	 surpass	 pluripotency	 marker	 expression	 (SSEA4),	 with	 SSEA1	

expression	remaining	high	throughout	more	than	10	serial	passages		[187,188].	However,	there	are	a	

number	of	downsides	to	using	this	format	of	substrate.	Although	potentially	similar	in	topography	to	

feeder	cells,	or	which	most	ESCs	are	derived	using,	there	is	little	known	about	interactions	of	these	

cells	 with	 substrates	 such	 as	 these	 and	 there	 is	 likely	 to	 be	 variation	 in	 the	 composition	 of	 each	

scaffold	using	electrospinning	methodologies.	Finally,	using	substrates	such	as	gelatin	would	not	be	
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transferable	to	the	clinic	due	to	risk	of	animal	pathogen	transfer.	This	suggests	that	using	substrates	

composed	of	materials	 familiar	 to	cell	culture	may	aid	 in	deciphering	mechanisms	of	growth	 in	3D	

more	effectively	as	well	as	overcome	the	problems	associated	with	using	animal-derived	materials.		

	

	

3.1.5 Considerations	for	the	prospective	use	of	polyHIPE	derived	materials	to	maintain	self-

renewal	and	differentiation	capacity	of	PSCs	

	

PolyHIPE	 scaffolds	 have	 been	 used	 for	 a	 number	 of	 years,	 initially	 termed	 “biodegradable	 foams”	

[189],	with	a	direct	focus	upon	their	use	as	potential	tissue	replacement	technologies	in	regenerative	

medicine.	 This	 became	 significant	 to	 stem	 cell	 applications	 due	 to	 their	 success	 in	 inducing	

osteogenic	 differentiation	 of	 osteoblasts	 in	 vitro	 [190],	 which	 could	 also	 be	 demonstrated	 using	

MSCs	[191].	

ReproCELL	 (Reinnervate)	 is	 known	 for	 commercialising	 this	 material	 for	 cell	 culture	 uses	 and	 its	

available	 products	 are	 Scaffold,	 Strata	 and	 Polaris.	 These	 differ	 by	 their	 constituent	 void	 sizes;	 40	

µm,	 20	µm	 and	 2	µm,	 formed	mainly	 as	 a	 result	 of	 an	 altered	 stir	 speed	 during	 manufacturing.	

Alvetex®	was	initially	shown	to	support	the	culture	of	hepatocytes	[192,193]	for	enhanced	function,	

and	demonstrates	its	versatility	in	a	range	of	tissue	engineering	applications	including	a	human	skin	

equivalent	as	 just	one	example	(unpublished).	 In	relation	to	PSCs,	previous	work	has	detailed	their	

propagation	 for	 enhanced	 function	 upon	 Strata	 [194].	 This	 ultimately	 resulted	 in	 enhanced	

differentiation	 capacity	 as	 shown	 by	 pluripotency	 marker	 expression	 followed	 by	 enhanced	

differentiation	 through	cell	 aggregation	 (for	example)	and	directed	neuronal	differentiation.	These	

cells,	when	injected	into	mice,	formed	teratomas	larger	than	those	formed	from	their	conventionally	

cultured	counterparts	and	as	complex	in	comprising	structure.	This	work	highlighted	the	importance	

of	optimising	 the	 stem	cell	microenvironment	 carefully	 and	 taking	 into	 consideration	a	number	of	

factors	 including	material	 pre-treatment,	 cell	 seeding	 density	 and	 culture	 duration.	 Although	 this	

method	in	its	outcome	supports	the	hypotheses	detailed	here,	it	is	of	relevance	to	see	if	this	process	

could	be	understood	in	more	detail.	Cell	culture	upon	Strata	allows	the	migration	of	a	small	number	

of	cells,	and	it	is	unknown	if	this	may	affect	cell	performance.	Limiting	this	behaviour	may	be	a	viable	

route	 to	 modifying	 and	 making	 the	 previously	 detailed	 system	 more	 robust,	 for	 complete	 cell	

propagation.	In	addition,	as	previously	described,	cells	sense	both	nano	and	micro	topographies,	and	

the	use	of	polyHIPES	allows	 this	 to	be	eluded	to	 in	 the	context	of	 stem	cell	 self-renewal.	The	void	

sizes	described	above	provide	both	micro-	and	nano-	topographies.	The	material	 itself	 is	produced	

from	polystyrene,	providing	a	system	whereby	topography	is	the	only	major	variable.	For	this	reason,	

all	three	available	polyHIPE	formats	will	be	considered	for	their	potential	in	supporting	the	enhanced	

differentiation	of	PSCs	through	long-term	maintenance.	
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3.1.6 TERA2.cl.SP12	as	a	model	pluripotent	cell	line	

	

There	are	 complex	and	 relatively	unknown	mechanisms	governing	 the	 control	 of	 self-renewal	 and	

differentiation	 capacity	 in	 PSCs	 in	 vitro.	 Accordingly,	 the	 use	 of	 well-characterised	 cell	 lines	 to	

provide	proof	of	concept	for	novel	approaches	is	of	value.	EC	cells	are	the	tumorigenic	counterpart	

to	ESCs	and	are	widely	accepted	to	show	great	similarity	 in	 function	and	phenotype	to	ESCs	[195].	

With	their	well-characterised	nature,	in	terms	of	pluripotency	marker	expression	and	differentiation	

capacity,	 they	provide	a	baseline	by	which	to	determine	differences	 in	cell	cultivation	reproducibly	

and	 with	 greater	 understanding	 than	 is	 currently	 possible	 with	 ES	 cells.	 Further,	 they	 are	 also	 a	

useful	means	to	trial	new	technologies	before	application	to	ESCs.	

The	Tera	1	and	2	EC	cell	 lines	were	some	of	the	first	EC	lines	to	be	derived	in	the	1970s	[196,197];	

isolated	 from	 a	 lung	 metastasis	 of	 a	 malignant	 embryonal	 carcinoma	 from	 a	 47	 and	 22-year-old	

male,	respectively.	Over	the	years	the	NTERA-2	cell	line	has	been	well	characterised	in	a	number	of	

clones	 for	 their	 propensity	 to	 differentiate	 to	 neuronal	 lineages	 [198,199].	 The	 D1	 clone	 is	 one	

example	 of	 this,	 used	 in	many	 studies	 to	model	 neuronal	 differentiation	 [200–202],	 as	 just	 a	 few	

examples.	In	2001,	another	clone	of	the	Tera-2	line	was	derived	through	magnetic	sorting	for	its	high	

expression	of	the	cell	surface	pluripotency	marker	SSEA3	[203].	The	resulting	TERA2.cl.SP12	cell	line	

expresses	high	 levels	of	a	number	of	pluripotency	markers;	SSEA3,	SSEA4,	TRA-1-60,	Oct4	and	 low	

levels	of	well-characterised	differentiation	markers	such	as	A2B5.	This	line	was	also	shown	in	turn	to	

respond	 to	 exogenous	 retinoic	 acid	 by	 an	 increased	 expression	 of	 this	 A2B5	 neuronal	 marker	

coupled	with	reduced	Oct4	expression.		

In	general	(as	summarised	[204]),	TERA2.cl.SP12	take	on	a	typical	embryonic	cell	morphology;	with	a	

high	 nuclear:cytoplasm	 ratio,	 requiring	 culture	 at	 high	 confluency	 to	 maintain	 their	 pluripotent	

phenotype.	The	cells	 form	tumours	when	 implanted	 into	 immuno-deficient	mice,	differentiating	to	

all	 three	 germ	 layers,	 and	 in	 vitro	 can	 be	 directed	 readily	 to	 neuronal	 and	 non-neural	 lineages,	

characterised	 by	 the	 increased	 expression	 of	 neuronal	 (NSE)	 and	 epithelial	 markers	 (CK8),	

respectively.	

This	 has	 also	been	 characterised	 in	 terms	of	 differentiation	 capacity	 in	 3D;	 cell	 aggregation	 in	 the	

presence	 of	 retinoids	 results	 in	 increased	 expression	 of	 the	 neuronal	 markers	 NSE,	 TUJ-1,	 NF68,	

GFAP	and	MAP2ab	[205].	This	approach	can	be	directed	using	both	natural	and	synthetic	retinoids	

[206],	for	the	study	of	neuronal	differentiation,	and	indeed	combined	with	the	3D	systems	described	

above.	 TERA2.cl.SP12	 cell	 aggregated	 for	7	days	 and	placed	upon	 the	polyHIPE	material	 described	

above	demonstrated	 the	outgrowth	of	neurites	 into	 the	material,	providing	a	greater	 surface	area	

for	 cell	 differentiation	 [207],	 and	 increased	 expression	 of	 a	 number	 of	 neuronal	 differentiation	

markers	 (GAP43,	 MAP2a,	 MAP2b)	 [108].	 This	 has	 subsequently	 been	 developed	 as	 a	 method	 of	

testing	 neurite	 outgrowth	 in	 both	 2D	 and	 3D	 systems	 and	 applied	 to	 the	 investigation	 of	 cell	
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interactions	in	the	glial	scar	[208].	This	provides	a	robust	mechanism	of	differentiation	by	which	to	

compare	the	effects	of	alternate	culture	topographies.	

In	summary,	the	TERA2.cl.SP12	EC	cell	line	is	widely	accepted	as	well-characterised,	providing	many	

characteristics	of	PSCs	 in	addition	 to	a	wealth	of	 information	with	 regards	 to	predictable	neuronal	

differentiation	that	can	be	applied	to	their	enhanced	maintenance	as	hypothesised	here.	
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3.2 Hypotheses	and	Aims	
	

This	 chapter	aims	 to	 investigate	 the	effect	of	 topography	on	 the	growth	of	PSCs	 in	 the	 context	of	

their	long-term	maintenance	for	increased	developmental	potential.	This	was	to	be	completed	using	

the	 extended	 polyHIPE	 material	 types	 available	 from	 the	 industrial	 partner	 of	 this	 work,	 in	

comparison	 to	 previous	 studies	 within	 the	 group.	 It	 was	 hypothesised	 firstly	 that	 by	 altering	 the	

production	 of	 the	 materials	 we	 could	 provide	 differing	 substrate	 topographies	 suitable	 for	 cell	

growth.	Differing	substrate	geometries	would	then	enable	enhanced	physical	cues	to	be	transduced	

to	hEC	cells.	Furthermore,	 this	would	be	 important	 for	 the	maintenance	of	a	pluripotent	stem	cell	

phenotype.	Finally,	it	was	hypothesised	that	using	this	approach,	an	optimised	method	for	the	long-

term	 culture	 of	 hECs	 could	 be	 defined.	 This	 would	 enable	 a	 characterisation	 into	 differentiation	

capacity	 to	 be	 completed	 and	 to	 explore	 any	 observed	 alterations	 to	 this	 behaviour.	 This	 chapter	

aims	to	answer	the	following	biological	questions:	

• Does	 substrate	 topography	 (in	 the	 context	 of	 Alvetex®	 growth	 substrates)	 affect	 the	

capacity	for	long	term	maintenance	of	stem	cells?	

• Should	maintenance	be	possible;	does	this	process	alter	cell	morphology	and	phenotype?	

• Using	this	method	of	cell	culture,	can	stem	cell	differentiation	potential	be	enhanced?	

	

3.3 Objectives	
	

• Determine	 an	 appropriate	 prospective	 substrate	 for	 the	 long-term	 maintenance	 of	

TERA2.cl.SP12	EC	cells	by	comparison	of	various	substrate	topographies.	

• Use	this	basis	to	optimise	a	protocol	for	the	maintenance	of	ECs	in	3D.	

• Characterise	 the	 morphology	 and	 stem	 cell	 phenotype	 of	 the	 resultant	 cell	 populations	

formed	 using	 the	 chosen	 substrate	 in	 comparison	 to	 their	 conventionally	 cultured	

counterparts.	

• Demonstrate	 the	 differentiation	 capacity	 of	 3D	 cultured	 cells	 in	 comparison	 to	 2D,	 using	

previously	 optimised	 methods	 of	 differentiation,	 to	 determine	 the	 effect	 of	 the	 chosen	

topography.	
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3.4 Results	

	

3.4.1 Determination	of	an	appropriate	topography	for	the	maintenance	of	PSCs	

	

3.4.1.1 Alvetex®	substrates	provide	materials	with	differing	surface	topographies	

	

Previous	work	has	characterised	the	successful	development	of	Alvetex®	as	a	polyHIPE	scaffold	[109]	

suitable	for	a	wide	range	of	cell	culture	applications	including	(but	not	limited	to);	the	maintenance	

of	 hepatocytes	 and	 PSCs	 [176,194,209].	 In	 using	 this	 material	 as	 a	 cell	 culture	 substrate,	 it	 was	

necessary	to	optimise	a	number	of	parameters	in	order	to	tailor	it	for	each	desired	purpose,	in	this	

case,	the	maintenance	of	PSCs.	Figure	3.1	outlines	the	proposed	optimisation	process	here,	with	the	

main	 experimental	 approach	 consisting	 of;	 determination	 of	 the	 most	 suitable	 substrate	 and	

characterising	 the	 resultant	 cell	 populations	 in	 terms	 of	 their	 structure	 (cell	 morphology)	 and	

function	 (differentiation).	This	was	sub-divided	 into	sets	of	experiments	 to	achieve	 these	goals.	To	

determine	the	choice	of	substrate,	each	was	characterised	in	terms	of	their	structure,	and	how	cells	

behaved	when	 cultured	 using	 them.	 In	 turn,	 once	 a	 substrate	was	 chosen	 as	 the	most	 promising	

candidate,	 the	 long-term	 growth	 of	 cells	 was	 optimised	 as	 with	 many	 other	 in	 vitro	 cell-based	

systems;	 cell	 seeding	 density,	 the	 duration	 between	 sub-cultures	 and	 cell	 removal	 methods	 for	

downstream	processes.	These	steps	were	employed	to	produce	a	maintained	3D	cell	population	for	

further	 characterisation;	 morphological	 examination,	 quantification	 of	 growth	 kinetics	 and	

determination	of	cell	function	with	relation	to	stem	cell	phenotype.	

Alvetex®	 is	produced	from	polystyrene,	as	are	conventional	cell	culture	plastics.	 It	 is	manufactured	

by	way	of	an	oil	 and	water	emulsion,	 cured	 in	a	 cylindrical	mould	 to	 form	 large	numbers	of	 voids	

linked	by	interconnects	(Figure	3.2	A).	This	is	sectioned	into	200	µm	monoliths	that	are	placed	into	

fabricated	inserts	(photographed	in	Figure	3.2	B	&	C)	compatible	with	conventional	TCP.	Alvetex®	is	

available	 in	 three	 formats;	Scaffold,	Strata,	and	Polaris,	 the	 two	 former	of	which	are	commercially	

available,	 differing	 by	 their	 finer	 structure	 (Figure	 3.3	 A,	 D	 &	 G).	 The	 voids	 of	 the	material	 were	

measured	 using	 SEM	 micrographs	 and	 image	 analysis	 software	 to	 demonstrate	 the	 void	 size	

distribution.	Interconnect	size	was	measured	by	mercury	porosimetry,	which	forms	the	basis	of	the	

quality	 control	 procedures	 used	 during	 manufacturing.	 The	 observed	 difference	 in	 void	 size	 is	 a	

result	of	the	manufacturing	process;	when	polyHIPE	materials	are	produced,	the	surfactant	(styrene)	

is	 mixed	 with	 water	 at	 defined	 temperatures	 and	 stir	 speeds.	 When	 this	 speed	 is	 altered,	 the	

resultant	 void	 size	 changes	 [210],	 and	 as	 a	 consequence	 void	 morphologies	 can	 be	 controlled.	

Scaffold	consists	of	40	µm	voids	linked	by	approximately	15	µm	interconnects	(Figure	3.3	B	&	C),	and	

the	 void	 size	 ranges	 considerably	more	 in	 size	 (20-130	µm)	 than	 the	 alternate	 substrate	 formats.	

Strata	consists	of	20	µm	voids,	varying	between	10	and	60	µm,	linked	by	3	µm	interconnects	(Figure	

3.3	E	&	F),	and	Polaris	(not	commercially	available)	consists	of	3-4	µm	voids,	varying	between	2	and	8	

µm,	linked	by	approximately	0.6	µm	interconnects	(Figure	3.3	H	&	I).		
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This	altered	void	size	resulted	 in	differing	substrate	topographies,	as	detailed	 in	Figure	3.1.	Optical	

surface	 profilometry	 of	 30	 µm2
	 of	 each	 substrate	 revealed	 a	 detectable	 topography	 with	 both	

Scaffold	 and	 Strata,	 reflecting	 their	 larger	 void	 sizes.	 Heat	 maps	 (Figure	 3.4	 A-D)	 were	 used	 to	

demonstrate	 the	 size	 of	 the	 topographical	 features	 (i.e.	 voids)	 in	 general,	which	 approximated	 to	

those	measured	manually	 using	 image	 analysis	 software,	 as	 indicated	 by	 the	maximum	 scales	 on	

each	map.	This	was	also	expressed	as	a	representative	trace	to	indicate	the	features	of	each	surface	

in	 profile,	 following	 the	 same	 pattern.	 Polaris	 provided	 a	 substrate	 that	 was	 relatively	 flat	 in	

topography	in	comparison	to	Scaffold,	which	exhibits	topographical	features	in	the	range	of	50	µm.	

Strata	 also	 demonstrated	 features	 akin	 to	 this	within	 the	order	 of	magnitude	previously	 recorded	

(~10	µm).	However,	it	was	difficult	to	distinguish	differences	between	Polaris	and	conventional	TCP	

due	 to	 smaller	 void	 sizes	 (Figure	 3.4	 E	 &	 F).	 Substrate	 stiffness	 was	 quantified	 through	 AFM	 to	

strengthen	 the	 concept	 that	 changes	 in	 growth	 upon	 the	 scaffolds	 were	 due	 only	 to	 topography	

(Figure	 3.5).	 Topographical	 features	 could	 be	 distinguished	 according	 to	 their	 force	maps,	 and	 on	

average	substrate	stiffness	was	not	significantly	different	(P>0.1)	from	conventional	TCP.		

As	features	in	Scaffold	appeared	larger	than	that	of	an	average	cell,	it	was	termed	to	have	a	micro-

topography.	 Similarly,	Polaris	provided	 features	 smaller	 than	an	average	cell	 and	 so	was	 termed	a	

nano-topography	 substrate.	 Strata	 contained	 features	of	both	alternate	 scaffolds	 and	was	 seen	 to	

provide	a	mixed	micro-nano-	topography.	

	

Figure	 3.1.	 Experimental	 approach	 summary.	 	 In	 order	 to	 develop	 an	 approach	 to	 provide	 an	

enhancement	 of	 physical	 cues	 to	 PSCs	 the	 following	 phases	 of	 experimentation	 were	 employed;	

substrate	choice;	method	optimisation;	and	cell	characterisation.	This	would	enable	a	method	to	be	

generated	and	the	resulting	cell	populations	to	be	assessed.	
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Figure	 3.2.	 Structure	 of	 Alvetex®	 and	 its	 use	 as	 a	 substrate	 for	 cell	 culture.	 	 	 Scanning	 electron	

micrograph	(A)	of	Alvetex®	consisting	of	voids	(circles)	linked	by	interconnects	(arrows).	The	material	

can	be	sized	to	fit	into	a	well	insert	for	use	in	cell	culture	applications	(B).	The	insert	has	cut	sides	to	

allow	 for	 the	 equilibration	 of	 media	 across	 the	 membrane	 (C).	 Scale	 bar:	 200	 μm.	 Photographs	

provided	by	ReproCELL	Europe	Ltd.	

	

	

Figure	3.3.	Structural	analysis	and	comparisons	of	growth	substrates.		Void	size	was	calculated	by	

acquiring	scanning	electron	micrographs	and	using	image	analysis	software	to	quantify	size.	Scaffold	

(A-C)	 comprises	 the	 largest	modal	 void	 size	 at	 40	μm,	 Strata	 (D-F)	 at	 20	 μm	with	 Polaris	 (G-I)	 the	

smallest	at	4	μm.	Scale	bars:	A,	D,	G	100	μm.	Data	shows	n=40	for	each	substrate	performed	on	1	

test	occasion.	Mercury	porosimetry	raw	data	provided	by	ReproCELL	Europe	Ltd.		
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Figure	 3.4.	 Surface	 profilometry	 reveals	 the	 differing	 topographies	 of	 the	 growth	 substrates.		

Surface	topographies	of	the	substrates	were	mapped	 in	comparison	to	conventional	TCP	(2D)	using	

optical	profilometry	and	resultant	heat	maps	(A-D)	produced	based	upon	the	wavelength	of	reflected	

light.	 The	data	expressed	as	 topography	 traces	 (E-H)	allows	 topographical	 features	 to	be	observed	

semi-quantitatively.		
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Figure	 3.5.	 Atomic	 Force	 Microscopy	 of	 Alvetex®	 Substrates.	 	 AFM	 was	 completed	 for	 all	 three	

Alvetex®	 substrates	 in	 comparison	 to	 conventional	TCP	 (2D).	A)	Representative	 force	 scans	of	each	

substrate	 revealed	 topographical	 features	 as	 expected.	 B)	 Quantification	 of	 the	 stiffness	 of	 each	

substrate	revealed	no	significant	difference.	Data	represents	mean	+	SEM,	total	n=9	completed	on	1	

test	 occasion.	 Significance	 tested	 through	 one-way	ANOVA	with	Holm-Sidak’s	multiple	 comparison	

test	(P>0.1).	
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3.4.1.2 Substrate	topography	affects	PSC	distribution	and	growth	

	

To	 determine	 an	 appropriate	 growth	 substrate	 for	 the	maintenance	 of	 PSCs,	 the	 interaction	 of	 a	

range	of	cell	types	cultured	in	3D	were	assessed.	Initially,	three	distinct	cell	lines	were	cultured	in	the	

most	 permissive	 environments	 (Scaffold	 and	 Strata)	 to	 determine	 the	 readiness	 with	 which	 they	

would	migrate	into	the	substrates	–	a	factor	vital	for	the	potential	recovery	of	cells	for	further	use.	

When	 TERA2.cl.SP12	 PSCs	were	 compared	with	 the	morphologically	 and	 functionally	 distinct	NIH-

3T3	embryonic	fibroblast	and	A549	epithelial	cell	lines.	All	three	cell	types	were	introduced	into	the	

3D	 microenvironment	 provided	 by	 Scaffold	 and	 Strata,	 and	 they	 interacted	 with	 the	 substrates	

differently.	When	cultured	in	2D,	the	cells	displayed	characteristic	morphologies	(Figure	3.6	A,	D	&	

G);	 TERA2.cl.	 SP12	 a	 high	 cytoplasm	 to	 nuclear	 ratio	 typical	 of	 PSCs,	NIH-3T3	 fibroblasts	 very	 flat,	

stretching	 across	 the	 tissue	 culture	 plastic,	 whereas	 A549	 cells	 demonstrated	 their	 classic	

cobblestone	 epithelial	morphology.	When	 these	 cell	 types	were	 cultured	 in	 3D,	 this	 difference	 in	

morphology	was	somewhat	retained,	resulting	in	different	behaviours	within	Scaffold	(Figure	3.6	B	&	

C,	 E	&	 F,	 H	&	 I).	 The	 PSCs	 generally	 grew	 towards	 the	 surface	 of	 the	 substrate,	 retaining	 a	more	

compact	morphology	than	the	fibroblasts	that	populated	the	entire	scaffold,	stretching	through	the	

voids	 of	 the	 material.	 The	 A549	 cells	 demonstrated	 a	 growth	 behaviour	 between	 that	 of	 the	

fibroblasts	 and	 PSCs;	 some	 cells	 remained	 near	 the	 top	 of	 the	 Scaffold,	 with	 others	 migrating	

through	 the	 complete	 depth.	 PSCs	 that	 did	 migrate	 into	 Scaffold	 appeared	 to	 spread	 in	 a	 more	

similar	way	to	the	fibroblasts,	indicating	differentiation.	Similarly,	after	culture	upon	Strata	a	similar	

growth	pattern	was	observed	 (Figure	3.6	 J-O);	PSCs	 tended	 to	 remain	at	 the	 top	of	 the	 substrate,	

with	 few	 cells	migrating	 into	 the	 voids.	 Fibroblasts	migrated	 throughout	 Strata,	 although	 became	

smaller	 in	 size	 (not	 quantified),	 whereas	 epithelial	 cells	 migrated	 into	 the	 substrate	 but	 tended	

towards	remaining	in	its	superficial	areas.	Using	this	approach,	it	was	clear	that	PSC	types	appeared	

less	migratory	than	others	allowing	them	to	remain	nearer	the	surface	of	the	substrates	–	it	was	of	

importance	to	determine	if	this	was	the	case	when	topography	was	altered.	

TERA2.cl.SP12	hEC	cells	were	cultured	 (Figure	3.7)	at	high	density	 in	Scaffold;	 the	cells	penetrated	

throughout	 the	 substrate,	 spreading	 through	 the	 voids.	 With	 culture	 upon	 Strata	 and	 Polaris	

decreasing	 penetration	 was	 evident	 the	 smaller	 the	 void	 size	 (Figure	 3.7	 D-I),	 resulting	 in	 a	 thick	

aggregation	 of	 tightly	 packed	 cells	 upon	 the	 substrate.	 This	 was	 the	 case	 with	 both	 Strata	 and	

Polaris,	where	cells	appeared	more	homogenous	 in	morphology	compared	to	the	previously	mixed	

morphology	with	culture	using	Scaffold.		

A	 difference	 in	 cell	 metabolism	 was	 also	 evident	 with	 a	 change	 in	 culture	 period.	 Figure	 3.8	 A	

demonstrates	 the	 growth	 kinetics	 (measured	 using	 a	 metabolic	 MTT	 assay	 as	 a	 proxy	 for	 cell	

number)	 of	 TERA2.cl.SP12	 hEC	 cells	 cultured	 upon	 each	 of	 the	 three	 substrates	 in	 comparison	 to	

conventional	 2D	 culture.	Most	 strikingly,	 cells	 cultured	 in	 all	 three	 formats	demonstrated	 reduced	

rates	of	growth	compared	to	their	2D	counterpart	population;	Scaffold,	Strata	and	Polaris	cultured	
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cells	 at	 10	 days	 post-seeding	were	 on	 average	 2.9-fold	 (Scaffold	 and	 Strata)	 and	 3.5-fold	 (Polaris)	

reduced	 in	 their	metabolic	activity.	Through	all	 formats,	cells	appeared	to	plateau	 in	 their	 rates	of	

growth	 by	 approximately	 7	 days,	 after	 which	 metabolism	 was	 reduced.	 Both	 Scaffold	 and	 Strata	

appeared	similar	 in	terms	of	their	growth	kinetics	(at	most	a	1.2-fold	 increase	 in	metabolic	activity	

after	culture	using	Scaffold	at	4	days	in	comparison	to	Strata),	whereas	Polaris	appeared	to	show	the	

slowest	 growth	 out	 of	 the	 3	 substrates,	 with	 consistently	 lower	 absorbance	 readings	 for	 all	 time	

points	 tested.	 Cell	morphologies	 and	 distributions	 of	 the	 cultures	were	 assessed	 via	 H&E	 staining	

(Figure	3.8	B),	and	in	general	up	to	7	days	Scaffold	was	increasingly	populated	with	cells	(Figures	3.8	

B,	a,	d	&	g)	whereas	cells	packed	upon	the	surfaces	of	both	Strata	and	Polaris	(Figures	3.8	B,	b,	c,	e,	f,	

h	&	i).	Those	cultured	in	Scaffold	appeared	to	be	larger,	in	that	they	were	spreading	throughout	the	

material	voids,	whereas	with	the	alternate	substrates	cells	packed	very	tightly,	and	were	difficult	to	

distinguish	 individually.	By	day	10,	 cell	number	was	visually	decreased	 (as	also	 shown	 through	 the	

previous	metabolic	 quantification	 in	 Figure	 3.8	 A)	 and	 cells	 appeared	 smaller	 in	morphology	with	

more	signs	of	cell	debris	 throughout	the	cultures,	most	obviously	with	Scaffold	and	Strata	 (Figures	

3.8	B,	j	&	k).		

Similarly,	 cell	 distribution	 and	 growth	 was	 dependent	 upon	 the	 method	 used	 to	 pre-treat	 the	

substrates.	Once	produced,	 the	material	 is	hydrophobic;	Figure	2.2	outlines	the	methods	by	which	

the	materials	 can	be	 rendered	hydrophilic,	 by	 70	%	EtOH	 treatment	or	 oxygen	plasma	 treatment.	

The	effects	of	this	treatment	on	each	of	the	substrates	can	be	seen	in	Figure	3.9	(A-C,	G-I,	M-O)	in	

terms	 of	 hydrophobicity.	 With	 no	 treatment,	 growth	 medium	 pooled	 on	 top	 of	 each	 of	 the	

substrates	 in	 droplets,	 unable	 to	 pass	 through	 the	 voids	 to	 the	 underlying	 compartment.	 This	

resulted	 in	 limited	 penetration	 of	 cells	 (Figure	 3.9	 D-F),	 even	with	 the	 largest	 void	 size	 substrate,	

Scaffold.	 With	 both	 70	 %	 EtOH	 and	 oxygen	 plasma	 treatment,	 media	 passed	 freely	 through	 the	

substrate	resulting	in	increased	cell	penetration	with	growth	upon	Scaffold	and	Strata	as	media	was	

available	(Figure	3.9	J,	K,	P	&	Q).	It	is	inadvisable	to	not	treat	these	hydrophobic	substrates,	due	to	a	

high	likelihood	that	cells	would	have	reduced	availability	to	the	underlying	growth	medium	and	also	

because	this	effect	would	be	likely	to	mask	the	intricate	topographies	of	the	individual	substrates,	if	

cells	are	unable	to	interact.	This	would	likely	contribute	to	increased	spontaneous	differentiation	(as	

evident	 in	 Figure	 3.9	 E).	 Although	 the	 effects	 seen	 with	 both	 EtOH	 and	 plasma	 treatment	 were	

similar,	the	latter	is	a	specialist	technique	that	is	not	widely	available	in	laboratories	and	is	known	to	

alter	the	chemical	 functional	groups	available	for	cell	 interactions.	On	these	grounds	the	preferred	

method	 of	 substrate	 treatment	 used	 in	 this	 work	 was	 70	 %	 EtOH,	 to	 draw	 liquids	 through	 the	

material,	but	to	not	alter	the	surface	chemistry.		
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Figure	 3.6.	 Growth	 and	 interaction	 with	 3D	 topographical	 cues	 is	 cell	 type	 dependent.		

TERA2.cl.SP12	human	PSCs,	NIH-3T3	mouse	embryonic	fibroblasts	and	A549	human	adenocarcinoma	

epithelial	cells	were	cultured	using	Scaffold	and	Strata.	A,	D	&	G)	Phase	contrast	microscopy	displays	

distinct	 cellular	morphologies	 characteristic	of	 each	 cell	 type.	B,	C,	 E,	 F,	H,	 I,	H&E	 staining	displays	

continued	 distinction	 in	 3D.	 Scale	 bars	 represent	 100	 μm.	 PFA	 fixed	 and	 paraffin	 wax	 embedded	

sections.	
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Figure	 3.7.	 Pluripotent	 stem	 cell	 behaviour	 is	 dependent	 upon	 substrate	 topography.			

TERA2.cl.SP12	 cells	 were	 defined	 as	 a	 minimally-invasive	 pluripotent	 cell	 type	 and	 cultured	 using	

Scaffold,	 Strata	 and	 Polaris.	 A-C)	 Scanning	 electron	micrographs	 reveal	 the	 difference	 in	 void	 size	

between	substrates	and	H&E	staining	of	cells	cultured	using	these	formats	(D-I)	revealed	that	as	void	

size	decreases,	TERA2.cl.SP12	cells	were	less	able	to	populate	the	inside	of	the	substrate.	Minimal	cell	

penetration	was	apparent	when	cells	were	cultured	using	Strata	and	Polaris,	 suggesting	that	 these	

substrates	can	be	considered	as	candidates	for	cell	maintenance	due	to	accessibility	to	resultant	cell	

populations	and	reduced	evidence	of	differentiation.	Scale	bars:	A-C)	50	μm,	D-I)	100	μm.	PFA	fixed	

and	paraffin	wax	embedded	sections.		
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Figure	3.8.	EC	cells	grow	at	different	rates	with	change	in	culture	topography.			Growth	profile	(A)	

of	 TERA2.cl.SP12	 cells	 upon	 Scaffold,	 Strata	 or	 Polaris	 substrates	 and	 in	 monolayer	 form	 (2D),	

quantified	via	MTT	assay.	Growth	was	consistently	slower	in	3D	and	by	day	10	began	to	slow	further	

-	this	was	confirmed	via	H&E	staining	(B)	where	by	day	7	there	were	dense	formations	of	cells	on	or	in	

all	substrates	which	later	diminishes.	Scale	bars:	200	μm.		Data	are	mean	+	SEM,	total	n=9	performed	

on	3	separate	test	occasions.	PFA	fixed	and	paraffin	wax	embedded	sections. 
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Figure	 3.9.	 Treatment	 of	 growth	 substrates	 results	 in	 altered	 the	 cell	 distribution	 affected	 by	

substrate	 topography.	 	A-C)	When	membranes	were	not	 treated	 to	 render	 the	surface	hydrophilic,	

media	remained	in	droplet	form.	D-F)	This	resulted	in	 less	cell	penetration	for	all	substrates	(shown	

through	H&E	staining)	and	visible	differentiation	(marked	by	*)	upon	Strata	(E)	and	Polaris	 (F).	G-I)	

However	when	membranes	were	 treated	 by	washing	 in	 70	%	 EtOH,	media	 readily	 penetrated	 the	

material.	 J-L)	This	 in	 turn	 resulted	 in	enhanced	penetration	of	cells,	 for	both	Scaffold	 (J)	and	Strata	

(K),	due	to	the	small	void	size,	no	cells	penetrated	Polaris	(L).	Oxygen	plasma	treatment	of	substrates	

again	 resulted	 in	 enhanced	 penetration	 for	 Scaffold	 (M,	 P)	 and	 Strata	 (N,	 Q)	 whereas	 no	 cells	

penetrated	Polaris	(O,	R).	Scale	bars:	100	μm.	PFA	fixed	and	paraffin	wax	embedded	sections.	
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3.4.1.3 Cell	removal	is	dependent	upon	substrate	topography	

	

In	order	to	develop	a	method	for	continual	maintenance	of	cells,	the	underlying	substrate	must	be	

one	which	allows	a	majority	recovery	of	the	cells.	Figure	3.10	demonstrates	the	ability	of	cells	to	be	

removed	 from	Scaffold,	Strata,	and	Polaris,	or,	micro-	mixed-	and	nano-topographies,	 respectively.	

Before	cell	removal	after	being	allowed	to	grow	at	high	density,	cells	penetrated	into	approximately	

20	%	of	Scaffold,	5	%	of	Strata,	and	not	at	all	into	Polaris	(Figure	3.10	A),	reflecting	the	differences	in	

material	topography.	This	correlates	through	to	the	ability	of	cells	to	be	removed	from	the	materials;	

there	were	 greater	 proportions	 of	 cells	 remaining	 (~5	%)	 in	 Scaffold	 in	 comparison	 to	 Strata	 and	

Polaris,	where	>80	%	cell	recovery	was	possible	(after	removal	with	trypsin	and	cell	scraping).		

	

3.4.1.4 Stem	cell	marker	expression	is	maintained	after	short-term	culture	and	may	be	

dependent	upon	substrate	topography	

	

The	three	substrates	were	next	tested	for	their	ability	to	maintain	pluripotency	marker	expression.	

This	was	to	not	only	determine	the	effect	of	topography	upon	cell	function	but	to	inform	which	may	

be	suitable	 for	cell	maintenance.	hEC	cells	were	seeded	on	each	of	 the	three	candidate	substrates	

and	 immunostained	 for	 the	 classic	 pluripotency	 transcription	 factor	 Oct4	 (Figure	 3.11).	 In	

conventional	2D	culture,	Oct4	expression	was	evident	throughout,	and	superficially	this	appeared	to	

be	the	case	in	all	three	3D	conditions.	When	cells	were	cultured	upon	Scaffold	the	majority	appeared	

to	be	stained	positive;	those	that	penetrated	(arrowheads)	were	in	some	cases	negative	suggesting	

cell	 differentiation.	 Those	 cultured	 upon	 Strata	 and	 Polaris	 demonstrated	 staining	 with	 a	 greater	

intensity	 than	 in	 Scaffold,	 perhaps,	 due	 to	 increased	 expression;	 an	 important	 consideration	 for	

maintenance	of	the	stem	cell	phenotype.	
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Figure	3.10.	Substrate	topography	affects	cell	removal	capability.		TERA2.cl.SP12	cells	were	seeded	

upon	Scaffold,	Strata	or	Polaris	for	4	days	after	which	they	were	removed	via	7	minutes	trypsin	EDTA	

exposure	and	cell	scraping.	H&E	staining	reveals	a	comparatively	large	number	of	cells	inside	Scaffold	

both	before	and	after	cell	removal	(A	and	D,	respectively).	This	number	is	decreased	in	Strata	(B	and	

E)	and	is	zero	using	Polaris	(C	and	F).	When	quantified	by	measuring	penetration	using	image	analysis	

software,	these	differences	are	made	even	more	clear	however	with	less	than	10	%	of	cells	left	after	

removal	 for	 each	 substrate.	 Scale	 bars:	 50	 μm.	 Data	 are	 mean	 +	 SEM,	 n=3	 performed	 on	 3	

independent	test	occasions.	PFA	fixed	and	paraffin	wax	embedded	sections.	
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Figure	3.11.	Stem	cell	marker	expression	is	retained	in	3D	culture.		Immunostaining	after	4	days	of	

culture	 using	 conventional	 2D	 methods	 or	 using	 Scaffold,	 Strata	 and	 Polaris	 substrates	 reveals	

sustained	expression	of	the	pluripotency	marker,	Oct4	by	TERA2.cl.SP12	EC	cells.	Arrowheads	indicate	

cells	 in	Scaffold	culture	that	did	not	express	Oct4.	This	suggests	that	the	environment	presented	by	

the	use	of	all	 three	of	the	substrate	formats	has	the	potential	to	maintain	the	function	of	the	stem	

cell	populations.	Scale	bars:	100	μm.	PFA	fixed	and	paraffin	wax	embedded	sections.	
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3.4.1.5 Determination	of	a	substrate	topography	appropriate	for	the	long-term	maintenance	of	

PSCs		

	

Taken	together,	a	number	of	factors	have	been	explored	to	inform	upon	which	substrate	to	use	as	a	

potential	mediator	 of	 PSC	maintenance	 (summarised	 in	 Table	 3.1).	 Firstly,	 the	 substrates	 need	 to	

provide	 a	 3D	 construct	 to	 support	 the	 growth	 of	 the	 PSCs	 for	 their	 proposed	 enhanced	 cell	

performance.	This	was	demonstrated	through	the	H&E	staining	previously	shown,	where	cells	readily	

penetrated	 (Scaffold),	 or	 even	 spontaneously	 differentiated	 (formation	 of	 neural	 rosettes	 under	

high-density	conditions	in	Strata	and	Polaris	as	evident	in	Figure	3.9	E	&	F),	not	usually	characteristic	

of	growth	in	conventional	conditions,	and	showed	clear	interaction	with	the	underlying	substrate.	It	

is	vital	that	pluripotency	marker	expression	is	maintained	in	the	proposed	model,	and	use	of	all	three	

substrates	showed	positive	staining	for	a	key	marker	of	pluripotency.	Furthermore,	it	is	desirable	to	

achieve	a	system	in	which	cells	can	reside	in	close	proximity	to	each	other	as	opposed	to	spreading	

and	 flattening	 across	 the	 underlying	 2D	 substrate.	 PSCs	 are	 only	 able	 to	 self-renew	 in	 these	

conditions,	 otherwise,	 rapid	 spontaneous	differentiation	 can	occur.	 Strata	 and	Polaris	 are	 thus	 far	

good	 candidates	 as	 cells	 pack	 on	 top	 of	 the	 substrates,	 rather	 than	 penetrating	 and	 spreading	

throughout	the	voids	as	is	the	case	when	cultured	upon	Scaffold.	Finally,	cell	removal	is	an	important	

factor	with	the	ultimate	aim	of	the	model	being	continual	routine	passaging	of	the	cell	populations.	

As	demonstrated	in	the	previous	section,	this	was	only	possible	with	Strata	and	Polaris.	Additionally,	

only	complete	cell	removal	was	possible	using	Polaris	and	as	a	result,	was	next	considered	in	more	

detail	for	its	potential	to	support	the	enhanced	maintenance	of	PSCs.		

Table	 3.1	 Summary	 of	 findings	 to	 define	 a	 format	 of	 substrate	 for	 use	 in	 the	 culture	 of	 PSCs.			

Strengths	and	weaknesses	of	the	growth	substrates	for	key	features	required	 in	the	culture	of	PSCs	

and	 their	 ability	 to	 provide	 suitable	 physical	 cues.	 As	 a	 result,	 Strata	 and	 Polaris	 were	 the	 most	

suitable	candidates	for	use	in	TERA2.cl.SP12	cell	propagation	due	to	their	ability	to	allow	cell	culture	

at	 high	 density,	 with	 the	 greatest	 capacity	 for	 cell	 removal	 for	 subsequent	 growth.	 The	 substrate	

considered	first	was	Polaris,	due	to	its	capacity	for	complete	cell	removal.	

	

	

	

	

	

	

	

	

Alvetex®	substrate	 Scaffold	 Strata	 Polaris	

Provides	3D	construct	 �	 �	 �	

Pluripotency	markers	expressed	 �	 �	 �	

Cells	 allowed	 to	 grow	 in	 close	

proximity	

�	 �	 �	

Complete	cell	removal	possible	 �	 �	 �	

>80	%	cell	removal	possible	 �	 �	 �	
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3.4.2 Optimisation	of	a	protocol	for	the	long-term	maintenance	of	hEC	cells	upon	Polaris	

	

To	 this	 point,	 Polaris	 has	 been	 identified	 as	 a	 candidate	 for	 the	 maintenance	 of	 PSCs.	 As	

demonstrated	 in	 the	 previous	 section,	 there	 are	 a	 number	 of	 factors	 to	 be	 considered	 in	 the	

optimisation	of	any	protocol	using	Alvetex®.	As	stated	in	Chapter	2,	material	treatment	throughout	

the	remainder	of	this	work	is	wetting	using	70	%	EtOH,	due	to	the	ease	of	use,	cost,	and	access	to	

materials	 that	 are	 not	 always	 possible	 with	 plasma	 treatment.	 It	 has	 also	 been	 shown	 that	 cell	

removal	 ability	 differs	 between	 substrates,	 but	 the	 specific	 methods	 to	 achieve	 this	 should	 be	

optimised	for	the	cell	type	at	hand,	in	addition	to	the	initial	seeding	methods.		

	

3.4.2.1 Cell	seeding	and	removal	method	does	not	affect	cell	viability		

	

First	 to	consider,	was	the	method	by	which	cells	were	to	be	seeded	upon	Polaris.	Generally,	 there	

are	two	methods	to	achieve	cell	retention	on	the	substrates	termed	“concentrated”	and	“dispersed”	

seeding.	These	methods	are	outlined	 in	Figure	3.12	A,	and	vary	 in	 the	volume	 into	which	cells	are	

seeded	onto	the	substrates;	dispersed	seeding	involves	a	total	media	volume	of	9.5	mL	(6	well	plate	

format)	whereas	concentrated	uses	just	100	μL.	When	TERA2.cl.SP12	cells	were	seeded	upon	Polaris	

using	these	two	methods,	there	was	no	discernible	difference	in	cell	distribution,	as	visualised	using	

Neutral	 Red	 staining	 (Figure	 3.12	 B).	 Cells	 appeared	 to	 grow	 inconsistently	 across	 the	 substrates,	

generally	 in	small	colonies	packed	on	top	of	each	other,	 linked	together	by	monolayer	cell	growth,	

merging	in	areas	of	higher	cell	density.	Accordingly,	concentrated	seeding	was	employed	as	part	of	

this	protocol	in	the	hopes	that	cell	retention	would	be	more	consistent	with	a	lower	seeding	volume	

more	obviously	disconnected	from	the	outer	compartment	of	the	well.	

When	TERA2.cl.SP12	cells	were	seeded	using	this	method	their	capacity	for	removal	was	dependent	

upon	 the	method	 implemented.	 Two	methods	 of	 cell	 removal	were	 tested	 (Figure	 3.13);	 scraping	

and	 tituration,	 with	 varying	 incubations	 of	 0.25	 %	 trypsin	 EDTA	 (3,	 5	 and	 7	 minutes)	 as	 the	

dissociation	agent.	Scraping	 involved	 incubation	with	trypsin	with	agitation	on	a	shaker	at	37	°C	at	

100	rpm,	followed	by	the	manual	scraping	of	the	cells	from	the	membrane.	Tituration	involved	the	

same	trypsin	condition	with	agitation,	whereas	cells	were	simply	flushed	from	the	membrane.	First	

to	note	was	the	general	increase	in	cell	yield	after	flushing	cells	from	the	membrane	as	opposed	to	

scraping	(Figure	3.13	A);	between	0.5	million	and	0.925	million	cells	after	scraping	and	between	0.89	

million	and	1.87	million	cells	after	 flushing.	Cell	viability	 (Figure	3.13	B)	was	generally	higher	using	

the	tituration	method	(79-87	%),	 the	highest	viability	 (87	%)	was	produced	from	3	minutes	 trypsin	

incubation,	 whereas	 viability	 ranged	 62-70	 %	 after	 cell	 scraping.	 Taken	 together,	 a	 method	 of	 3	

minutes	trypsin	exposure	 (shaking	at	100	rpm	at	37	°C)	and	flushing	the	cells	 from	the	membrane	

was	implemented	when	passaging	TERA2.cl.SP12	cells	utilising	Polaris.	
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Figure	3.12.	 Seeding	method	does	not	affect	 cell	distribution.	 	There	are	 two	methods	of	 seeding	

cells	 onto	 Polaris;	 dispensing	 a	 100	 μL	 cell	 suspension	 directly	 onto	 a	 membrane	 (concentrated	

seeding);	or	adding	a	500	μL	cell	suspension	to	a	well	containing	10	mL	growth	medium	(dispersed	

seeding).	 Neutral	 Red	 staining	 reveals	 no	 obvious	 differences	 between	 seeding	methods	 using	 this	

format	of	EtOH	treated	Polaris,	with	similar	cell	distribution	across	the	membranes.	Scale	bars:	500	

μm.		
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Figure	 3.13.	 Cell	 removal	 method	 does	 not	 significantly	 affect	 cell	 recovery	 from	 Polaris.		

TERA2.cl.SP12	 EC	 cells	 were	 incubated	 for	 4	 days	 upon	 EtOH	 treated	 Polaris.	 Cells	 incubated	with	

trypsin	for	3,	5	or	7	mins	on	an	orbital	shaker	and	then	either	scraped	off	or	flushed	off	with	media	

from	the	membranes.	A	 final	protocol	of	3	mins	trypsin	 in	combination	with	 flushing	the	cells	 from	

the	inserts	with	medium	was	chosen	due	to	the	slight	observed	decrease	in	viability	after	this	point	

and	with	the	alternate	removal	method.	Data	are	mean	+	SEM,	total	n=7-9	from	3	independent	test	

occasions. 

	

3.4.2.2 Optimisation	of	cell	seeding	density	and	time	between	sub-cultures	is	required	to	

enable	cell	maintenance	upon	Polaris	

	

To	define	a	cell	maintenance	method	that	yielded	a	maximum	number	of	viable	cells,	the	effect	of	

cell	 seeding	density	was	 investigated.	 Cells	were	 cultured	 for	 2,	 3.5	or	 5	days	 at	 densities	 ranging	

from	0.25	to	1.5	million	cells/well	(Figure	3.14	A).	Cells	were	maintained	and	indeed	passaged,	for	all	

time	points	at	a	0.25	million	cell	per	well	 seeding	density,	and	at	5	days	 the	yield	was	on	average	

5.39-fold	 of	 that	 seeded	 (1.34	million	 cells).	 	 This	 increase	 in	 cell	 yield	was	 consistent	 for	 all	 time	

points	at	this	 lower	seeding	density;	1.1-fold	(0.35	million	cell	yield)	and	27.7-fold	(0.68	million	cell	

yield)	 increases	 after	 2	 and	 3.5	 days	 in	 culture,	 respectively.	 The	 yields	 gained	 from	 seeding	 0.5	

million	cells	were	similar;	 this	diminished	by	a	5-day	culture	period,	 to	on	average	1.2-fold	of	 that	

seeded	(0.58	million	cells).	Seeding	densities	at	1	million	cells	and	above	both	resulted	in	diminished	

cell	yield,	of	less	than	that	seeded	in	all	cases.	By	visualising	the	resultant	cell	populations	using	H&E	

staining	(Figure	18	B),	it	was	clear	that	the	higher	seeding	densities	(1	and	1.5	million)	were	likely	to	

have	 been	 too	 high,	 producing	 dense	 cell	 populations	 that	 were	 likely	 to	 be	 reduced	 in	 viability	

(Figure	3.14	B,	g-l,	accurate	measurements	were	not	possible	due	to	cell	detachment	during	culture).	

This	may	have	also	been	 the	case	with	 the	0.5	million	cell	 seeding	density,	however	after	 seeding	

0.25	million	cells	per	well	 there	was	a	gradual	 increase	 in	cell	density	with	minimal	 loss	visible,	as	

was	the	case	at	7	days	culture	time	with	the	alternative	conditions.		

Consequently,	a	seeding	density	of	0.25	million	cells	per	well	was	used	and	tested	for	the	ability	to	

allow	 cell	maintenance	 over	multiple	 passages	with	 the	 3.5	 day	 and	 5	 day	 passaging	 time	 points	
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(Figure	3.15	A).	At	P1,	the	number	of	cells	retrieved	after	3.5	days	was	approximately	equal	to	that	

inoculated	(0.28	M	cells),	and	this	only	increased	to	on	average	0.5	M	at	the	second	passage	(7	days	

total	 culture	 time	 in	 3D).	 When	 this	 was	 compared	 to	 passaging	 cells	 every	 5	 days,	 a	 striking	

difference	was	evident,	on	average,	2	M	cells	were	retrieved	at	passage	1	(8-fold	of	that	inoculated	

initially)	and	0.95	M	cells	at	passage	2	(3.8-fold	increase).	Observing	the	general	morphology	of	cells	

at	 the	 aforementioned	 stages	 of	 maintenance,	 there	 were	 again	 fewer	 cells	 upon	 the	 surface	 of	

Polaris,	which	were	not	as	densely	packed	as	those	cultured	for	5	days	(Figure	3.15	B,	a	&	d)	Taken	

one	step	further,	immunostaining	for	the	pluripotency	marker	Oct4	at	passage	1	using	both	of	these	

routines	 (Figure	 3.15	 B,	 b,	 c,	 e	 &	 f)	 suggested	 maintenance	 of	 expression,	 although	 there	 was	 a	

visible	increase	in	staining	intensity	using	the	5	day	passaging	method,	which	may	suggest	enhanced	

expression	and	pluripotency	(Figure	3.15	D).	This	demonstrated	the	ability	for	continual	propagation	

using	 a	 0.25	 M	 cell	 seeding	 density,	 propagating	 cells	 every	 5	 days	 with	 relatively	 high	 yield,	

maintaining	expression	of	a	key	marker	of	the	pluripotent	state.	

In	order	to	determine	whether	this	process	was	sustainable,	the	culture	method	was	tested	over	a	

number	of	passages	(Figure	3.16).	Using	the	previously	optimised	method	described	above,	cell	yield	

remained	 high	 across	 passages	 1	 to	 3,	 with	 between	 5	 and	 20-fold	 increases	 in	 cell	 numbers	

retrieved	 from	each	well	 (Figure	3.16	A).	Past	 this	point	 cell	 yield	dropped	continually	 to	P6,	after	

which	point	the	process	was	unable	to	continue	due	to	cell	recovery	being	lower	than	that	required	

to	 re-seed.	 In	 order	 to	 address	 this	 issue,	 an	 increase	 in	 seeding	 density	 at	 P3	was	 implemented,	

from	0.25	M	cells	to	0.5	M	cells	(Figure	3.16	B).	This	resulted	in	the	maintenance	of	cell	recovery	to	

P6,	comparable	to	that	achievable	previously,	with	cell	viability	consistently	exceeding	90	%	(Figure	

3.16	C).	

	

	

	

	

Figure	 3.14	 (overleaf).	 Defining	 an	 optimal	 seeding	 density	 and	 time	 point	 for	 the	 long-term	

maintenance	of	TERA2.cl.SP12	EC	cells	using	Polaris.	 	TERA2.cl.SP12	cells	were	 seeded	upon	EtOH	

treated	Polaris	 for	2,	3.5	or	5	days	at	densities	 varying	 from	0.25	 to	1.5	million	 cells	per	well	 and,	

after	 removal	 and	 counting	 using	 a	 combination	 of	 7	minutes	 trypsin	 EDTA	 and	 cell	 scraping,	 (A)	

expressed	 as	 a	 percentage	 of	 those	 seeded	 (dotted	 line	 =	 100	 %)	 and	 (B)	 visualised	 using	 H&E	

staining.	Greatest	cell	yields	were	observed	with	a	density	of	0.25	million	cells	and	at	3.5	and	5	day	

time	 points.	 Data	 are	 mean	 +	 SEM,	 total	 n=3	 from	 3	 independent	 test	 occasions.	 PFA	 fixed	 and	

paraffin	wax	embedded	sections	Scale	bars:	100	μm.		
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Figure	 3.15.	 Stem	 cell	 marker	 expression	 is	 retained	 after	 3.5	 and	 5	 day	 passaging	 routines.		

Immunostaining	 after	 3.5	 or	 5	 days	 of	 culture	 using	 Polaris	 reveals	 sustained	 expression	 of	 the	

pluripotency	marker,	 Oct4	 by	 TERA2.cl.SP12	 EC	 cells.	 Staining	 suggests	 greater	 expression	 after	 5	

days	 culture.	 Scale	bars:	100	µm.	Data	 represent	 total	n=3	over	3	 independent	 test	occasions.	PFA	

fixed	and	paraffin	wax	embedded	sections.	
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Figure	3.16.	Prolonged	culture	may	be	possible	upon	Polaris	with	an	increase	of	seeding	density	at	

P3.			A)	Using	a	0.25	M	cells/well	seeding	density	resulted	in	diminished	cell	yield	by	P6	after	passage	

every	5	days.	B)	By	increasing	the	seeding	density	to	0.5	M	cells/well	at	P3,	it	was	possible	to	prolong	

culture	at	cell	yields	at	least	4-fold	higher.	Data	are	mean	+	SEM,	total	n=3	on	1	test	occasion.	

Another	major	aspect	to	consider	in	the	optimisation	of	a	cell	culture	model	or	method	such	as	this	

was	that	of	media	replenishment;	as	the	initial	cell	attachment	and	removal	of	cells	not	adhered	to	

the	 substrate	 using	 this	 system	 is	 likely	 to	 affect	 stem	 cell	 phenotype.	 The	 effect	 of	 this	 on	 the	

system	 optimised	 thus	 far	 was	 tested	 by	 including	 a	 media	 and	 plate	 replenishment	 day	 1	 post-

seeding	 and	 estimating	 media	 quality	 through	 lactic	 acid	 build	 up,	 glucose	 consumption	 and	 pH.	

When	 media	 and	 substrate	 containing	 plates	 were	 changed	 on	 day	 1	 of	 culture,	 lactic	 acid	

concentration	in	the	medium	built	up	less	in	the	3D	condition	with	a	media	change	(Figure	3.17	A),	

suggesting	 less	 challenging	 growth	 conditions	 at	 day	 5.	 Similarly	 (Figure	 3.17	 B),	 glucose	

consumption	 in	the	media	was	reduced	 in	this	condition.	Finally,	growth	medium	pH	was	assessed	

(Figure	3.17	C),	resulting	in	an	overall	greater	decrease	in	pH,	however	in	a	more	controlled	manner	

(days	2-3	in	2D	see	a	rapid	drop	in	pH,	which	is	not	the	case	in	both	3D	conditions).	Assuming	these	

effects	are	a	result	of	removing	residual	cells	from	the	bottom	of	the	initial	well	(which	are	likely	to	

differentiate	at	low	density),	it	was	seen	favourable	to	include	this	step	in	the	passaging	protocol	for	

hEC	cells	in	3D.		

Figure	3.17	D	outlines	 the	 final	protocol	optimised	 for	 the	maintenance	of	TERA2.cl.SP12	hEC	cells	

upon	 Polaris.	 Cells	 are	 seeded	 in	 a	 concentrated	manner	 at	 a	 density	 of	 0.25	M	 cells/well	 (up	 to	

passage	3,	 0.5	M	 cells/well	 thereafter),	 at	 day	1	 the	 insert-containing	plate	 is	 changed	and	media	
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replenished	and	cultures	left	to	incubate	for	a	further	4	days.	At	this	point,	cells	can	be	passaged	by	

incubation	with	trypsin	and	flushing	 from	the	substrate,	before	re-seeding	onto	a	new	membrane.	

This	 process	 could	 then	 in	 principle	 be	 repeated	 for	 as	 many	 passages	 as	 desired	 to	 produce	

populations	of	3D	maintained	EC	cells.		

	

	

3.4.2.3 Technical	challenges	arise	during	the	maintenance	of	hEC	cells	upon	Polaris	

	

Although	it	was	clear	that	this	process	was	possible	and	could	yield	high	numbers	of	viable	cells	for	

further	 study,	 it	 is	 important	 in	 any	 novel	 method	 of	 cell	 cultivation	 to	 assess	 how	 robust	 and	

reproducible	 the	method	 is.	 	Overall	when	 the	 complete	process	was	 tested	on	 two	 separate	 test	

occasions	 cell	 yield	 was	 high	 and	 followed	 the	 growth	 pattern	 shown	 previously	 (Figure	 3.18).	

Viability	 (Figure	 3.18	 B)	 however	 was	 reduced	 in	 comparison	 to	 that	 previously	 demonstrated,	

towards	70	%	and	beyond	P5,	culture	was	rarely	possible.	

These	 inconsistencies	 are	 explored	 further	 in	 Figure	 3.18	 C,	 which	 outlines	 the	 cell	 yields	 from	 3	

passages	 over	 a	 range	of	 test	 occasions.	 It	was	 obvious	 that	 the	 spread	 in	 cell	 numbers	 retrieved	

from	the	substrate	was	extremely	large;	at	P1	the	range	of	cell	retrieval	was	from	a	minimum	of	0.24	

million	to	a	maximum	of	2.19	million	cells.	This	range	was	narrower	at	P2	and	P3,	however	strikingly	

there	 was	 a	 gradual	 reduction	 in	 cell	 yield	 to	 P3	 which	 tended	 to	 continue,	 preventing	 cell	

maintenance	easily	past	this	point.		

In	 addition	 to	 the	 variability	 in	 cell	 yield	 demonstrated	 above	 it	 was	 also	 important	 to	 note	 and	

explore	the	ease	at	which	this	was	possible.	As	made	clear	above,	the	process	was	limited	in	that	is	

was	deemed	to	be	not	a	robust	procedure,	gaining	variable	cell	yields	post-P3.	This	was	also	evident	

in	 the	growth	medium	colour,	with	 the	phenol	 red	 indicator	demonstrating	variable	exhaustion	of	

medium	 from	 well-well	 (Figure	 3.19	 A).	 There	 were	 also	 inconsistencies	 in	 the	 process	 of	 cell	

passaging	itself	(Figure	3.19	B	&	C).	Cells	were	removed	from	their	substrates	and	pooled	together	

before	centrifugation.	After	this	process,	cells	often	did	not	appear	to	have	formed	a	cell	pellet,	as	is	

conventionally	 seen	 and	 expected,	 instead	 leaving	 behind	 cell	 and	 likely	 substrate	 debris	 in	

suspension.	 This	was	not	 the	 case	exclusively,	however,	was	 common	enough	 to	note,	 and	 in	 this	

case,	requiring	two	centrifugation	steps	to	form	a	cell	pellet.	

Although	the	process	was	limited	in	its	ability	to	provide	a	robust	maintenance	method	for	hEC	cells,	

an	investigation	was	made	as	to	why	this	might	be	the	case.	Cell	morphology,	the	manner	in	which	

cells	grew	upon	the	substrate	and	their	likely	altered	differentiation	capacity	was	characterised.	
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Figure	3.17.	The	development	of	a	protocol	for	the	maintenance	of	hEC	cells	upon	Polaris.	 	A	-	C)	

Cells	were	 cultured	 upon	 Polaris	 for	 one	 passage	with	 and	without	 a	 change	 in	 plate	 and	 growth	

medium	at	 day	1.	 Lactic	 acid	 (A)	 and	glucose	 (B)	 concentrations	 in	 the	medium	were	measured	 in	

addition	to	pH	(C).	D)	This	resulted	in	the	final	method	for	the	maintenance	of	hEC	cells	upon	Polaris	

to	be	determined.	Data	represent	mean	+	SEM,	total	n=2-3	on	1	test	occasion.	
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Figure	 3.18.	 Cell	 maintenance	 using	 Polaris	 was	 possible	 but	 a	 variable	 process.	 Cells	 were	

maintained	 upon	 Polaris	 and	 passaged	 every	 5	 days,	with	 a	media	 and	 plate	 change	 on	Day	 1	 of	

culture.	Number	of	 cells	per	 insert	was	estimated	by	pooling	 cells	 retrieved	and	 taking	an	average	

dependent	upon	the	number	of	inserts.	Cell	yield	is	modest	with	variability	evident,	especially	at	P3.	

Data	represents	mean	+	SEM,	(A	&	B)	total	n=2	from	2	 independent	test	occasions.	 (C)	total	n=7-9,	

from	9	independent	test	occasions.	Data	represents	individual	data	points	with	line	at	mean	±	SEM.	

	

	

Figure	 3.19.	 Technical	 considerations	 of	 hEC	 cell	 propagation	 using	 Polaris.	 	 hEC	 cells	 were	

propagated	according	to	their	optimised	method	in	3D	for	5	days.	At	this	point	there	were	clear	well-

well	 variations,	 evidenced	 by	 differing	 media	 colours	 indicated	 through	 phenol	 red	 indicator	 (A).	

There	 were	 consistent	 difficulties	 in	 centrifuging	 the	 3D-maintained	 cells	 once	 removed	 from	 the	

substrate	(B	&	C)	with	cell	pellets	formed	after	2	centrifugation	steps	(in	this	case).	
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3.4.3 Characterisation	of	growth	and	phenotype	of	Polaris-maintained	TERA2.cl.SP12	cell	

populations	

	

3.4.3.1 TERA2.cl.SP12	cells	maintained	upon	Polaris	are	altered	in	their	morphology	and	

phenotype	

	

Initially,	 the	 morphological	 characteristics	 of	 the	 cells	 cultured	 in	 3D	 in	 comparison	 to	 their	 2D	

counterparts	 were	 determined.	 At	 the	 population	 level,	 morphology	 was	 assessed	 via	 H&E	 and	

Neutral	Red	staining.	After	one	passage,	it	was	clear	that	cells	spread	across	Polaris	(Figure	3.20	A,	B,	

E-G),	were	 viable,	 validated	 from	previous	 findings	 using	 TUNEL	 staining	 (Figure	 3.20	 C	&	D),	 and	

appeared	 to	 generally	 form	 more	 colonies	 than	 is	 usually	 seen	 with	 conventionally	 cultured	

counterparts	 (Figure	 3.20	 E-K).	 At	 higher	 magnification,	 single	 cells	 could	 start	 to	 be	 discerned,	

stretched	across	the	surface	of	Polaris	 in	some	areas	(Figure	3.20	I,	arrowhead),	and	packed	closer	

together	in	others	(Figure	3.20	I,	asterisk).	These	areas	resembled	the	expected	morphologies	from	

spontaneous	 neuronal	 and	 epithelial	 differentiation,	 respectively.	 Similarly,	 at	 a	 differing	 passage,	

cells	located	between	colonies	appeared	flattened	and	potentially	epithelial	in	appearance.	This	was	

also	reflected	in	the	transverse	plane,	after	H&E	staining	(Figure	3.20	J	&	K),	with	at	least	two	distinct	

populations	of	cells	present	(marked	with	arrowhead	and	asterisk).	Based	upon	morphology	alone,	it	

appeared	that	culture	upon	the	nano-topography	provided	by	Polaris	may	have	been	conducive	to	

cell	differentiation.	
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Figure	3.20.	Cell	population	morphology	adapts	after	culture	upon	Polaris.		H&E	staining	revealed	a	

mixed	 cell	morphology	with	 some	areas	of	 cell	 elongation	 (arrows)	and	others,	 cells	were	grouped	

together	and	were	tightly	packed.	Neutral	red	staining	of	whole	substrates	allows	the	visualisation	of	

cells	upon	Polaris.	A)	At	P1,	some	distinct	colonies	were	formed	with	the	majority	of	cells	spread	over	

the	surface	of	the	membrane.	Scale	bars:	100	μm.	PFA	fixed	and	paraffin	wax	embedded	sections.		
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3.4.3.2 TERA2.cl.SP12	cells	maintained	upon	Polaris	exhibit	altered	growth	profiles	

	

In	 order	 to	 determine	 any	 possible	 difference	 between	 the	 growth	 of	 TERA2.cl.SP12	 cells	 in	

conventional	culture,	or	upon	Polaris,	their	growth	profiles	were	assessed.	Cells	were	seeded	upon	

Polaris	using	the	optimised	protocol	and	cultured	for	up	to	5	days.	Each	day	cells	were	removed	from	

the	 substrates,	 again	 via	 the	 previously	 described	 optimised	method,	 and	 counted	 using	 a	 trypan	

blue	 exclusion	 assay.	 Population	 doubling	 times	 were	 then	 calculated	 as	 described	 in	 Chapter	 2.	

Overall	cell	yield	was	higher	in	the	conventional	condition	(Figure	3.21	A),	up	to	4	days	in	culture.	At	

day	5,	Polaris	cultures	may	have	begun	to	plateau	in	their	growth,	whereas	conventionally	cultured	

cells	 have	 decreased	 in	 number	 dramatically.	 When	 translated	 into	 population	 doubling	 times	

(Figure	3.21	B),	it	was	clear	that	cells	cultured	in	3D	had	an	increased	population	doubling	time	of	96	

h	in	comparison	to	51	h	when	conventionally	cultured,	meaning	that	growth	rate	was	reduced	as	a	

result	of	the	altered	substrate	topography.		

	

Figure	3.21.	Cell	population	doubling	times	increase	as	a	result	of	culture	upon	Polaris.		By	counting	

cells	via	Trypan	blue	exclusion	assay	it	was	possible	to	determine	the	cell	population	doubling	times	

by	 applying	 the	 following	 equation:	 DT=Tln2/ln(Xe/Xb),	 where	 DT=	 doubling	 time,	 T	 =	 incubation	

time,	Xe	=	Cell	number	at	end	of	culture,	Xb	=	Cell	number	at	the	beginning.	The	doubling	times	for	

cells	cultured	upon	Polaris	(96.4	h)	were	greater	than	those	in	2D	(51.6	h)	indicating	a	change	in	cell	

growth	 with	 their	 altered	 environment.	 Data	 are	 mean	 +	 SEM,	 total	 n=3-4	 formed	 from	 3	

independent	test	occasions.	
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3.4.3.3 Cell	pluripotency	appears	maintained	as	a	result	of	an	altered	microenvironment	

	

Cell	phenotype	was	assessed	through	a	number	of	methods,	 to	validate	morphological	 findings,	as	

isolating	large	numbers	of	replicate	data	sets	was	challenging	due	to	the	technical	 issues	described	

above.	 Initially,	 flow	 cytometry	 was	 completed	 for	 the	 pluripotent	 state-specific	 surface	 markers	

SSEA-3	and	TRA-1-60,	then	the	differentiation	marker	A2B5	(Figure	3.22	C	&	D).	Analysis	at	passage	1	

indicated	that	the	pluripotency	of	these	cells	was	overall	maintained,	with	the	maintenance	of	SSEA-

3	expression	(64	%	and	60	%	respectively).	TRA-1-60	expression,	however,	was	significantly	(P<0.05)	

reduced	 after	 3D	 culture	 (83	%	 compared	 to	 67	%).	 Additionally,	 there	 appeared	 to	 be	 a	 greater	

expression	 of	 A2B5	 in	 the	 Polaris-propagated	 cultures.	 In	 order	 to	 investigate	 further	markers	 of	

pluripotency	 to	validate	 this	 finding,	 immunostaining	 (Figure	3.22	B)	and	qPCR	 (Figure	3.22	A)	was	

completed	for	the	pluripotency	transcription	factors	Oct4,	Sox2,	and	Nanog.	Immunostaining	at	both	

P1	and	P2	suggested	maintenance	of	expression	of	these	key	markers,	in	the	cells	packed	on	top	of	

the	 substrate.	 The	 expression	 did	 not	 appear	 to	 be	 uniform	 throughout	 these	 cell	 populations.	

Towards	 the	centre	of	 the	populated	areas,	 staining	was	 less	 intense	and	 in	areas,	barely	present.	

Direct	 comparison	 to	2D	counterparts	 via	qPCR	 suggested	 that	 this	 level	of	 expression	was	 in	 fact	

reduced	in	the	3D	system,	with	regard	to	Sox2	and	Nanog.	Oct4,	on	the	other	hand,	demonstrated	

maintenance	of	expression	across	the	two	culture	methods.	

	

3.4.3.4 Cell	aggregation	is	diminished	after	cell	maintenance	upon	Polaris	

	

As	 the	expression	of	 key	markers	of	pluripotency	was	 variable,	with	enhancements	of	 cell	 surface	

markers	contrasting	with	reduced	 levels	of	key	transcription	 factors,	 the	 focus	was	directed	to	the	

manner	in	which	the	cells	aggregate,	as	a	measure	of	downstream	performance	in	a	rudimentary	3D	

organising	system.	Cells	were	allowed	to	aggregate	in	low-adherence	conditions	for	21	days	after	1,	

3	or	5	passages	in	conventional	culture,	or	using	Polaris	(shown	schematically	in	Figure	3.23	A).	The	

aggregate	 size	 was	 then	 quantified	 as	 a	 measure	 of	 their	 ability	 to	 form	 cell-cell	 contacts.	

Considering	morphology	 (Figure	 3.23	 B),	 those	 formed	 from	 cells	 cultured	 upon	 Polaris	 appeared	

more	regular,	with	fewer	aggregates	joining	together	(not	quantified)	potentially	preventing	further	

size	 increase.	 This	was	 consistent	 between	 each	passage.	Generally,	 cell	 aggregation	was	 reduced	

after	maintenance	upon	Polaris	at	all	tested	passages	(up	to	5,	Figure	3.23	C).	At	day	7	post-seeding,	

at	 both	 P1,	 3	 and	 5,	 aggregation	 appeared	 similar,	 with	 the	 aggregate	 area	 approximately	 equal,	

ranging	from	24282-46319	µm
2
.	At	P3	and	day	14	post-seeding,	Polaris-maintained	cells	aggregated	

to	 a	 greater	 extent,	 49331	 µm
2
	 (2D)	 compared	 to	 117415	 µm

2
	 (3D),	 although	 non-significant)	

diminishing	 to	 the	 previous	 pattern	 at	 21	 days	 post-seeding,	 194637	 µm
2
	 and	 155513	 µm

2
	

respectively.	After	5	passages	 in	3D,	 the	aggregate	size	was	consistently	 reduced	 in	comparison	to	

conventional	 culture,	 by	 21	 days	 149799	 µm
2	
and	 210514	 µm

2
,	 respectively.	 As	 a	 difference	 was	

visible	between	 the	 two	cell	populations,	how	 the	 reduced	capacity	 to	aggregate	 translates	 into	a	

characterised	model	of	3D	differentiation	was	next	considered.		
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Figure	3.22.	Characterisation	of	pluripotency	marker	expression	of	PSCs	cultured	upon	Polaris.			hEC	

cells	were	cultured	according	to	their	optimised	protocol.	(A)	qPCR	at	P1	for	the	pluripotency	markers	

Oct4,	 Sox2	 and	 Nanog,	 show	 maintained	 Oct4,	 but	 reduced	 Sox2	 and	 Nanog	 expression.	 (B)	

Immunostaining	 for	 the	 same	 markers	 reveals	 apparent	 maintained	 expression	 and	 (C)	 flow	

cytometry	 for	 cell	 surface	 markers	 at	 P1	 reveals	 maintained	 expression	 of	 SSEA-3	 and	 the	

SSEA3 TRA-1-60 
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differentiation	marker	 A2B5,	 and	 significantly	 reduced	 expression	 of	 TRA-1-60.	 (D)	 Representative	

histograms	 for	 all	 tested	 markers	 used	 for	 flow	 cytometry,	 gating	 as	 detailed	 in	 Chapter	 2.	 Data	

represent	mean	 +	 SEM,	 total	 n=3	 formed	 from	 1	 independent	 test	 occasion	 (A),	 total	 n=9	 formed	

from	3	 independent	 test	occasions	 (C).	 Statistical	 significance	denoted	**	P<0.05	as	determined	by	

two-way	ANOVA	with	Holm-Sidak’s	multiple	comparison	test.	Scale	bars	represent	50	µm.	PFA	fixed	

and	OCT	embedded	sections.		

	

	

Figure	3.23.	Cell	aggregation	is	reduced	after	maintenance	upon	Polaris.		TERA2.cl.SP12	cells	were	

cultured	 using	 their	 optimised	 methods	 in	 2D	 or	 3D	 and	 then	 transferred	 to	 low-adherence	 Petri	
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dishes	 for	 21	 days.	 Aggregate	 size	 was	 then	 recorded	 via	 phase	microscopy	 and	 quantified	 using	

ImageJ	 software.	 Data	 represents	 mean	 +	 SEM,	 total	 n=41	 aggregates	 from	 3	 independent	 test	

occasions.	Statistical	significance	(all	ns,	P>0.1)	as	determined	by	two-way	ANOVA	with	Holm-Sidak’s	

multiple	comparison	test.	Scale	bars:	200	µm.	

	

3.4.3.5 Differentiation	potential	is	not	enhanced	after	maintenance	upon	Polaris	and	the	

possible	selection	for	a	differentiated	cell	phenotype	

	

It	 was	 expected	 that	 by	 maintenance	 of	 TERA2.cl.SP12	 cells	 upon	 Polaris,	 an	 enhanced	 cell	

phenotype	 would	 be	 achieved,	 measurable	 by	 way	 of	 cell	 differentiation.	 A	 well-characterised	

method	of	this	[205]	is	the	formation	of	neurospheres	from	TERA2.cl.SP12	cells	by	aggregation	in	the	

presence	of	 retinoids	 (either	natural	or	 synthetic)	 for	up	 to	21	days.	These	neurospheres	are	 then	

characterised	by	 their	gradually	enhanced	expression	of	key	differentiation	markers	such	as	nestin	

and	TUJ-1.	hEC	cells	were	maintained	in	either	2D	or	3D	using	their	optimised	methods,	after	which	

they	 were	 allowed	 to	 aggregate	 in	 low-adherence	 Petri	 dishes	 in	 the	 presence	 of	 1	 µM	 EC23	

(photostable	 synthetic	 retinoid)	 for	 up	 to	 21	 days.	 Figure	 3.24	 A	 demonstrates	 this	 process,	 and	

when	considering	the	general	morphology	of	the	resultant	aggregates	there	were	great	similarities	

between	the	 two	populations,	and	neurospheres	 formed	 from	the	3D	condition	were	smaller,	and	

rounder	 (not	 quantified).	 When	 the	 internal	 structure	 was	 considered	 via	 H&E	 staining,	 the	

formation	 of	 neural	 rosettes	 was	 observed	 in	 both	 populations	 (Figure	 3.24	 B,	 asterisks).	 When	

stained	 for	markers	 of	 the	 expected	 differentiated	 cell	 lineages	 formed	 from	 this	 process	 (Figure	

3.25),	there	was	clear	expression	of	the	pan-neuronal	marker	TUJ-1	at	all	passages	tested.	After	2D	

culture,	 this	 expression	appeared	 throughout	 the	whole	of	 the	neurosphere,	but	 after	 3D	 culture,	

this	 seemed	 to	 be	 isolated	 largely	 to	 the	 periphery.	 As	 the	 cell	 populations	were	 shown	 to	 be	 of	

mixed	morphology	after	the	priming	process	in	3D,	the	alternative	main	route	of	differentiation	(i.e.	

epithelial)	was	tested	 in	this	system	by	 immunostaining	for	the	epithelial	marker	CK8.	 In	2D,	there	

was	generally	 low	expression	throughout	the	whole	of	 the	aggregates	tested,	whereas	 in	3D	there	

appeared	 to	be	more	 specific	 localisation.	By	passage	5	 this	 seemed	 to	 then	demonstrate	 specific	

neuroepithelial	 differentiation	 in	 distinct	 areas	 of	 the	 neurospheres,	 not	 observed	 in	 2D.	 As	 this	

observation	was	in	line	with	that	seen	during	the	priming	process,	that	there	may	be	an	increase	in	

the	 amount	 of	 differentiated	 (specifically	 epithelial)	 cells	 in	 the	 populations,	 and	 this	 was	

investigated	further	using	immunofluorescence.	Three	markers	of	cell	differentiation	were	assessed	

in	Polaris	maintained	TERA2.cl.SP12,	at	passage	1	and	2.	At	these	time	points,	samples	were	readily	

available	as	cell	recovery	was	relatively	robust,	and	any	selection	for	differentiated	cell	populations	

was	likely	to	originate	early	on	to	be	a	selective	and	gradual	process.	As	demonstrated	in	Figure	3.26,	

at	 passage	 1,	 cells	 expressed	 relatively	 high	 amounts	 of	 the	 early	 neuronal	 marker,	 nestin,	 and	

conversely	 low	 levels	 of	 the	 terminal	 differentiation	 markers	 TUJ-1	 (pan-neuronal)	 and	 CK8	

(epithelial).	 After	 just	 one	 passage,	 immunostaining	 suggested	 that	 nestin	 may	 be	 reduced	 in	 its	

expression	alongside	an	increase	in	the	differentiation	markers	TUJ-1	and	CK8.		
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Figure	3.24.	Neural	differentiation	can	be	demonstrated	in	cells	cultured	conventionally	and	upon	

Polaris.		Cells	were	propagated	according	to	their	optimised	methods	and	transferred	to	suspension	

culture	in	the	presence	of	EC23	for	21	days.	Samples	were	fixed	in	PFA,	wax	embedded	and	processed	

using	 H&E	 staining.	 Phase	 contrast	 micrographs	 of	 the	 resultant	 neurospheres	 suggest	 reduced	

aggregation	(a-c,	g-i),	as	previously	demonstrated	in	the	absence	of	morphogens,	with	neurospheres	

appearing	smaller	as	time	increases	in	3D	culture.	Throughout	all	conditions,	neural	rosettes	develop	

(d-f,	 j-l,	 indicated	by	*).	 Scale	bars	 represent:	 50	µm	 (B	a-c,	 g-i),	 100	µm	 (B	d-f,	 j-l).	 PFA	 fixed	and	

paraffin	wax	embedded	sections.	
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Figure	3.25.	Differentiation	marker	 expression	 in	2D	or	3D	 cultured	TERA2.cl.SP12	neurospheres.		

Cells	were	cultured	as	previously	described	and	resultant	samples	were	stained	for	the	differentiation	

markers	 TUJ-1	 (neuronal)	 and	 CK8	 (epithelial).	 TUJ-1	 expression	 appeared	 increased	 in	 the	 2D	

condition,	with	only	peripheral	expression	in	3D	at	passage	1,	increasing	through	to	the	neurosphere	

centre	 after	 passage	 2	 and	 diminishing	 at	 passage	 5.	 The	 converse	 was	 true	 for	 CK8,	 low	 in	 its	

expression	after	culture	in	2D,	however	increasing	in	prevalence	in	3D,	suggesting	potential	increased	

neuroepithelial	differentiation	after	3D	culture.	Scale	bars	represent:	200	µm.	PFA	fixed	and	paraffin	

wax	embedded	sections.		 	
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Figure	3.26.	Polaris	propagated	hEC	cells	may	express	increased	differentiation	markers	after	just	

one	 passage	 in	 3D.	 	 Cells	 were	 propagated	 upon	 Polaris	 according	 to	 the	 previously	 described	

method,	fixed	in	PFA	and	embedded	in	wax.	Immunostaining	for	three	differentiation	markers;	nestin	

(early	 neuronal),	 TUJ-1	 (pan-neuronal)	 and	 CK8	 (epithelial),	 suggest	 that	 cells	 may	 be	 expressing	

increased	differentiation	markers	 after	 just	 1	 passage.	 Scale	 bars	 represent:	 50	µm.	PFA	 fixed	and	

paraffin	wax	embedded	sections.		 	
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3.4.3.6 The	use	of	a	small	void	size	polyHIPE	substrate	to	support	the	enhanced	differentiation	

potential	of	hEC	cells	

	

Taken	together,	 the	use	of	Polaris	as	a	nano-topography	substrate	was	explored	 for	 the	 long-term	

culture	of	hEC	cells	 for	enhanced	differentiation	potential,	 the	 results	of	which	are	 summarised	 in	

Table	3.2.	This	process	was	optimised	through	a	number	of	key	steps.	Seeding	method	did	not	affect	

cell	distribution	(Figure	3.12)	and	for	this	reason	a	concentrated	method	was	employed.	Cells	were	

removed	via	flushing	from	the	membrane	after	7	minutes	incubation	in	trypsin	EDTA;	the	condition	

providing	the	highest	cell	yields	and	viability	(Figure	3.13).	A	seeding	density	of	0.25	million	cells	was	

used	(Figure	3.14),	needing	to	be	increased	to	0.5	million	cells	at	P3	(Figure	3.16).	This	appeared	to	

maintain	 pluripotency	marker	 expression	 short	 term	 (at	 the	 first	 passage),	 past	 this	 point	marker	

expression	 appeared	 to	 decrease	 (Figure	 3.22).	 In	 terms	 of	 cell	 differentiation	 capacity,	 cell	

aggregation	was	 reduced	after	 long-term	passaging	upon	Polaris	 (Figure	3.23).	 Furthermore,	 there	

was	 evidence	 of	 enhanced	 differentiation	 marker	 expression	 after	 2	 sequential	 passages	 upon	

Polaris	(Figure	3.26).	Furthermore,	this	process	was	not	robust	(Figure	3.19),	providing	variable	cell	

yields,	likely	as	a	result	of	this	potential	spontaneous	differentiation.	Consequently,	Polaris	was	not	a	

suitable	 culture	 substrate	 for	 the	 long-term	maintenance	 of	 PSCs,	 as	 had	 been	 previously	 proved	

with	the	mixed-topography	Strata.	

	
	

Table	 3.2	 Summary	 of	 findings	 for	 the	 development	 of	 a	 long-term	 propagation	 protocol	 in	 3D	

using	 polyHIPE	 substrates	 of	 differing	 topography.	 Strengths	 and	 weaknesses	 of	 the	 three	

considered	substrates	in	the	context	of	their	use	as	mediators	of	PSC	culture.	As	a	result,	Polaris	and	

Strata	 are	 able	 to	 support	 long-term	 culture,	 however	 culture	 upon	 Polaris	 does	 not	 result	 in	 an	

enhanced	differentiation	potential	as	originally	hypothesised.	

Alvetex®	Substrate	 Scaffold	 Strata	 Polaris	

Supports	culture	of	PSCs	 �	 �	 �	

Long-term	propagation	possible	 �	 �	 �	

Robust	methodology	demonstrated	 -	 �	 �	

Pluripotency	markers	maintained	

short	term	

-	 �	 �	

Pluripotency	markers	maintained	

long	term	

-	 �	 �	

Enhanced	differentiation	potential	 -	 �	 �	
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3.5 Discussion	

	

This	chapter	set	out	to	determine	the	effects	of	substrate	topography	on	the	growth	of	PSCs	in	the	

context	 of	 their	 utilisation	 for	 enhanced	 function	 (i.e.	 differentiation).	 Environmental	 cues	 were	

described	 as	 one	of	 the	 factors	 that	 need	 to	 be	 considered	 in	 order	 to	 develop	methods	 to	 drive	

forward	 regenerative	 medicine	 [211].	 Alvetex®	 provides	 a	 tool	 in	 which	 to	 investigate	 this;	 it	 is	

produced	 from	 the	 same	 material	 as	 most	 TCPs	 (polystyrene),	 allowing	 the	 effect	 of	 substrate	

topography	 or	 the	 physical	 environmental	 cues	 to	 be	 considered	 primarily.	 Outlined	 in	 Figure	 3.1	

was	the	experimental	approach	for	this	study;	the	effect	of	substrate	topography	on	cell	growth	was	

to	be	assessed	resulting	in	the	optimisation	of	a	method	for	the	continuous	culture	of	TERA2.cl.SP12	

EC	cells.	Accordingly,	 the	structure	and	topography	of	the	available	substrates	were	assessed,	how	

the	behaviour	of	cells	 in	these	substrates	can	vary	with	topography	and	be	different	depending	on	

the	cell	type	at	hand,	and	how	this	can	inform	to	develop	a	method	by	which	to	enhance	pluripotent	

cell	differentiation	through	the	integration	of	these	topographical	cues.	This	discussion	will	establish	

whether	an	altered	substrate	 topography	may	be	able	 to	 support	 these	 ideas,	and	how	successful	

this	 may	 be	 for	 the	 culture	 of	 PSCs	 and	 will	 place	 this	 work	 in	 the	 context	 of	 the	 very	 rapidly	

expanding	field	of	PSC	maintenance	in	3D.	

	

	

3.5.1 The	structure	of	Alvetex®	membranes	

	

As	introduced	at	various	stages	throughout	this	chapter,	Alvetex®	is	a	polyHIPE	substrate	and	there	

are	3	formats	of	this	differing	by	their	void	sizes,	ranging	from	2-40	µm.	This	chapter	first	set	out	to	

characterise	the	microstructure	of	these	substrates	and	to	determine	the	types	of	topography	they	

provided.	 Initially,	 the	 structure	was	 visualised	 by	 SEM	 and	 from	 that	 void	 size	 quantified	 (Figure	

3.3).	The	values	measured	reflected	that	reported	by	ReproCELL	Europe	Ltd.,	and	their	provided	data	

allowed	the	calculation	of	interconnect	size;	15	µm,	3	µm	and	0.6	µm	respectively	(Figure	3.3),	which	

again	aligned	with	the	available	commercial	data.	The	stark	differences	in	structure	may	be	expected	

to	 change	 porosity	 and	 growth	 medium	 availability	 to	 the	 cultured	 cells,	 however,	 although	 not	

measured	 here,	 the	 porosity	 of	 Alvetex®	 formats	 is	 stated	 to	 be	 >	 90	 %	 from	 the	 available	

information	[212,213],	and	this	 is	 the	case	across	all	 the	 formats.	Combined	with	the	 fact	 that	 the	

material	 is	made	 from	polystyrene,	 the	 same	material	 as	 conventional	 TCPs,	 the	effects	described	

here	are	exclusively	due	to	the	topography	caused	by	the	differing	structures	of	the	three	formats.	A	

major	advantage	of	using	polyHIPEs	in	comparison	to	the	major	competing	electrospinning	method	

is	 the	 reproducibility	 with	 which	 scaffolds	 can	 be	 produced,	 a	 major	 issue	 in	 the	 use	 of	 such	

substrates	for	cell	maintenance	[214].	Although	the	voids	of	polyHIPEs	are	random	in	their	formation	

as	an	emulsion,	there	is	a	finite	variation	in	the	void	sizes,	as	demonstrated	here;	the	larger	the	void	

size	the	greater	the	variation.	This	is	the	inherent	variation	in	the	production	method,	although,	the	

ability	to	replicate	this	across	a	range	of	tested	batches	(those	tested	here	were	certainly	far	more	
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recent	 batch	 productions	 than	 those	 documented	 in	 the	 commercialised	 product	 information)	 is	

evident.	

The	 topographies	 of	 the	 three	 formats	were	 assessed	 using	 optical	 profilometry	 (Figure	 3.4);	 this	

method	 is	 based	 upon	 mapping	 the	 wavelength	 of	 reflected	 light	 from	 a	 300	 µm
2
	 area	 of	 the	

substrates	and	attributing	that	to	a	specific	height.	This	allowed	the	different	depths	of	the	voids	to	

be	visualised	alongside	 traces	of	 the	surface	or	 the	 topography.	As	expected,	 the	height	of	 the	2D	

substrate	(TCP)	was	completely	flat	and	undetectable	using	this	method.	This	was	similar	to	the	case	

with	Polaris;	the	substrate	raised	 in	places	from	0	µm	to	approximately	10	µm,	however	 individual	

pores	could	not	be	resolved,	making	it	more	comparable	to	the	2D	condition	at	the	nanoscale	

To	improve	on	this	low	resolution,	an	alternative	approach	was	considered.	AFM	was	utilised	for	the	

same	 purpose	 (data	 not	 shown),	 however,	 this	 uses	 a	 cantilever	 attached	 to	 a	 tip	which	 exerts	 a	

known	 force	 upon	 the	 sample	 to	 determine	 structural	 characteristics.	 Due	 to	 the	 rough	 surface	

provided	 by	 the	 sectioning	 of	 the	 scaffolds,	 the	 tips	 tested	 often	 caught	 on	 the	 material	 which	

rendered	the	data	unusable	as	the	resolution	of	more	than	part	of	a	single	void	was	not	possible.	For	

sectioned	polyHIPE	scaffolds,	optical	profilometry	was	 the	only	viable	option	to	determine	relative	

topographies	on	a	scale	large	enough	to	map	a	number	of	features.	

Nevertheless,	 optical	 profilometry	has	been	used	a	number	of	 times	 in	 the	 context	of	 cell	 growth	

substrates.	 Synthetic	HEMA-EDMA	 surfaces	 for	 the	 culture	 of	 PSCs	were	mapped	 and	 categorised	

according	to	their	topographies;	mixed	micro-nano,	nano	topographies	and	smooth	surfaces	[175],	

and	this	 is	also	the	case	for	the	substrates	presented	here,	although	areas	mapped	in	this	 instance	

are	greater	than	those	recorded	from	the	cited	study	(300	µm
2
	as	opposed	to	20-100	µm

2
),	reflecting	

the	 larger	 scale	 of	 features	 here.	 Scaffold	 demonstrated	 topographical	 features	 of	 20-40	 µm	 and	

could	be	categorised	as	a	micro-	range	topography	substrate,	Strata	varies	around	the	baseline	up	to	

10	 µm	 and	may	 be	 seen	 as	 a	 mixed	micro/nano-	 range	 topography	 substrate,	 whereas	 Polaris	 a	

nano-range	topography.	

To	 confirm	 that	 the	 materials	 retained	 the	 same	 stiffness	 as	 TCP,	 AFM	 was	 utilised	 on	 smaller	

portions	 of	 the	materials	 (Figure	 3.5).	 This	 resulted	 in	 the	 quantification	 of	 comparable	 substrate	

stiffnesses	to	TCP,	in	the	GPa	range.	This	has	been	previously	suggested	to	be	the	estimated	order	of	

magnitude	 for	 TCP	 in	 a	 number	 of	 studies	 [215,216].	 Therefore,	 the	 stiffness	 of	 the	 substrates	

exposed	to	the	cells	equates	to	that	of	conventional	methods,	validating	the	use	of	this	system	as	a	

method	 to	 just	 alter	 topography.	 This	 may	 not	 take	 into	 account,	 however,	 the	 stiffness	 of	 the	

substrates	as	a	whole.	Using	polydimethylsiloxane	as	a	growth	substrate,	and	varying	 the	stiffness	

through	 alternate	 cross-linking,	 independent	 groups	 have	 suggested	 that	 increases	 in	 whole	

substrate	 stiffness	 affect	 ESC	 growth	 in	 a	 number	 of	 ways	 [217,218].	 Cells	 demonstrated	 greater	

levels	 of	 spreading	 across	 the	 substrates	 in	 the	 former	 study,	 as	 well	 as	 differentiation	 marker	

expression	in	both.	
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3.5.2 The	effect	of	topography	on	cell	growth	

	

To	determine	the	effect	that	these	topographies	had	on	cell	behaviour,	a	number	of	cell	 lines	with	

varying	 morphologies	 in	 conventional	 culture	 were	 cultured	 using	 Scaffold	 or	 Strata	 (Figure	 3.6).	

Polaris	 was	 not	 considered	 here,	 as	 the	 ultimate	 aim	 of	 this	 study	was	 to	 determine	 a	 substrate	

amenable	to	continual	cell	maintenance;	Polaris	with	its	2	µm	void	size	would	not	allow	for	any	cell	

penetration	independent	of	cell	type	and	so	would	not	be	informative	in	this	context.	Nevertheless,	

three	 cell	 types	 were	 considered,	 from	 relatively	 diverse	 tissue	 types;	 TERA2.cl.SP12	 EC,	 NIH-3T3	

mouse	 embryonic	 fibroblasts,	 and	 A549	 epithelial	 adenocarcinoma	 cells.	 When	 cultured	 using	

Scaffold	and	Strata	there	are	a	number	of	observations;	the	EC	cells	tend	towards	growing	at	the	top	

of	 the	 scaffolds,	 with	 minimal	 penetration.	 The	 fibroblasts,	 however,	 appeared	 to	 penetrate	 and	

spread	 throughout	 the	 scaffolds,	 whereas	 the	 epithelial	 cells	 were	 somewhere	 in	 between	 both	

behaviours.	 Indeed,	Scaffold	has	been	used	to	support	 the	growth	of	a	number	of	 fibroblast	 types	

(for	the	development	of	human	skin	equivalents)	as	a	result	of	their	propensity	to	fully	populate	the	

substrate,	 secreting	 large	 amounts	 of	 ECM	 akin	 to	 the	 dermis	 of	 skin	 [219,220].	 Scaffold	 has	 also	

been	used	for	the	culture	of	hepatocytes,	which	are	again	able	to	penetrate	the	width	of	the	growth	

substrate	[213],	and	this	is	also	the	case	for	osteoblasts,	dependent	upon	the	surface	properties	of	

Scaffold	[190].	Caco-2	epithelial	cells	have	been	shown	to	be	minimally	 invasive	upon	Scaffold	(see	

application	 note	 AN-SC-07	 available	 from	 www.reinnervate.com),	 akin	 to	 the	 situation	 presented	

here.	Concerning	cell	behavior	upon	Strata	TERA2.cl.SP12	EC	cells	have	been	shown,	as	part	of	their	

propagation	development,	 to	minimally	migrate	 into	 the	 substrate	 (see	application	note	AN-ST-02	

available	from	www.reinnervate.com),	as	demonstrated	here.	It	was	therefore	clear	that	topography	

affects	cell	distribution	and	this	is	a	consideration	in	the	context	of	cell	maintenance.	A	balance	must	

be	struck	between	the	interaction	of	cells	possible	with	the	substrate,	and	the	ability	to	remove	the	

cells	for	continued	growth.	

	

3.5.3 Suitability	of	the	growth	substrates	for	the	long-term	maintenance	of	EC	cells	

	

As	 cell	 behaviour	 varied	 dependent	 upon	 topography,	 the	 behaviour	 of	 EC	 cells	 upon	 all	 three	

formats	 (Figure	 3.7)	was	 considered,	 in	 the	 context	 of	 the	 ability	 to	 remove	 them	 for	 subsequent	

maintenance.	 As	 previously	 shown,	 upon	 Scaffold	 cells	 penetrated	 some	 way	 through	 the	

membrane,	upon	Strata	 there	were	only	a	 few	cells	 that	migrated	 through	the	substrate,	whereas	

with	Polaris	no	cells	migrated,	leaving	a	thick	multi-layered	mass	of	cells	at	the	3D	interface.	Growth	

profiles	were	quantified	 first	by	MTT	assay	 (Figure	3.8).	The	most	obvious	observation	was	 that	of	

slowed	cell	metabolism	upon	the	3D	substrates,	in	all	cases.	As	is	characteristic	of	growth	in	2D,	the	

exponential	phase	of	growth	appeared	less	obvious	in	the	3D	conditions.	Of	note,	the	culture	of	cells	

upon	Scaffold	and	Strata	both	resulted	in	similar	profiles,	however,	this	was	diminished	with	the	use	

of	Polaris.		



121	
	

In	general,	most	culture	methods	 incorporating	alternative	 topographies	 in	3D,	of	which	 there	are	

now	many,	result	 in	altered	PSC	growth	rates.	One	example	demonstrated	that	mESCs	cultured	on	

PET	matrices	increased	in	their	growth	rate	by	an	expansion	of	10-fold	in	cell	growth	in	comparison	

to	6-fold	 in	2D	[187].	Further	to	this,	Maldonado	et	al.	noted	an	effect	on	proliferation	dependent	

upon	 substrate	 stiffness	 [221].	 This	 was	 an	 effect	 seen	 here	 with	 growth	 upon	 smaller	 void	

size/topography	 (Polaris)	 resulting	 in	 slower	 cell	 growth,	however	 in	 the	 study,	unfortunately,	 this	

was	not	compared	to	the	2D	condition.	This	was	also	the	case	when	porous	chitosan,	collagen	and	

PGLA	scaffolds	were	tested	for	supporting	the	growth	of	DM2	mES	cells.	Cell	growth	was	relatively	

equal	 across	 the	 different	 scaffold	 types,	 however	 also	 shown	 was	 the	 greater	 proportion	 of	 3D	

cultured	cells	residing	in	the	G0/G1	growth	phase	in	comparison	to	2D.	Another	study	that	did	show	

a	direct	comparison,	using	hydrogels	as	a	scaffold	upon	which	to	culture	mESCs	resulted	in	a	modest	

increase	 of	 cell	 number	 in	 comparison	 to	 gelatin-coated	 polystyrene	 (approximately	 750000	

cells/cm
2
	in	3D	compared	to	600000	cells/cm

2
),	and	a	similar	result	was	reported	using	atelocollagen	

“sponges”	 [222].	 However,	 there	 are	 studies	 that	 do	 show	 the	 converse	 pattern	 exhibited	 in	 this	

study.	When	mESCs	were	cultured	by	encapsulation	in	self-assembling	polymer	scaffolds,	equal	cell	

yields	 (of	 approximately	 90	million	 cells/mL)	were	 reached	 after	 2.5	 days	 in	 conventional	 culture,	

taking	 10	 days	 to	 reach	 approximately	 the	 same	 in	 3D.	 From	 these	 studies,	 and	 others	 not	

mentioned	here	for	brevity,	it	is	relevant	to	note	that	the	greatest	changes	seem	to	occur	when	the	

physical	properties	of	the	scaffolds	are	altered,	as	opposed	to	solely	chemical	modifications.	

Indeed,	 as	 these	 studies	 also	 demonstrate,	 substrate	 functionalisation	 is	 an	 important	 factor	

controlling	cell	growth.	In	the	case	of	polyHIPEs,	prior	to	treatment,	they	are	hydrophobic,	which	for	

obvious	reasons	can	hamper	cell	 interaction	with	the	underlying	material.	It	was	set	out	to	explore	

this	 further;	whether	 treatment	of	 the	membranes	or	 lack	 thereof,	 alters	 the	manner	 in	which	EC	

cells	behaved	during	culture.	 If	so,	what	 is	 the	 importance	for	their	potential	propagation?	Results	

from	this	assessment	are	depicted	in	Figure	3.9.	Tested	were	no	treatment,	i.e.	seeding	cells	onto	a	

“dry”	 membrane,	 70	 %	 ethanol	 wetting,	 a	 method	 that	 draws	 liquid	 through	 the	 membrane	 as	

previously	 described,	 and	 finally	 chemical	 modification	 through	 oxygen	 plasma	 treating,	 being	 a	

deposition	of	charge	upon	the	surface	of	the	membranes	to	chemically	attract	water.		

As	 expected,	 without	 treatment,	 growth	 media	 forms	 droplets	 upon	 the	 material	 surface.	 When	

translated	 into	 the	 cell	 culture	 environment	 this	 dramatically	 reduced	 the	 cell	 penetration	 in	 all	

three	substrates.	As	cells	aggregated	to	a	much	greater	extent,	there	was	evidence	of	spontaneous	

differentiation	upon	both	Strata	and	Polaris	(Figure	3.9	E	&	F),	by	the	formation	of	neural	rosettes.	

When	 the	 materials	 were	 treated	 with	 Ethanol,	 there	 was	 more	 cell	 penetration,	 however,	 cells	

tended	towards	growth	 in	 the	top	portions	of	 the	substrates.	This	suggests	 that	although	media	 is	

drawn	through	the	material,	the	cells	merely	settle	into	the	scaffold	as	opposed	to	being	chemically	

attracted,	which	conversely	may	be	the	case	with	plasma	treatment.	In	this	condition,	cells	cultured	

upon	Scaffold	penetrated	 the	width	of	 the	membrane,	whereas	with	 Strata	 and	Polaris	 there	was	

minimal	and	no	cell	penetration	again.		
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The	 surface	 modifications	 of	 polyHIPEs	 are	 not	 limited	 to	 only	 rendering	 them	 hydrophilic;	 such	

scaffolds	 can	 be	 “functionalised”	 in	 a	 number	 of	 ways.	 Hayward	 et	 al.	 in	 two	 studies	 sought	 to	

functionalise	Scaffold	with	both	galactose	[209]	and	acrylate	[176]	with	respect	to	enhancement	of	

hepatocyte	culture.	The	result	of	this	in	the	former	was	enhanced	albumin	production,	and	the	latter	

demonstrated	successful	cell	adhesion.	As	a	result	of	this,	the	approach	taken	forward	in	this	study	

was	that	of	70	%	EtOH	treatment	of	the	membranes	prior	to	use.	This	 is	widely	available	 in	all	cell	

culture	 facilities,	 there	 is	 no	 chemical	 modification	 of	 the	 growth	 surface,	 and	 no	 evidence	 of	

spontaneous	differentiation.	

Topography	 and	 surface	 treatment	 affected	 the	manner	 in	 which	 cells	 grew	 upon	 the	 substrates	

after	 seeding.	 How	 this	 affected	 their	 capacity	 for	 subsequent	 removal	 (Figure	 3.10),	 again	 in	 the	

context	 of	 consideration	 of	 the	 substrates	 for	 cell	 maintenance,	 was	 then	 explored.	 As	 may	 be	

expected,	the	ability	for	removal	was	a	function	of	void	size	and	topography;	with	larger	void	sizes	

came	 more	 difficulty	 in	 obtaining	 complete	 cell	 removal.	 This	 was	 not	 possible	 with	 Scaffold,	

however,	 >	 90	 %	 cell	 removal	 was	 possible	 from	 Strata	 and	 Polaris,	 both	 advantageous	 when	

considering	the	need	to	remove	cells	for	propagation.	If	Scaffold	were	to	be	used,	then	there	may	be	

a	need	for	multiple	exposures	to	proteolytic	enzymes	in	order	to	increase	cell	yield,	as	suggested	by	

Hayward	et	al.	specifically	with	reference	to	Alvetex®	[213].	

Finally,	 to	 complete	 an	 initial	 characterisation	 of	 the	 substrates,	 it	 was	 important	 to	 begin	 to	 be	

aware	of	the	capacity	to	maintain	pluripotency	from	an	early	stage.	This	was	demonstrated	in	Figure	

3.11	 through	 immunostaining	 for	 the	 pluripotency	marker	 Oct4.	 The	marker	was	 expressed	 in	 all	

conditions	as	well	as	during	conventional	2D	culture,	and	 this	was	exclusively	 the	case	with	Strata	

and	 Polaris.	 However,	 upon	 Scaffold,	 although	 the	 majority	 of	 cells	 maintained	 their	 expression,	

there	were	several	cells	(marked	in	Figure	3.11	C)	not	stained;	suggesting	they	were	differentiating	

or	differentiated.	These	cells	are	ones	that	had	penetrated	into	the	scaffold,	raising	the	question	of	

this	topography	(i.e.	microscale)	being	conducive	to	EC	cell	differentiation.	

Considering	 the	points	discussed	 thus	 far,	 it	was	clear	 that	both	substrate	 topography	and	surface	

treatment	 affect	 EC	 cell	 growth	 in	 3D.	 In	 addition,	 this	 resulted	 in	 a	 differential	 ability	 for	 cell	

removal	and	stem	cell	marker	expression.	As	outlined	in	Table	3.1,	both	Strata	and	Polaris	provided	

environments	 that	 demonstrated	 promise	 for	 the	 maintenance	 of	 EC	 cells.	 They	 maintained	

pluripotency	marker	 expression,	 allowed	 cells	 to	 grow	 in	 close	 proximity,	 and	 high	 proportions	 of	

cells	could	be	removed	for	subsequent	re-seeding.	Taken	together,	due	to	the	fact	that	complete	cell	

retrieval	 was	 possible	 from	 Polaris,	 this	 substrate	 was	 next	 considered	 as	 the	 most	 promising	

candidate	for	the	maintenance	of	EC	cells	in	3D.		
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3.5.4 Development	of	a	novel	protocol	for	the	long-term	maintenance	of	EC	cells		

	

As	Polaris	had	not	previously	been	used	for	the	culture	of	cells,	it	was	vital	to	carefully	optimise	the	

parameters	 that	would	 form	 the	protocol	 for	 cell	maintenance;	 this	 involved	cell	 seeding	method,	

duration	 and	 cell	 removal	 method.	 These	 are	 all	 well-known	 factors	 that	 are	 paramount	 to	

maintaining	cell	vitality;	Freshney	[223]	outlined	these	in	detail	forming	the	basis	of	any	monolayer	

cell	 culture	 system.	 To	 be	 considered	 for	 subculture	 the	 following	 must	 be	 taken	 into	 account;	

density	 of	 culture,	 exhaustion	 of	medium,	 time	 since	 the	 last	 subculture,	 requirements	 for	 other	

procedures	(i.e.	3D	substrate	in	this	case).	In	doing	so,	first	to	consider	is	the	method	by	which	cells	

could	be	seeded	to	Polaris.	

Cell	 seeding	 can	 be	 conducted	 in	 one	 of	 two	ways	 upon	Alvetex®	 as	 outlined	 in	 Figure	 3.12	 (and	

described	 on	 the	 manufacturer’s	 website);	 concentrated	 and	 dispersed.	 The	 effect	 of	 this	 was	

assessed	by	Neutral	Red	staining	to	assess	general	cell	distribution.	Both	methods	resulted	 in	cells	

being	retained	on	the	Polaris	membranes,	however,	there	was	no	discernible	difference	between	the	

two.	 It	 was	 decided	 that	 concentrated	 seeding	 would	 be	 used	 to	 reduce	 any	 possible	 cell	 loss	

associated	with	seeding	in	the	larger	volume.		

The	method	of	cell	removal	was	next	optimised	by	testing	both	scraping	and	tituration	(flushing)	in	

combination	 with	 trypsin	 EDTA	 incubation	 at	 varying	 time	 points	 (Figure	 3.13).	 By	 counting	 the	

number	 of	 cells	 removed,	 a	 varied	 response	 was	 evident	 demonstrating	 no	 significant	 difference	

whether	mechanical,	enzymatic	or	a	combination	of	both	were	conducted.	This	was	the	same	for	cell	

viability,	although	in	general,	this	was	higher	when	scraping	was	avoided.	 It	was	therefore	decided	

that	mechanical	scraping	of	cells	would	not	be	undertaken,	so	as	to	avoid	introducing	any	avoidable	

stress	upon	the	cells.	It	has	been	previously	shown	that	cell	scraping	can	lead	to	plasma	membrane	

damage	 in	addition	to	reduced	viability	 in	comparison	to	enzymatic	methods	of	dissociation	 [224].	

Instead,	a	method	whereby	the	medium	was	flushed	over	the	insert	was	used	in	addition	to	3	min	

enzymatic	digestion	in	order	to	gain	a	single	cell	suspension	for	further	use	with	minimal	proteolytic	

exposure.	There	have	been	a	number	of	concerns	with	the	retrieval	of	cells	from	3D	models,	mainly	

in	 that	 it	 is	 a	 challenging	process,	 summarised	well	 by	Hayward	et	 al.	 [213].	 This	 is	 because	most	

substrates	cannot	be	easily	disrupted	due	to	their	crosslinked	nature.	Of	course,	there	are	models	in	

which	complete	retrieval	is	possible.	Hydrogels	show	a	major	advantage	in	this	context;	as	just	one	

example,	cells	cultured	upon	PNIPAAm	hydrogels	were	shown	to	be	detached	from	the	substrate	by	

a	 decrease	 in	 temperature	 from	 37	 ˚C	 to	 25	 ˚C	 [225].	 Indeed,	 the	 small	 void	 size	 of	 Polaris	 was	

engineered	 with	 this	 issue	 of	 cell	 removal	 in	 mind.	 If	 cells	 cannot	 penetrate	 then	 they	 can	 be	

completely	passaged	and	maintained	in	a	3D	environment,	as	is	the	case	here.	

The	 time	 cells	 were	 left	 between	 passaging	 was	 next	 optimised.	 In	 conventional	 2D	 culture,	 it	 is	

widely	 accepted	 that	 cells	 are	 passaged	 in	 the	 exponential	 phase	 of	 growth	 to	 ensure	 culture	

longevity	and	before	and	cell	growth	decreases.	This	was	more	difficult	to	judge	in	3D;	there	was	no	
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clear	 area	 of	 rapid	 growth,	 instead,	 a	 slower	 and	more	 steady	 rate	 of	 increased	 cell	 metabolism	

(Figure	 3.8).	However,	 the	most	 rapid	 phase	of	 growth	 appeared	 to	 occur	 between	1	 and	7	 days,	

after	 which	 point	 cell	 metabolism	 decreased.	 Therefore,	 the	 parameters	 optimised	 thus	 far	 were	

implemented	at	a	range	of	seeding	densities	and	tested	over	one	passage	for	2,	3.5	or	5	days	(Figure	

3.14).	There	was	an	obviously	greater	yield	of	cells	after	5	days	culture	at	0.25	million	cells	per	well,	

and	also	a	high	yield	after	3.5	days;	 these	 time	points	were	 taken	 forward	over	multiple	passages	

(Figure	3.15).	At	 5	days	 cell	 yield	was	 relatively	high,	 consistently	 above	 that	 seeded.	At	 3.5	days,	

yield,	 as	 well	 as	 viability,	 was	 much	 lower	 and	 there	 was	 a	 reduced	 expression	 of	 Oct4,	 taken	

together	to	suggest	cell	differentiation.	Consequently,	the	5-day	time	point	and	a	seeding	density	of	

0.25	million	 cells	 per	well	were	 taken	 forward.	 It	was	 later	 discovered	 that	 this	 process	was	 only	

sustainable	past	P3	if	the	seeding	density	was	doubled	to	0.5	million	cells	per	well	(Figure	3.16),	after	

which	maintenance	was	possible	with	high	yield	and	viability	up	to	P6.		

This	 slow	 in	 the	 recovery	 of	 cell	 number	 after	 a	 low	 number	 of	 passages	 is	 unsurprising.	 It	 has	

already	 been	 shown	 that	 cell	 growth	 is	 slower	 in	 3D	 and	 it	would	 likely	 be	 compounded	 through	

passages	 as	 the	 cells	 adapt	 to	 their	 new	microenvironment.	 Liu	et	 al.	 in	 their	 nanofibrous	 gelatin	

scaffold	system	observed	an	increase	in	population	doubling	up	to	P5	from	approximately	30	h	to	50	

h	doubling	time	[226].	This	then	recovered	as	passage	number	increased,	fluctuating	around	30-40	h,	

and	this	was	the	case	when	cell	seeding	density	was	increased	in	this	study;	consistently	high	yields	

were	produced	to	P6.	

Before	a	final	protocol	was	set,	as	previously	mentioned,	media	quality	is	an	important	consideration	

in	the	optimisation	of	any	cell	culture	method.	Not	all	cells	adhere	to	the	scaffolds	in	the	processed	

described	here,	 leaving	them	adhered	to	the	bottom	of	the	well	plate	and	likely	to	differentiate	at	

low	 density	 (a	 well-known	 feature	 of	 PSCs	 in	 culture).	 This	 in	 turn,	 could	 feasibly	 affect	 the	 cells	

cultured	 in	 3D	 through	 paracrine	 effects.	 Changing	 the	 medium	 and	 the	 plate	 in	 which	 the	 3D	

constructs	were	contained	at	day	1,	was	therefore	tested	after	sufficient	time	had	passed	for	cells	to	

adhere	fully.	This	was	in	comparison	to	conventional	culture	and	as	shown	in	Figure	3.17,	lactic	acid	

built	up	in	response	to	cell	metabolism.	In	turn,	glucose	availability	and	pH	decreased.	This	was	the	

case	 in	 all	 three	 conditions	 tested,	 however	 consistently	 when	 a	 media	 and	 plate	 change	 was	

introduced	 this	 build-up	 of	 lactic	 acid	was	 decreased	 and	 depletion	 of	 glucose	 reduced	with	 little	

change	 overall	 in	 pH.	 It	 has	 been	 suggested	 that	 concentrations	 above	 20	 mM	 of	 lactate	 in	 cell	

growth	 medium	 may	 inhibit	 mESC	 growth	 [85].	 Similarly,	 concentrations	 exceeding	 1.5	 g/L	 have	

been	shown	to	strongly	inhibit	the	growth	of	ESCs	as	well	as	reduce	the	expression	of	pluripotency	

markers	Oct4	and	SSEA-1	[187].	The	data	here	may	go	a	small	way	to	suggesting	a	similar	effect	with	

the	 EC	 cells	 utilised	 here.	 By	 day	 5	 2D	 cultures	were	 producing	 greater	 than	 this	 level,	where	we	

know	in	culture	their	growth	will	be	slowing	as	they	surpass	the	usual	point	at	which	confluency	is	

reached.	This	was	not	the	case	in	3D	where	by	day	5	they	were	slowing	to	a	less	extent	in	terms	of	

their	growth.	It	is	known	that	as	pH	reaches	6.5	to	6,	cell	viability	is	reduced	[223],	and	a	rate	of	fall	

of	0.4	units	 in	a	day	will	 require	 immediate	media	 replenishment.	 In	2D	culture	 the	pH	was	more	
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erratic,	 reducing	 over	 0.5	 units	 between	 2	 and	 3	 days	 in	 culture;	 this	 was	 not	 the	 case	 in	 3D	

suggesting	a	favourable	regime	was	in	place.		

This	study	 formed	the	basis	of	an	optimised	protocol	 for	 the	culture	of	EC	cells	upon	Polaris.	Cells	

were	 seeded	 at	 0.25	million	 cells/well	 increasing	 to	 0.5	million	 at	 P3,	 throughout	 being	 removed	

using	3	minutes	 trypsin	EDTA	 treatment	with	 tituration	of	 the	 cells	 from	 the	membranes,	prior	 to	

reseeding	and	culture	for	a	 further	5	days.	When	this	 finalised	process	was	tested	on	a	number	of	

test	occasions,	various	inconsistencies	came	to	light,	as	demonstrated	throughout	Figures	3.18	and	

3.19.	 It	 was	 practically	 difficult	 to	 reproduce	 the	 method	 consistently	 in	 terms	 of	 cell	 yield	 and	

viability	was	considerably	lower	than	expected,	around	70	%.	Cell	yields	were	variable	and	difficult	to	

maintain	past	P4	(P5	was	reached	on	one	test	occasion),	as	was	the	case	previous	to	the	introduction	

of	 a	 media	 change	 in	 the	 protocol.	 Figure	 3.18	 C	 shows	 the	 range	 over	 which	 cell	 recovery	 was	

achieved.	 At	 P1	 alone	 there	was	 upwards	 of	 6-fold	 difference	 considering	 the	method	 conducted	

was	identical.	This	was	reflected	in	the	media	consumption	as	photographed;	between	wells	media	

colour	 was	 vastly	 different	 suggesting	 differences	 in	 cell	 number.	 This	 may	 be	 a	 result	 of	 slower	

adhesion	 to	Polaris;	 resulting	 in	 the	washing	off	of	cells	 from	some	but	not	all	of	 the	membranes.	

However,	 this	 would	 be	 expected	 to	 be	 consistent.	 Another	 explanation	 for	 this	 may	 be	 in	 the	

aggregation	of	cells	post-trypsinisation;	often	 it	would	 require	a	number	of	centrifugation	steps	 to	

pellet	the	cell	suspension	and	it	goes	to	reason	that	these	cells	would	be	more	difficult	to	resuspend	

into	a	homogenous	suspension	for	re-seeding.	This	may	also	be	a	result	of	cells	staying	adhered	to	

debris	 from	 removing	 the	 substrate,	 which	 was	 not	 clear.	 Another	 alternative	 explanation	 is	 the	

possibility	that	centrifugation	at	an	equal	speed	may	have	been	lysing	cells	although	previous	work	

using	 Alvetex®	 has	 not	 demonstrated	 this.	 Nevertheless,	 as	 a	 result,	 cells	 numbers	 diminished	

providing	evidence	to	suggest	this	may	have	resulted	in	the	gradual	differentiation	of	EC	cells	upon	

Polaris.	

	

3.5.5 The	effect	of	long-term	maintenance	in	3D	on	EC	cell	morphology	and	phenotype	

	

To	 determine	 the	 effects	 of	 long-term	 maintenance	 upon	 Polaris	 of	 EC	 cells,	 their	 morphology,	

growth	 characteristics,	 phenotype	 and	 differentiation	 potential	 were	 assessed.	 As	 previously	

described,	 this	 process	 was	 not	 robust	 nor	 reproducible;	 samples	 have	 been	 displayed	 as	 a	

representation	 in	 order	 to	 determine	why	 this	may	 be	 the	 case.	 The	 variance	 between	 individual	

samples	 is	 depicted	 in	 Figure	 3.20.	 H&E	 staining	 of	 cross-sectioned	 cultures	 at	 P1	 ranges	 from	

monolayers	to	cells	packed	tightly	together	forming	a	mass	on	top	of	Polaris.	At	P5	there	seemed	to	

be	distinct	differing	populations;	those	that	were	packed	tightly	as	originally	hypothesised	but	also	

those	that	stretched	across	the	substrate.	TUNEL	staining	confirmed	these	cells	were	not	likely	to	be	

undergoing	 apoptosis	 and	 further	morphological	 depiction	 using	 Neutral	 Red	 echoed	 the	 findings	

from	H&E	staining.	Cells	appeared	uneven	 in	growth,	and	 in	places	appeared	to	pack	 into	colonies	

(that	in	places	were	akin	to	epithelial	cells)	or	spread	across	the	surface.	The	morphologies	observed	
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nevertheless	were	 not	 aligned	with	 that	 expected	 from	 EC	 cells.	 They	were	 increased	 in	 size	 and	

diverged	in	their	gross	morphologies,	a	further	potential	sign	of	cell	differentiation.	To	determine	the	

effect	 this	 was	 having	 on	 cell	 growth,	 population	 doubling	 times	 were	 calculated	 through	

conventional	culture	and	upon	Polaris	(Figure	3.21).	This	resulted	in	much	slower	growth	in	3D,	with	

a	 PDL	 of	 96	 h	 compared	 to	 52	 h	 in	 conventional	 conditions.	 Pluripotency	marker	 expression	was	

characterised	via	a	number	of	methods;	qPCR,	immunostaining	and	flow	cytometry	(Figure	3.22),	to	

determine	 the	 cumulative	 effect	 of	 this	 upon	 cell	 phenotype.	 In	 general,	 there	 was	 conflicting	

evidence	 across	 the	 methods,	 perhaps	 reflecting	 in	 the	 variability	 outlined	 previously.	 mRNA	

expression	was	generally	reduced	with	respect	to	the	pluripotency	markers	Oct4,	Sox2,	and	Nanog	

(although	only	1	biological	replicate	was	possible).	This	did	not	reflect	upon	the	cell	surface	markers	

SSEA-3	 and	 TRA-1-60,	 which	 appeared	 maintained	 in	 expression.	 Immunostaining	 for	 the	

transcription	 factors	 revealed	 expression	 at	 both	 P1	 and	 P2,	 however,	 there	were	 areas	 in	which	

staining	was	less	intense,	which	may	suggest	cells	down-regulating	its	effects	(i.e.	differentiating).	

A	number	of	works	have	documented	the	effects	of	population	doubling	time	on	pluripotency	and	

differentiation	 potential	 with	 respect	 to	 culture	 conditions.	 hESCs,	 as	 they	 increased	 in	 passage	

number,	 reduced	their	population	doubling	 time	and	as	a	 result	diminished	 in	 their	differentiation	

capacity	 [227].	 Oct	 4	 expression	 reduced	 from	 98	 %	 at	 low	 passage	 to	 90	 %	 at	 high	 passage,	

embryoid	bodies	formed	from	the	cells	appeared	smaller.	Many	3D	cell	culture	models	as	previously	

alluded	 to	 incorporating	 PSCs	 also	 demonstrate	 an	 altered	 population	 doubling	 time	 whilst	

maintaining	functionality.	Baksh	et	al.	 [228]	found	evidence	that	MSCs	 increase	 in	their	population	

doubling	 time	 (from	 approximately	 2	 h	 to	 12	 h	 over	 the	 course	 of	 28	 days	 in	 culture),	 and	 this	

resulted	in	increased	differentiation	through	a	number	of	measures	including	collagen	content	post-

differentiation.	 Fok	&	Zandstra	 [229]	 conducted	 research	on	 stirred	 suspension	 culture,	 and	mESC	

population	doubling	increased	from	approximately	17	hours	to	39	hours,	maintaining	the	expression	

of	SSEA1,	E-Cadherin	and	Oct4	with	no	detrimental	effect	upon	differentiation	through	EB	formation.		

As	cells	upon	Polaris	were	hypothesised	to	form	greater	numbers	of	cell-cell	contacts	with	the	cells	

around	them,	the	theme	was	investigated	in	more	detail.	Cell	aggregation	is	an	accepted	method	of	

investigating	this	[230],	expecting	an	increase	in	aggregate	size	after	culturing	in	3D	as	a	result	of	the	

increased	cell-cell	 contact.	 Figure	3.23	demonstrates	 this,	and	 in	general,	aggregation	was,	 in	 fact,	

lower	 for	 the	 majority	 of	 conditions	 tested.	 Only	 at	 14	 days	 differentiation	 after	 P3	 were	 there	

obviously	 larger	 aggregates	 formed	 (although	 non-significant).	 This	 reduction	 in	 aggregation	 was	

compounded	at	P5	where	the	 largest	reductions	were	apparent.	This	as	a	whole	suggested	that	 in	

fact	there	were	fewer	cell-cell	contacts	forming	as	cells	were	passaged	upon	Polaris,	again	as	may	be	

expected	from	a	differentiated	cell	population.		

When	 cellular	 aggregates	 such	 as	 these	 were	 directed	 in	 their	 differentiation	 to	 so-called	

neurospheres	 using	 the	 synthetic	 retinoid,	 EC23,	 the	 effect	 of	 maintenance	 upon	 Polaris	 on	 cell	

differentiation	could	be	tested	(Figure	3.24).	Again,	neurospheres	were	smaller	in	size	than	their	2D	
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cultured	counterparts	(not	quantified),	and	neural	rosette	formation	was	evident	in	both	2D	and	3D.	

When	these	neurospheres	were	stained	for	the	differentiation	markers	TUJ-1	(neuronal	marker)	and	

CK8	 (epithelial	marker)	 there	were	more	obvious	differences	between	 the	 cell	 populations	 (Figure	

3.25).	 Of	 note,	 was	 the	 more	 widespread	 expression	 of	 TUJ-1	 in	 2D	 maintained	 cell-derived	

neurospheres,	 suggesting	enhanced	differentiation.	 In	 addition,	distinct	CK8	positive	 areas	 formed	

after	culture	in	the	3D	condition.	Further	confirmation	was	next	sought	as	to	the	differentiation	state	

of	 the	 cells	 during	 the	 maintenance	 process	 to	 support	 the	 hypothesis	 that	 cells	 cultured	 upon	

Polaris	were	undergoing	gradual	differentiation.	

	

3.5.6 Topographical	selection	for	a	differentiated	cell	population?	

	

Evidence	was	gained	to	support	 the	notion	that	EC	cells	cultured	upon	this	nano-topography	were	

slowly	 becoming	 differentiated;	 a	 reduced	 population	 doubling	 time,	 variable	 expression	 of	 key	

pluripotency	markers,	 reduced	 cell	 aggregation	 and	 altered	 expression	 of	 differentiation	markers.	

Staining	was	conducted	for	markers	of	differentiated	commonly	expressed	by	TERA2.cl.SP12	EC	cells	

in	 such	 a	 state;	 CK8,	 nestin,	 and	 TUJ-1	 (Figure	 3.26).	 At	 P1	 there	 was	 little	 expression	 of	 CK8,	

relatively	 obvious	 expression	 of	 nestin	 (a	 neural	 progenitor	 marker,	 often	 expressed	 by	

undifferentiated	 TERA2.cl.SP12	 cells),	 and	 low-level	 expression	 of	 TUJ-1.	 At	 only	 P2,	 nestin	

expression	appeared	vastly	reduced	in	combination	with	an	increase	in	expression	of	the	remaining	

two	differentiation	markers.	Were	 this	 to	be	 repeated,	 it	would	be	 relevant	 to	explore	 this	across	

further	 passages,	 but	 in	 general,	 it	 added	more	 weight	 to	 the	 idea	 that	 these	 cells	 were	 indeed	

differentiating.	As	a	result,	evidence	mounted	to	support	that	nano-topographical	cues	provided	by	

Polaris	were	conducive	to	EC	cell	differentiation	in	the	context	of	cell	maintenance.		

This	has	been	investigated	elsewhere	using	alternative	3D	systems;	LaPointe	showed	that	although	

mESCs	 could	 sense	 the	 nano-topography	 provided	 by	 gold	 nanoparticles,	 there	 was	 no	 great	

increase	(although	statistically	significant)	in	the	expression	of	key	pluripotency	markers	Oct4,	Sox2,	

and	 Nanog	 [231].	 However,	 early	 cell	 differentiation	 markers	 were	 increased	 in	 their	 expression	

when	LIF	was	removed	from	the	growth	medium	to	induce	spontaneous	differentiation.	Conversely,	

Lyu	 et	 al.	 [232]	 found	 that	 surface	 roughness	 in	 the	 nano-scale	maintained	 pluripotency	whereas	

micro-scale	roughness	caused	a	reduction	in	Oct4	expression	(approximately	half	that	of	the	control	

condition)	 and	 reduced	 AP	 activity.	 Finally,	 Jaggy	 et	 al.	 [175]	 directly	 compared	 these	 types	 of	

topographies;	 it	was	 found	 that	 a	mixed	 topography	 better	 suited	 the	 support	 of	 pluripotent	 cell	

maintenance.	 The	 effects	 of	 topography	 upon	 the	 growth	 of	 hEC	 cells	 as	 investigated	 here	 are	

summarised	as	shown	in	Figure	3.27.		
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The	 void	 size	 provided	 by	 each	 of	 the	 candidate	 substrates	 decreases	 with	 TCP	 forming	 non-

detectable	nano	or	micro	topographies.	As	the	void	size	decreases	the	penetration	of	cells	into	the	

scaffold	decreases.	This	 results	 in	 increased	ability	 for	cell	 removal	as	void	size	decreases,	a	 factor	

favourable	 for	 the	 subsequent	 use	 of	 cells.	 Those	 cultured	 upon	 Polaris	 at	 the	 density	 optimised	

appeared	to	differentiate,	as	may	be	expected	from	2D	culture.	Therefore,	in	relation	to	the	original	

hypothesis	of	this	study,	that	retaining	the	native	cell	shape	would	enhance	cell	function;	Polaris	can	

be	postulated	to	induce	a	reduced	shape	change.	This	is	in	comparison	to	that	possible	with	Scaffold,	

where	cells	would	differentiate	 immediately	 rather	 than	 through	multiple	passages.	Consequently,	

the	cell	shape	change	induced	by	the	materials	may	be	reducing	with	void	size,	and	there	is	likely	a	

fine	balance	by	which	 a	 suitable	 topography	 can	be	 identified	 for	maintenance	of	 pluripotency	 as	

opposed	to	differentiation.	

Figure	 3.27.	 Schematic	 summary	 of	 the	 proposed	 relationship	 between	 substrate	 topography,	

cell	shape	and	differentiation	potential.	
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3.6 Conclusions	

	

This	 chapter	aimed	 to	determine	 the	effect	of	 substrate	 topography	on	 the	growth	of	PSCs	 in	 the	

context	of	their	 long-term	maintenance	for	enhanced	function.	 	Due	to	 low	yielding	differentiation	

and	reprogramming	protocols	and	expensive	growth	conditions	 to	name	 just	a	 few,	 there	 is	a	 real	

need	for	more	effective	methods	to	culture	PSCs.	We	hypothesised	that	by	enhancing	the	physical	

cellular	microenvironment	through	long-term	propagation	upon	3D	scaffolds,	it	would	be	possible	to	

enhance	 differentiation	 potential.	 This	 aim	 has	 been	 achieved	 -not	 necessarily	 with	 the	 expected	

outcome.	 Substrate	 topography	 was	 defined	 by	 characterisation	 of	 three	 polyHIPE	 scaffolds	 as	

topographies	of	micro	(Scaffold),	micro/nano	(Strata)	and	nano	(Polaris)	scale	features.	This	 is	turn	

affected	the	capacity	for	long	term	maintenance	of	EC	cells	in	3D.	Cells	penetrated	into	Scaffold	too	

much	for	their	effective	removal	and	demonstrated	altered	pluripotency	marker	expression.	Strata	

and	 Polaris	 allowed	 vast	 majority	 and	 complete	 cell	 removal,	 respectively,	 with	 maintenance	 of	

marker	expression.	Polaris	was	 taken	 forward	as	providing	 the	optimal	 topography	upon	which	 to	

develop	a	method	of	maintenance	and	steps	employed	by	Freshney	were	applied	here	to	carefully	

optimise	 the	 growth	 conditions	 for	 optimal	 cell	 vitality.	 This	 method	 was	 not	 robust	 and	 this	 is	

suggested	to	be	a	result	of	gradual	cell	differentiation	due	to	the	nano-topographical	cues	provided	

by	Polaris.	Cell	pluripotency	marker	expression	was	variable	between	analytical	methods,	generally	

suggesting	altered	expression	in	comparison	to	conventional	culture.	This	process	appeared	to	alter	

cell	 morphology	 and	 phenotype,	 however,	 not	 in	 the	 manner	 initially	 intended.	 In	 terms	 of	

differentiation	 potential,	 cell	 aggregation	 was	 not	 increased,	 and	 when	 directed	 in	 their	

differentiation	 cells	 did	 not	 maintain	 neuronal	 marker	 expression.	 Instead	 this	 suggested	 greater	

epithelial	 lineage	 development,	 confirmed	 using	 cells	 during	 maintenance	 where	 there	 was	

increased	expression	of	the	cytoskeletal	components	CK8	and	TUJ-1.	This	led	to	the	conclusion	that	

stem	cell	differentiation	could	not	be	enhanced	upon	the	nano-topography	provided	by	Polaris.	This	

suggests	that	differentiation	potential	and	the	maintenance	of	pluripotency	is	finely	regulated	by	the	

cues	 to	 which	 a	 PSC	 is	 exposed	 to.	 Large	 features,	 such	 as	 those	 in	 the	micro-scale	 provided	 by	

Scaffold	caused	immediate	differentiation	upon	exposure	and	small	features,	more	akin	to	the	nano-

scale	 provided	 by	 Polaris	 appeared	 to	 cause	 differentiation	 over	 a	 number	 of	 passages.	 A	 more	

mixed	topography	environment,	provided	by	Strata	has	been	shown	to	maintain	pluripotency	over	

multiple	 passages.	 This	 suggests	 a	 fine	 balance	 between	 differentiation	 and	 maintenance	 of	

pluripotency.	In	order	to	harness	the	effect	of	these	topographical	cues,	continued	characterisation	

of	 the	 cell	 populations	 obtained	 from	 cell	 maintenance	 upon	 Polaris	 could	 be	 conducted.	 Should	

terminally	differentiated	cell	 types	be	a	result,	 they	would	be	 integrating	the	cues	provided	by	the	

substrate	 and	 be	 a	 candidate	 for	 enhanced	 function,	 however	 during	 differentiation	 studies	 as	

opposed	to	those	presented	here.		

	

In	 conclusion,	 this	 chapter	 has	 demonstrated	 that	 differing	 substrate	 topographies	 can	 be	

engineered	through	controlling	polyHIPE	void	size.	This	 is	turn	affects	the	growth	of	EC	cells,	and	a	
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method	for	cell	maintenance	was	developed	using	Polaris.	Ultimately	it	was	not	possible	to	enhance	

cell	differentiation	through	enhancement	of	pluripotency	upon	these	nano-topographical	cues.	It	 is	

known	that	the	mixed-topography	provided	by	Strata	can	support	enhanced	PSC	growth,	implicating	

a	vital	role	in	tuning	the	cellular	microenvironment	for	maintenance	of	PSC	function.	
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4 Development	of	a	protocol	to	enhance	the	developmental	potential	of	PSCs	

	

4.1 Introduction	
	

In	the	previous	chapter,	sub-cultivation	upon	a	substrate	of	a	nano-topography	was	demonstrated	to	

result	in	diminished	pluripotency	and	differentiation	potential	in	human	EC	cells.	Sub-cultivation	has	

previously	 been	 successful	 upon	 Strata	 with	 enhanced	 pluripotency	 marker	 expression	 and	

differentiation	capacity	[194].	The	success	of	this	was	postulated	to	be	as	a	result	of	its	mixed	micro-

nano-topography	as	also	detailed	by	Jaggy	et	al.	[175].	More	recently,	Ko	et	al.	[233]	compared	their	

own	set	of	differing	topographies,	termed	irregular	patterned	membranes	(IPM),	groove	patterned	

membranes	 (GPM)	and	postpatterned	membranes	 (PPM)	with	 a	 control	 flat	 patterned	membrane	

(FPM),	 all	 produced	 from	 polydimethylsiloxane.	 The	 irregular	 patterned	 substrate	 (consisting	 of	

features	 of	 approximately	 25	 nm	 in	 height	 and	 250	 nm	 in	 width,	 previously	 reported	 [234]),	

increased	Oct3/4	and	Nanog	expression	 for	up	 to	10	passages.	 This	 substrate	also	maintained	cell	

adhesion	and	AP	activity.	The	alternative	more	regular	substrates	increased	expression	even	further,	

which	may	 to	 be	 due	 to	 altered	 focal	 adhesion	 signaling,	 a	 topic	 to	 be	 considered	 in	 due	 course.	

Therefore,	 further	evidence	supports	mixed	surface	 topographies	 sustaining	 stem	cell	 self-renewal	

and	pluripotency.	

	
	

4.1.1 Adaptation	of	cells	to	the	in	vitro	culture	environment	
	

The	consequences	of	cell	adaptation	to	culture	environments	are	well	documented,	generally	within	

the	 constraints	 of	 conventional	 (i.e.	 2D)	methods.	 It	 is	 fundamental,	 that	 primary	 cells	 in	 culture	

must	undergo	a	number	of	 adaptive	 changes	 in	order	 to	maintain	 their	 proliferation	 and	 survival.	

Most	obviously	 they	speed	up	 in	 their	growth	over	sub-cultures,	until	eventually	 they	either	 reach	

their	replicative	capacity	or	transform	to	become	a	continuous	line	for	use	in	vitro	[223].	Through	the	

underlying	mechanisms,	 the	 culture	 of	 cells	 is	 an	 adaptive	 process	 ultimately	 resulting	 in	 genetic	

abberations	and	changes	to	cell	phenotype.		

	

This	is	also	the	case	when	considering	PSCs.	From	the	moment	they	are	removed	from	the	inner	cell	

mass	of	a	blastocyst,	they	no	longer	undergo	embryonic	development,	 instead	acquiring	the	ability	

to	self-renew	over	a	number	of	passages;	a	trait	that	is	artificial.	Draper	et	al.	provided	an	in-depth	

summary,	 highlighting	 the	 importance	 of	 developing	 culture	 conditions	 carefully	 so	 as	 to	 avoid	

exogenous	modulation	 that	promotes	altered	gene	expression,	as	much	as	possible.	Nevertheless,	

chromosomal	 abnormalities,	 in	 particular,	 are	 common	 during	 culture	 adaptation	 of	 ESCs	 and	

thought	 to	 be	 the	 factor	 allowing	 their	 maintenance	 in	 vitro.	 The	 most	 common	 of	 these	 in	

embryonic	cell	types	are	trisomy	of	chromosomes	12	and	17	[236].	The	acquisition	of	such	variations	

have	been	mapped	and	directly	attributed	to	time	spent	 in	culture	[237],	and	the	ability	of	cells	to	

self-renew	at	high	viability	 in	culture.	Previous	research	from	the	same	group,	elegantly	 linked	this	

idea	in	the	formation	of	germ	line	tumours.	It	was	postulated	that	these	increases	in	chromosomal	
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abnormalities,	such	as	those	mentioned	above,	were	akin	to	hallmarks	of	cancer.	Furthermore,	that	

this	also	occurs	in	culture,	and	that	differentiation	potency	as	a	result	could	be	reduced	[238].		

	

This	has	also	been	demonstrated	for	adult	stem	cell	populations	[239],	attenuating	the	idea	that	the	

above	factors	are	an	 inherent	 flaw	 in	culture	systems	as	they	stand.	 Indeed,	 it	 is	pertinent	to	 limit	

the	 length	of	 time	 in	which	 cells	 are	 exposed	 to	 culture	 conditions,	whether	 that	 be	 in	 2D	or	 3D.	

What	is	unclear	in	the	literature	is	the	time	span	over	which	changes	such	as	these	occur,	which	is	

likely	 the	 key	 to	 preventing	 their	 occurrence.	 The	 previously	mentioned	 study	 from	Draper	 et	 al.	

states	 the	early	occurrence	of	 chromosomal	 aberrations	 in	both	 chromosome	12	and	17	of	H7	ES	

cells,	and	that	this	was	avoided	over	short-term	culture.	The	exact	amounts	of	time	over	which	the	

effect	occurred	was	not	reported.	Amit	et	al.	demonstrated	in	the	H9	hES	line	that	although	overall	

stable,	seven	months	after	derivation	two	abnormalities	were	detected	in	both	chromosomes	13	and	

20.	Shorter	time	spans	were	evidenced	by	Ben-Yosef	et	al.	and	directly	compared	to	later	time	points	

as	well	as	the	parental	genome.	Early	passage	(11-20)	ESCs	appeared	more	likely	to	contain	deletions	

with	loss	of	heterozygosity	whereas	later	passage	(44-60)	were	more	likely	to	contain	chromosome	

duplications.	 This	 study	 also	 showed	 using	 twin	 lines	 that	 duplications	 can	 occur	 during	 cell	

derivation	or	early	culture,	presumably	less	than	the	11	categorised	by	the	authors.	Similarly,	Enver	

et	 al.	 showed	 increased	 cloning	 efficiency	 and	 its	 relationship	 to	 an	 increase	 in	 chromosomal	

changes	with	passages	ranging	from	as	little	as	10	to	greater	than	200	in	the	human	H7	ESC	line.	The	

culture	of	mESCs	on	nanopatterned	topographies,	previously	discussed,	also	did	not	appear	to	show	

variation	 of	 Oct3/4	 and	 Nanog	 expression	 until	 later	 passages	 (6	 in	 this	 case)	 [233].	 Culture	

adaptation	 therefore	 has	 been	 shown	 to	 be	 a	 seemingly	 stochastic	 issue	 arising	 from	 as	 early	 as	

initial	 derivation	of	 cultures	 and	 is	 now	widely	 accepted	 to	be	 a	 bottleneck	 risk	 to	 ESC	use	 in	 the	

clinic.		

	

Methods	of	3D	cell	culture	have	significant	scope	to	circumvent	these	potential	 fatal	 flaws	of	PSCs	

for	 use	 in	 regenerative	 medicine.	 Barbaric	 et	 al.	 [237]	 suggested	 that	 plating	 efficiency	 and	

introduction	 of	 such	 chromosomal	 changes	 may	 be	 due	 to	 diversification	 of	 cell-cell	 contacts.	

Indeed,	E-Cadherin	has	been	in	recent	years	suggested	as	a	pluripotency	marker	[243].	This	begs	the	

question	 of	whether	 increasing	 cell-cell	 contacts	may	 be	 able	 to	 reduce	 karyotypic	 abnormalities.	

The	basis	of	a	 large	number	of	3D	culture	models	 is	 the	resultant	enhancement	of	 these	contacts.	

Indeed,	 cadherin	 expression	 has	 been	 shown	 to	 be	 increased	 in	 spheroid	 culture	 of	 MSCs,	

upregulating	Nanog	[244],	and	ESCs	upon	spheroid	culture,	resulting	in	increased	viability	[245].	This	

is	 not	 exclusively	 the	 case	 and	 there	 is	 some	 level	 of	 controversy	 over	 its	 role	 upon	 3D	 culture	

initiation	 [246,247].	 Nevertheless,	 there	 is	 great	 potential	 to	 investigate	 the	 manner	 in	 which	

dimensionality	of	the	culture	environment	may	be	able	to	improve	upon	this	so-called	bottleneck.			

	

Taken	 together,	 there	 is	 a	 need	 for	 a	 culture	 system	 that	 allows	 for	 a	 reduction	 in	 the	 time	 for	

culture	 adaptation	 to	 occur.	 Maintenance	 of	 cell-cell	 contacts	 would	 be	 desirable	 to	 aid	 in	 the	
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prevention	of	such	adaptation	and	the	question	presents	itself	of	whether	continual	sub-cultivation	

in	3D	is	beneficial.	Previous	work	in	this	thesis	demonstrates	that	continual	sub-cultivation	can	affect	

cell	 differentiation;	 in	 the	 context	 of	 chromosomal	 stability	 this	 may	 not	 be	 the	 most	 effective	

culture	route.	If	mechanical	cues	can	be	integrated	in	just	one	“passage”	with	equal	effect,	a	more	

powerful	model	may	be	possible.	

	
	

4.1.2 Current	models	for	enhanced	PSC	culture	across	a	single	sub-culture	
	

There	 are	 a	 range	 of	 methods	 that	 have	 been	 postulated	 to	 enhance	 PSC	 growth	 after	 a	 single	

extended	 exposure	 to	 the	 culture	 substrate.	 As	 categorised	 previously,	 these	 models	 can	 be	

presented	as	scaffold	or	hydrogel	based.	In	2017,	Lee	et	al.	presented	tuneable	(through	increased	

functionalisation	with	 vinylsulfone)	PEG	hydrogels	 for	 the	 culture	of	 two	different	mouse	ES	 lines.	

This	 resulted	 in	 altered	 proliferation	 and	 self-renewal	 related	 gene	 expression	 with	 changes	 in	

hydrogel	functionalisation.	Importantly,	the	3D	culture	method	enhanced	a	number	of	these	factors	

in	comparison	to	conventionally	cultured	counterparts	(Increased	Oct4,	Sox	2	and	Nanog	expression,	

maintained	 AP	 activity).	 This	 same	 study	 also	 outlined	 notable	 differences	 based	 upon	 cell	 line.	

Although	one	of	those	tested	appeared	successful,	the	other	showed	limited	maintenance	of	these	

properties.	There	are	also	examples	of	hydrogel	and	scaffold	technology	being	used	at	the	same	time	

for	 this	 purpose.	 PLLA-AGMA1	hydrogel	 composite	 scaffolds	 demonstrated	 a	 reduction	 in	 hES	 cell	

proliferation,	 with	 increased	 Oct4	 (~4-fold),	 Sox2	 (~2-fold)	 and	 Nanog	 (~3-fold)	 expression	 in	

comparison	to	conventional	methods	when	cultured	for	7	days	[249].	In	2017,	Galuppo	et	al.	showed	

this	 type	 of	 approach	 with	 the	 manufacture	 of	 hydrophobic	 and	 hydrophilic	 poly(lactide-co-

glycolide)	 (PLGA)	 electrospun	 scaffolds.	 Viability	 was	 maintained	 after	 14	 days	 and	 expression	 of	

Oct3/4	and	Sox2	was	apparent	after	2	days	 in	culture.	A	major	consideration	lacking	in	all	of	these	

studies	is	that	of	downstream	differentiation,	considering	only	pluripotency.		

	

Differentiation	 capacity	 has	 been	 demonstrated	 in	 some	 models	 after	 initial	 3D	 culture.	 The	

previously	 described	 study	 presented	 by	 Jeon	 et	 al.	 [234]	 documented	 mESC	 differentiation	 as	

embryoid	 bodies	 after	 culture	 on	 their	 irregular	 nanotopographical	 surface.	 This	 resulted	 in	

increased	expression	of	the	differentiation	markers	AFP,	nestin	and	brachyrury;	although	to	note	is	

that	this	was	also	the	case	with	the	flat	control	patterned	surface.	LaPointe	et	al.	in	2013	[251]	took	

a	simplified	approach	by	monolayer	culture	of	their	speculative	cell	populations	with	the	removal	of	

LIF	 in	 the	 growth	 medium.	 Cells	 cultured	 upon	 self-assembled	 nanoparticle	 monolayers	 showed	

enhanced	Foxa2	and	Fgf5	early	differentiation	marker	expression.	

	

There	is	a	need	to	adhere	to	more	reliable	testing	of	the	performance	of	3D	cultured	PSCs,	not	only	

for	the	assessment	of	differentiation,	as	described	above,	but	also	pluripotency.	There	are	guidelines	

in	place	that	are	well	documented	to	do	so;	this	is	generally	in	the	context	of	initial	PSC	derivation,	

and	should	be	encouraged	to	be	applied	to	the	creation	of	3D	cultured	lines.	
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4.1.3 The	assessment	of	pluripotency	in	vitro	
	

The	assessment	of	PSCs	 in	vitro	has	been	developed	as	a	standard	to	ensure	the	quality	of	all	PSC	

lines	used	in	research.	This	has	been	based	upon	the	characterisation	initiated	during	the	research	of	

the	cell	surface	antigens	of	EC	cells	[235].	This	is	generally	adhered	to	in	the	derivation	of	cell	lines,	

as	 a	 result	of	documents	 such	as	 the	 International	 Society	 for	 Stem	Cell	Research	2016	guidelines	

[252].	 This	 requires	 that	 all	 stem	 cell	 lines	 have	 a	 proven	 provenance	 and	 ability	 for	 tracking	 full	

characterisation	(Recommendation	2.3.5.),	as	well	as	thorough	characterisation	of	all	cells	to	be	used	

in	clinical	trials	(Recommendation	3.2.2.1.).	Unfortunately,	methods	often	vary,	making	comparisons	

between	cell	lines	more	challenging.	

	

Basic	 characterisation	 takes	 the	 form	of	 pluripotency	 confirmation	 and	 differentiation	 capacity,	 in	

addition	 to	 adhering	 to	 the	 ethical	 considerations	 required	 for	 stem	 cell	 research.	 To	 confirm	

pluripotency,	cells	are	subject	to	quantification	of	cell	surface	markers	(such	as	SSEA-3	or	SSEA-1)	via	

flow	cytometry,	transcriptional	markers	through	PCR	(Oct4,	Sox2,	Nanog),	and	AP	activity.	Cells	must	

be	 subject	 to	 karyotyping	 to	 ensure	 any	 chromosomal	 aberrations	 are	made	 clear.	Differentiation	

capacity	 is	usually	assessed	 through	embryoid	body	 formation	and	 the	depiction	of	differentiation	

markers	dependent	upon	the	protocol	used,	although	the	methods	used	in	this	phase	of	testing	are	

more	variable	and	less	consistent	in	the	literature.	Differentiation	can	also	be	carried	out	in	2D,	again	

with	demonstration	of	differentiated	 lineages	 through	 immunofluorescence	as	a	minimum.	Finally,	

the	“Gold	Standard”	test	of	differentiation	capacity	is	that	of	a	Teratoma	Assay.	Candidate	cells	are	

injected	into	immunodeficient	mice	causing	the	formation	of	tumours,	or	teratomas,	that	are	growth	

consisting	of	a	haphazard	conglomeration	of	differentiated	tissues.	If	all	3	germ	layers	are	evidenced	

through	histological	or	 immunofluorescent	analysis,	a	stem	cell	 type	 is	generally	accepted	as	being	

pluripotent.	The	process	of	stem	cell	characterisation,	has	been	reviewed	 in	detail	by	a	number	of	

sources	[253–255].	

	

Due	to	the	vast	variability	and	heterogeneity	of	PSCs	in	culture,	it	can	often	be	difficult	to	interpret	

the	 results	 from	 tests	 such	 as	 these.	 Often	 the	 analysis	 can	 be	 subjective,	 as	 with	 histological	

examination	 of	 teratoma	 tissue	 for	 example.	 It	 is	 therefore	 important	 to	 complete	 a	 range	 of	

differentiation	experiments	to	gain	as	much	of	a	complete	sense	as	possible	to	the	capacity	of	the	

candidate	 cells	 to	 differentiate.	 In	 doing	 so	 3D	 culture	methods	 should	 be	 encorporated	 into	 this	

system;	 it	 is	 becoming	 clear	 that	 3D	 models	 of	 differentiation	 are	 likely	 going	 to	 yield	 cells	 of	

enhanced	function.	The	differential	responses	of	cells	in	2D	and	3D	are	also	documented;	cells	that	

may	not	differentiate	in	conventional	conditions	may	do	so	with	extra	dimensionality	and	so	should	

be	considered	in	pluripotency	testing	in	vitro.	
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4.1.4 The	importance	of	PSC	confluency	on	phenotype	
	

An	area	of	importance	to	consider	in	the	culture	of	PSCs	is	that	of	cell	confluency.	It	is	accepted	that	

high	 cell	 densities	 are	 required	 for	 quality	 PSC	maintenance,	 but	 in	 general	 there	 has	 been	 little	

consideration	of	any	possible	differences	 in	pluripotency	throughout	the	phases	of	cell	growth	in	a	

single	 sub-culture.	 Of	 the	 research	 there	 is,	 the	 theme	 concerns	 cell	 seeding	 density,	 and	 as	

previously	mentioned	 it	 is	 accepted	ESCs	 should	be	cultured	at	high	density	 to	avoid	 spontaneous	

differentiation,	 as	 well	 as	 possible	 culture	 adaptations.	 Some	 studies	 in	 fact	 demonstrate	 the	

opposite;	that	higher	cell	seeding	densities	are	actually	detrimental	for	culture	conditions	[256],	due	

to	 the	 unfavourable	 conditions	 (i.e.	 lactic	 acid	 build-up).	 Nevertheless,	 EC	 cells	 cultured	 at	 low	

density	spontaneously	differentiate	[257],	and	seeding	density	in	known	to	alter	pluripotency	in	both	

hESCs	 and	 iPSCs	 [258,259].	 Therefore,	 a	 fine	 balance	 must	 be	 struck	 on	 conventional	 monolayer	

culture	 of	 PSCs;	 that	 between	 maintaining	 pluripotency,	 spontaneous	 differentiation,	 culture	

adaptation	and	cell	survival.	

	

Mechanisms	to	avoid	confluency	or	cell	seeding	density	compromising	high	quality	cultures	include	

the	use	of	differential	cell	dissociation	reagents,	as	well	as	small	molecules	in	the	growth	medium	in	

attempts	 to	allow	 single	 cell	 suspension	passaging.	 	 For	example,	 as	 reviewed	by	Ohgushi	 in	2011	

[260],	it	is	possible	to	avoid	cell	death	caused	by	initiating	a	single	cell	suspension	by	culture	in	the	

presence	 of	 a	 ROCK	 inhibitor,	 a	 key	 pathway	 effector	 involved	 in	 cytoskeletal	 dynamics.	 Similarly,	

avoidance	 of	 cell	 death	 and	 genetic	 aberration	 through	 mechanisms	 such	 as	 these	 can	 also	 be	

avoided	 through	 the	 use	 of	 non-enzymatic	 dissociation	methods;	 for	 example	 through	 the	 use	 of	

simply	EDTA	[261].	

	

TERA2.cl.SP12	 cells,	 as	 the	 cell	 line	 focussed	 on	 here,	 take	 on	 vastly	 differing	 morphologies	

throughout	 a	 single	 passage	 in	 culture.	 This	 begs	 a	 number	 of	 questions;	 does	 differentiation	

potential	 change	 throughout	 the	 phases	 of	 confluency	 in	 a	 PSC	 culture?	 If	 confluency	 alters	 cell	

morphology	and	cytoskeletal	arrangement,	may	this	be	another	route	by	which	culture	adaptations	

occur?	 Furthermore,	 if	 maintenance	 of	 PSCs	 in	 a	 3D	 environment	 affects	 pluripotency	 and	

differentiation	 potential,	 can	 this	 be	 placed	 in	 the	 context	 of	 confluency,	 in	 order	 to	 link	 current	

knowledge	of	mechanotransduction	in	2D	and	3D	of	PSCs?	
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4.2 Hypotheses	and	Aims	
	

This	chapter	aims	to	use	the	ability	for	pluripotent	cell	maintenance	upon	Strata	(providing	increased	

developmental	 potential)	 and	 develop	 the	 method	 further,	 to	 economise	 its	 undertaking	 and	

capitalise	on	its	potential.	In	doing	so,	initial	cell	isolation,	seeding	density	and	culture	duration	will	

be	re-visited.	It	is	hypothesised	that	hEC	cells	can	be	exposed	to	the	physical	cues	of	Strata	for	just	

one	 “passage”	 to	 induce	 an	 effect	 upon	 cell	 differentiation.	 This	 would	 form	 the	 basis	 for	

mechanistic	 investigations	 into	 the	 underlying	 changes	 between	 it	 and	 conventional	 hEC	 culture,	

intending	to	be	broad	 in	scope	for	this	study	to	set	the	foundations	for	more	 in	depth	subsequent	

study.	This	chapter	aims	to	answer	the	following	biological	questions:	

	

• Is	 cell	 propagation	 (in	 the	 context	 of	 long-term	 maintenance)	 necessary	 to	 enhance	

pluripotent	stem	cell	developmental	potential?	

• Can	alternative	3D	approaches	be	utilised	to	assess	differentiation	potential?	

• Should	 the	 process	 be	 economised	 successfully,	 are	 there	 any	mechanisms	 by	which	 this	

effect	can	be	investigated	further?	

	
	

4.3 Objectives	
	

	

• Determine	 parameters	 to	 develop	 a	 protocol	 for	 pluripotent	 stem	 cell	 maintenance	

consisting	 of	 a	 single	 increased	 (in	 time)	 exposure	 to	 Strata,	 opposing	 a	 sub-culture	

approach.	

• Characterise	 the	 stem	cell	 phenotype	 in	 terms	of	pluripotency	and	differentiation	 in	 vitro	

and	in	vivo	using	a	range	of	characterised	techniques.	

• Characterise	 markers	 of	 the	 cellular	 cytoskeleton	 and	 adhesion	 to	 determine	 routes	 of	

investigation	for	understanding	the	effect	of	3D	culture	on	the	mechanotransduction	of	hEC	

cells.	
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4.4 Results	
	
	

4.4.1 Development	of	a	pluripotent	cell	maintenance	protocol	using	Alvetex®	Strata	
	

4.4.1.1 Strata,	as	a	mixed	micro-nano	topography,	has	previously	been	shown	to	support	the	
maintenance	of	pluripotency	and	differentiation	capacity	

	

It	 has	 been	 shown	 in	 a	 similar	manner	 to	 the	work	 presented	 in	 Chapter	 1,	 that	 it	 is	 possible	 to	

maintain	hPSCs	upon	Strata	and	maintain	them	for	up	to	10	passages	[194].	This	resulted	in	the	case	

of	 TERA2.cl.SP12,	 in	 maintenance	 and	 enhanced	 cell	 pluripotency	 as	 demonstrated	 by	

immunostaining	for	Oct4	and	quantified	by	flow	cytometry	for	the	cell	surface	pluripotency	marker	

SSEA-3.	Differentiation	was	enhanced	by	increased	cell	aggregation	after	3D	maintenance,	as	well	as	

enhanced	TUJ-1	expression	after	further	3D	differentiation.	This	culminated	in	the	ability	for	the	3D	

cultured	cells	to	demonstrate	differentiation	into	all	three	germ	layers	during	a	teratoma	assay.	This	

showed	 that	 through	 maintenance	 of	 cells	 in	 a	 3D	 microenvironment,	 cell	 function	 could	 be	

enhanced	past	that	previously	possible.	In	doing	so	this	also	demonstrates	that	a	mixed	micro-nano	

topography	 may	 support	 PSC	 growth	 in	 ways	 not	 possible	 with	 the	 previously	 tested	 nano-

topography	(Polaris).	Figure	4.1	outlines	this	process	in	comparison	to	that	developed	in	the	previous	

chapter	using	Polaris.		

	

A	 summary	of	 the	 resultant	data	concerning	 the	propagation	of	hEC	cells	on	Strata	 is	displayed	 in	

Figure	 4.2.	 Cell	 yield	 remained	 consistently	 higher	 than	 that	 seeded	 (0.5	 million	 cells);	 at	 P1	 on	

average	1.85	million	cells	were	retrieved	at	a	viability	of	96	%,	at	P4	1.08	million	cells	were	retrieved	

at	a	viability	of	88	%	and	at	P7	1.58	million	with	a	viability	of	86	%.	This	demonstrated	a	greater	than	

2-fold	 increase	 in	 cell	 number	 at	 each	 passage	 (every	 4	 days).	 Cell	 morphology	 was	 assessed	 via	

neutral	 red	staining	 (Figure	4.2	B,	a-c)	showing	a	relatively	even	distribution	of	 tightly	packed	cells	

across	 the	 substrate.	 Further	 histological	 staining	 reflected	 this	 (Figure	 4.2	 B,	 d)	where	 there	was	

minimal	cell	penetration	with	high	numbers	of	tightly	packed	cells	 located	on	top	of	the	substrate.	

Pluripotency	marker	 (Oct4)	expression	was	maintained	and	evident	 through	a	number	of	passages	

(Figure	 4.2	 C,	 a-d),	 1	 and	 6	 shown	 here.	 This	 ultimately	 resulted	 in	 a	 maintained	 differentiation	

capacity	 as	 demonstrated	 through	 a	 teratoma	 assay.	 Histological	 staining	 (Figure	 4.2	 C,	 e	 &	 f)	

showed	 complex	 structure	 formation,	 proven	 through	 previous	 research	 to	 result	 in	 tissues	 of	 all	

three	germ	layers	[194].	
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Although	 this	 developed	 protocol	 has	 shown	 great	 promise	with	 regards	 to	 the	 initial	 hypotheses	

outlined	 in	this	study	 i.e.	 that	providing	PSCs	with	an	altered	microenvironment	will	enhance	their	

differentiation	capacity,	this	process	 is	time	consuming.	10	passages	using	this	process	will	take	40	

days,	 and	 that	 is	 before	 any	 differentiation	 protocol	 ensues.	 For	 this	 reason	 and	 those	 previously	

discussed,	 this	 chapter	 focusses	 on	 increasing	 the	 efficiency	 of	 this	 process;	 taking	 the	 mixed	

topography	substrate	that	has	shown	previous	success	and	determining	whether	there	 is	a	shorter	

time	period	by	which	alterations	 in	cell	differentiation	capacity	can	be	observed,	shorter	than	that	

previously	 possible.	 In	 order	 to	 do	 this,	 it	was	 necessary	 to	 re-evaluate	 parameters	 that	 could	 be	

further	optimised	from	the	initial	previously	conducted	works.		

	

	

Figure	4.1.	TERA2.cl.SP12	hEC	cells	can	be	maintained	upon	Polaris	or	Strata.		Their	methods	differ	

as	follows;	cells	cultured	upon	Polaris	are	seeded	at	either	0.25	or	0.5	million	cells	dependent	upon	

passage	 number	 whereas	 using	 Strata	 the	 optimised	 method	 uses	 a	 density	 of	 0.5	 million	 cells	

throughout.	 Cells	 are	 cultured	 for	 either	 5	 or	 4	 days	 between	 passages,	 respectively	 and	 their	

removal	methods	differ	in	a	reduced	trypsin	EDTA	exposure	using	Polaris.	
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4.4.1.2 It	may	be	possible	to	develop	and	shorten	this	protocol	whilst	maintaining	its	effects	
	

There	 are	 a	 number	 of	 factors	 that	 should	 be	 considered	 in	 the	 culture	 of	 PSCs	 as	 previously	

discussed.	Table	4.1	outlines	the	major	factors	associated	with	maintaining	high	quality	PSC	cultures;	

seeding	density,	cell	culture	duration,	as	with	most	other	cell	types	to	ensure	maximal	cell	yield	and	

vitality,	 and	 cell	 removal	method.	 There	 is	 a	 wealth	 of	 literature	 suggesting	 that	 this	 has	 a	 great	

impact	of	PSC	culture	quality,	and	was	also	characterised	with	the	hEC	cell	 type	used	here.	As	hEC	

cells	are	less	reliant	upon	specialised	cell	isolation	reagents,	those	tested	were	relatively	simple;	the	

conventional	trypsin	EDTA	exposure,	acid-washed	glass	beads	which	form	the	usual	method	of	cell	

passaging	in	2D	and	Versene,	a	non-enzymatic	route	of	dissociation.	Therefore,	to	be	tested	was	the	

effect	of	mechanical,	enzymatic,	and	non-enzymatic	methods	of	cell	removal	upon	cell	yield,	viability	

and	pluripotency	marker	expression.	Similarly,	 in	order	 to	 further	optimise	 the	process,	a	 low	and	

high	 seeding	 density	 were	 tested;	 0.1	 and	 0.5	 million	 cells	 per	 well	 and	 the	 capacity	 for	 cell	

maintenance	for	either	5	or	10	days.		

	

	

	

	

	

	

	

	

	

Figure	4.2	(overleaf).	 TERA2.cl.SP12	cells	have	been	previously	 shown	to	maintain	differentiation	

capacity	after	propagation	upon	Strata.		hEC	cells	were	seeded	according	to	a	protocol	optimised	by	

Knight	(2013).	(A)	Cell	yield	and	viability	at	each	passage	remains	high	and	consistently	greater	than	

that	 seeded	with	viability	 consistently	greater	 than	80	%.	 (B)	As	demonstrated	by	Neutral	 red	 (a-c)	

and	H&E	(d)	staining	cells	form	dense	relatively	consistent	 layers	on	top	of	Strata,	with	minimal	cell	

penetration.	(C)	Immunostaining	(a-d)	reveals	maintenance	of	pluripotency	marker	expression	(Oct4)	

is	maintained	across	a	number	of	passages,	P1	and	6	demonstrated	here.	(e	&	f)	Teratoma	formation	

from	 cells	 passaged	 10	 times	 conventionally	 or	 upon	 Strata,	 in	 3D.	 H&E	 staining	 demonstrates	

complex	structure	formation	for	both	 cell	 types	suggesting	maintenance	of	pluripotency.	Scale	bars	

represent:	 500	 µm	 (B,	 a-c),	 100	 µm	 (B,	 d),	 50	 µm	 (C,	 a-d),	 100	 µm	 (C,	 e)	 and	 200	 µm	 (C,	 f).	 Data	

represent	mean	+	SD,	total	n=3	on	1	 independent	test	occasion.	Teratoma	and	Strata-passaged	cell	

sections	provided	by	E.	Knight,	Durham	University.	
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Table	 4.1.	 Parameters	 to	 consider	 for	 the	 further	 development	 of	 a	method	 to	 culture	 PSCs.	 	 A	

number	of	 factors	affect	the	ability	of	PSCs	to	maintain	their	capacity	to	differentiate	 including	cell	

seeding	density,	dissociation	method	and	culture	duration.	

Parameter	to	optimise	 Rationale	 References	

Culture	duration	for	

adaptation	to	3D	environment	

Cell	 function	 was	 enhanced	 with	 increased	 passage	

number	in	3D.	

It	 would	 therefore	 be	 beneficial	 to	 increase	 culture	

time	through	 just	one	“passage”	 in	3D	to	economise	

methodology.	

[194]	

Cell	seeding	density	 If	culture	longevity	can	be	increased,	seeding	density	

needs	to	be	adjusted	to	maintain	viability.	

[257–259]	

Culture	dissociation	method	 Cell	 dissociation	 method	 is	 known	 to	 affect	 cell	

function,	can	this	be	used	to	enhance	acclimitisation	

to	substrates	to	shorten	the	experimental	protocol?	

[260–262]	

	

	

4.4.1.3 Cell	seeding	density,	removal	method	and	culture	duration	affect	cell	growth	
	

To	determine	 the	effect	of	an	altered	seeding	density,	 culture	period	and	cell	 removal	method	on	

cell	 growth	 in	 the	 context	 of	 enhancement	 of	 the	 previous	 Strata-maintenance	method,	 cell	 yield	

and	viability	was	recorded	via	trypan	blue	exclusion	(Figure	4.3	A).	Cell	removal	success	was	assessed	

via	 H&E	 staining	 (Figure	 4.3	 B)	 during	 an	 initial	 pilot	 experiment.	 From	 this	 the	 most	 promising	

condition	 was	 to	 be	 taken	 forward	 for	 further	 assessment	 in	 terms	 of	 morphology	 and	 cell	

phenotype.		

	

Initially	it	was	noted	that	the	highest	cell	viability	and	yields	were	demonstrated	(Figure	4.3	A)	after	

10	days	culture,	irrespective	of	the	cell	seeding	density,	or	removal	method.	As	may	be	expected,	cell	

yield	 was	 higher	 after	 seeding	 an	 initial	 0.5	 million	 cells,	 with	 the	 greatest	 yields	 obtained	 using	

trypsin	 EDTA.	 After	 seeding	 0.1	million	 cells	 per	well,	 cell	 yield	 appeared	 to	 plateau	 after	 7	 days,	

which	may	 suggest	 differentiation,	 not	 the	 case	with	 a	 seeding	 density	 of	 0.5	million	 cells,	where	

yields	 increased	 as	 the	 length	 of	 time	 in	 culture	 increased.	 This	 effect	was	 less	 pronounced	 after	

seeding	 using	 acid-washed	 beads	 to	 isolate	 the	 initial	 cell	 suspension.	 With	 regards	 to	 the	

differences	 observed	 between	 methods	 for	 gaining	 a	 cell	 suspension	 pre-seeding;	 yields	 were	

generally	 highest	 after	 trypsin	 exposure,	 at	 the	 higher	 seeding	 density.	 There	 were	 less	 obvious	

differences	 at	 the	 lower	 seeding	 density,	 again	 suggesting	 a	 possible	 differentiation	 response	

resulting	 in	equal	cell	numbers	at	the	end	of	the	culture	periods.	Both	Versene	and	bead	methods	

yielded	higher	numbers	of	cells	than	that	seeded,	however	after	using	beads	to	isolate	the	initial	cell	

suspension,	there	appeared	to	be	a	plateau	in	cell	yield	after	7	days.	 Indeed,	the	effects	seen	here	
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were	 confirmed	 to	 be	 due	 to	 cellular	 effects,	 rather	 than	 differing	 capacities	 for	 cell	 removal.	 As	

shown	 in	 Figure	 4.3	 B,	 each	 method	 allowed	 for	 complete	 cell	 removal	 using	 the	 previously	

optimised	method	(7	minutes	trypsin	EDTA	exposure	at	100	rpm,	followed	by	cell	scraping).	Densely	

packed	cells	were	evident	before	removal	(after	seeding	at	high	density	for	10	days),	with	minimal	

retention	after	cell	removal,	only	those	that	had	penetrated	the	substrate.	

	

Cell	yield	and	viability	were	maximal	after	seeding	0.5	million	cells	per	well	and	culture	upon	Strata	

for	10	days.	Cell	morphology	and	the	expression	of	the	pluripotency	marker	Oct4	was	assessed	using	

this	 condition	 in	 comparison	 to	 the	 lower	 0.1	million	 cell	 seeding	 density.	 Firstly,	 cell	morphology	

was	assessed	via	H&E	staining	(Figure	4.4	A).	At	the	lower	seeding	density	of	0.1	million	cells	per	well	

(Figure	4.4	A,	a-c)	 cells	penetrated	 throughout	 the	depth	of	 the	 substrate,	 spreading	between	 the	

voids	 suggesting	 cell	 differentiation.	 After	 seeding	 at	 a	 higher	 0.5	 million	 cells	 per	 well	 density	

populations	 packed	 on	 top	 of	 the	 substrate	 (Figure	 4.4	 A,	 d-f),	 akin	 to	 that	 seen	 with	 the	 cell	

maintenance	 protocols	 described	 previously.	 In	 terms	 of	 cell	 phenotype,	 pluripotency	 marker	

expression	was	assessed	via	immunostaining	for	Oct4	(Figure	4.4	B).	As	expected,	with	the	lower	0.1	

million	 cell	 seeding	 density	 there	 was	 very	 little	 positive	 staining	 evident	 (Figure	 4.4	 B,	 a-c),	 in	

contrast	 to	 0.5	million	 cells	 where	 there	 was	 positive	 staining	 evident,	 although	 less	 so	 with	 the	

mechanical	beads	method	(Figure	4.4	B,	d-f).	



143	
	

	

	 	

Figure	4.3.	Cell	seeding	density,	use	of	dissociation	reagents	and	culture	duration	affect	hEC	cell	

yield	 and	 viability.	 	TERA2.cl.SP12	 hEC	 cells	were	 seeded	 according	 to	 the	 protocol	 optimised	 by	

Knight	 (2013),	 altering	 the	 cell	 seeding	 density,	 reagent	 used	 for	 cell	 dissociation	 (trypsin	 EDTA,	

Versene	 or	 acid-washed	 beads)	 or	 the	 total	 culture	 duration.	 (A)	 Cell	 yields	 and	 viability	 of	 the	

varying	conditions	calculated	using	trypan	blue	exclusion.	(B)	H&E	staining	of	10	day	cultures	and	a	

0.5	million	cell	seeding	density,	before	and	after	cell	removal.	Data	represents	mean	+	SD	total	n=3	

from	1	independent	test	occasion.	Scale	bars	represent	50	µm.	
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Figure	 4.4.	 Cell	 seeding	 density	 and	 use	 of	 dissociation	 reagents	 affect	 pluripotency	 marker	

expression.	 	TERA2.cl.SP12	hEC	cells	were	 seeded	according	 to	 the	protocol	optimised	 by	 Knight	

(2013),	altering	the	cell	seeding	density,	reagent	used	for	cell	dissociation	(trypsin	EDTA,	Versene	

or	acid-washed	beads).	 (A)	H&E	 staining	of	10	day	 cultures	and	 a	0.1	or	0.5	million	 cell	 seeding	

density,	 before	 cell	 removal,	 showing	 cell	 penetration	 and	 retention	 on	 top	 of	 the	 substrate,	

respectively.	 (B)	 Immunostaining	for	the	pluripotency	marker	Oct4	(green)	demonstrates	no	clear	

expression	at	a	lower	seeding	density	and	altered	expression	dependent	upon	dissociation	reagent	

with	an	increase	in	seeding	density.	Scale	bars	represent	100	µm	(A)	and	50	µm	(B).	
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As	a	result,	an	alternative	economised	method	compared	to	continual	maintenance	over	a	number	

of	passages	could	be	proposed;	a	0.5	million	cell	 seeding	density	using	 trypsin	EDTA	to	 isolate	 the	

initial	 cell	 suspension	 (as	was	 previously	 the	 case),	 and	 extending	 the	 culture	 time	 to	 10	 days	 (as	

opposed	 to	 several	 passages	 of	 4	 days	 each).	 This	 process	 is	 summarised	 in	 Figure	 4.5,	

demonstrating	 a	 yield	 of	 approximately	 2	 million	 cells	 (4-fold	 of	 that	 seeded),	 a	 process	 termed	

“priming”	upon	Strata.	

	

	

	

	
	

	
	
	
	
	
	
	
	

	 Cell	numbers	

(millions)	

Inoculated	 0.5	

Retrieved	after	

priming	(±	SEM)	

1.916	(±	0.31)	

Figure	4.5.	An	efficient	protocol	 for	 the	enhancement	of	 PSC	 function	by	“priming”	upon	Strata.			

(A)	Schematic	of	novel	test	culture	parameters;	0.5	million	 cells	are	to	be	seeded	upon	Strata	using	

trypsin	EDTA	as	a	dissociation	reagent	and	cultured	for	10	days	after	which	point	the	resultant	cell	

populations	 can	 be	 tested	 for	 their	 pluripotency	 and	 differentiation	 capacity	 using	 a	 number	 of	

methods.	 (B)	Cell	 yield	 is	high	after	 implementation	 of	 this	protocol	with	 an	average	of	1.9	million	

cells	retrieved	from	an	initial	0.5	million	cell	seeding	density	(~	4-fold	increase	 in	cell	number).	Data	

represents	n=6.	
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4.4.2 Characterisation	of	growth	and	phenotype	of	Strata-primed	TERA2.cl.SP12	populations	
	

4.4.2.1 Cell	population	morphology	and	growth	upon	Strata	
	

As	with	the	work	carried	out	 in	the	previous	chapter,	the	morphological	characteristics	of	the	cells	

cultured	 using	 this	 proposed	 “priming”	 protocol	 upon	 Strata	 compared	 to	 their	 conventionally	

cultured	counterparts	were	assessed.	Again,	at	the	population	 level,	cell	morphology	was	assessed	

via	Neutral	Red	staining	(Figure	4.6	A-E)	and	resulted	in	dense	layers	of	cells	on	top	of	the	substrate,	

similar	to	that	seen	during	the	continual	maintenance	procedure.	These	cells	were	consistent	across	

the	 substrate	 (Figure	 4.6	 A-C)	 and	 at	 higher	 resolution	 appear	 to	 maintain	 their	 high	 nuclear	 to	

cytoplasm	ratio,	with	visible	nucleoli	(Figure	4.6	D	&	E).	Cell	distribution	was	also	demonstrated	via	

H&E	staining,	reflecting	the	same	observations	(Figure	4.6	F	&	G).	Consistent	seemingly	disordered	

layers	of	cells	gathered	on	top	of	the	substrate,	with	minimal	cell	penetration.	TUNEL	staining	(Figure	

4.6	H	&	I)	revealed	minimal	cell	death	after	the	10-day	priming	period,	and	this	was	coupled	with	a	

continual	expansion	in	cell	population	(Figure	4.7).	Again,	growth	was	much	reduced	in	rate	in	3D;	at	

72	h	in	conventional	culture	there	were	5.29	x10
6
	cells	compared	to	0.55	x10

6
	in	3D.	By	9	days	(216	

h)	cell	numbers	had	reached	5.75	x10
6
	and	3.27	x10

6
,	respectively.		This	resulted	in	a	greater	than	2-

fold	population	doubling	time	(Figure	4.7	B)	of	14	h	in	3D	in	comparison	to	6	h	in	2D.	
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Figure	4.6.	Characterisation	of	TERA2.cl.SP12	cell	morphology	after	priming	upon	Strata.	hEC	

cells	 were	 seeded	 according	 to	 their	 optimised	 protocol.	 (A-E)	 Neutral	 red	 staining	

demonstrates	 dense	 cell	 consistent	 cell	 growth	 upon	 Strata,	 (F	 &	 G)	 H&E	 staining	 reveals	

consistent	thick	multilayer	growth	upon	the	substrate,	 (H	&	I)	TUNEL	staining	reveals	minimal	

cell	death	consistent	with	previous	measurements.	Scale	bars	represent:	500	µm	(A-C),	100	µm	

(D),	50	µm	(E	&	G	–	I)	and	200	µm	(F).	
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Growth	Condition	 Population	

doubling	time	(h)	

2D	 6.8	

3D	 14.1	

Figure	4.7.	Growth	profile	of	T2SP12	hEC	cells	primed	using	Alvetex®	Strata	or	conventional	tissue	

culture	plastic.	(A)	hEC	cells	were	seeded	at	according	to	their	optimised	protocols	and	cultured	for	

up	to	9	days	and	counted	daily	via	Trypan	Blue	exclusion.	Data	are	mean	+-	SEM	total	n=9	from	3	

independent	 test	 occasions.	 (B)	 Cell	 populations	 doubling	 times	 of	 cells	 primed	 using	 Strata	 or	

conventional	 methods.	 hEC	 cells	 were	 seeded	 and	 counted	 as	 previously	 stated	 and	 population	

doubling	 time	 calculated	 during	 the	 exponential	 growth	 phase	 (0-72	 h	 2D,	 72-144	 h	 3D)	 via	 the	

following	 equation:	 PDL=	 T	 Ln2	 /	 Ln2	 (Xe/Xb)	 where,	 T	 =	 Time	 (h),	 Xe	 =	 end	 cell	 number,	 Xb	 =	

beginning	cell	number.	
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4.4.2.2 Assessment	of	cell	pluripotency	
	

Cell	pluripotency	was	assessed	via	three	methods;	qPCR,	immunostaining	and	flow	cytometry.	qPCR	

analysis	 (Figure	 4.8	 A)	 of	 Oct4,	 Sox2	 and	 Nanog	 expression	 revealed	 almost	 2-fold	 expression	 on	

average	 when	 normalised	 to	 conventional	 culture	 (Figure	 4.8	 A,	 1.8,	 1.6	 and	 1.8,	 respectively).	

Immunostaining	for	the	same	markers	confirms	expression	after	the	3D	priming	process	(Figure	4.8	

B)	 although	 intensity	 was	 not	 necessarily	 as	 consistent	 as	 may	 be	 expected.	 Flow	 cytometry	

demonstrated	variation,	 generally	 suggesting	maintenance	of	expression,	when	comparing	2D	and	

3D,	 of	 the	 following	 pluripotency	markers;	 SSEA3	 (21	 %	 to	 31	 %,	 P=0.09),	 SSEA4	 (84	 %	 to	 94	 %,	

p=0.05),	 Oct4	 (92	%	 to	 81	%,	 P=0.0005),	 Sox2	 (93	%	 to	 77	%,	 P=0.37)	 and	Nanog	 (59	%	 to	 38	%,	

P=0.21)	 with	 significant	 increase	 in	 differentiation	 (A2B5)	 expression	 (8	 %	 to	 21	 %,	 P=0.0079).	

Representative	histograms	of	immunostained	cell	populations	allows	for	a	deeper	understanding	of	

the	signals	analysed	(Figure	4.8	D).	The	unexpected	low	positive	staining	from	the	cells	is	likely	to	be	

a	 result	 of	 poor	 antibody	 quality	 (Figure	 4.8	 D,	 a	 &	 d);	 the	 peak	 fluorescence	 is	 relatively	 broad.	

Another	point	to	note,	is	that	of	a	double	peak	apparent	with	Oct4	staining	of	2D	samples	(Figure	4.8	

D,	g),	suggesting	heterogeneity	within	the	culture	population.	This	may	also	be	the	case	with	Nanog	

for	the	3D-primed	populations	(Figure	4.8	D,	l).	Conservatively,	it	appeared	that	pluripotency	was	at	

least	maintained	after	TERA2.cl.SP12	cells	were	primed	using	the	process	optimised	here.		

	

	

	

	

	

	

	

	

	

Figure	4.8	 (overleaf).	Characterisation	of	pluripotency	marker	 expression	of	 TERA2.cl.SP12	after	

priming	upon	Strata.	hEC	cells	were	cultured	according	to	their	optimised	protocol.	(A)	qPCR	for	the	

pluripotency	markers	Oct4,	Sox2	and	Nanog,	show	approximately	2-fold	expression	in	comparison	to	

conventional	culture.	 (B)	 Immunostaining	for	the	same	markers	reveals	maintained	expression	and	

(C)	 flow	 cytometry	 for	 these	markers	 in	addition	 to	SSEA-3,	 SSEA-4	and	 the	differentiation	marker	

A2B5	reveals	maintained	expression	in	all	cases	apart	from	Oct4	and	A2B5	which	show	significantly	

lower	and	higher	expression,	respectively.	(D)	Representative	histograms	for	all	tested	markers	used	

for	flow	cytometry,	gating	as	detailed	 in	Chapter	2.	Data	represent	mean	+	SEM,	total	n=3	formed	

from	 3	 independent	 test	 occasions	 (A),	 total	 n=9	 formed	 from	 3	 independent	 test	 occasions.	

Statistical	significance	denoted	*	P<0.1,	**	P<0.05,	***P<0.01	as	determined	by	multiple	unpaired	

two-tailed	Student’s	t-tests.	Scale	bars	represent	50	µm.	
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4.4.2.3 Cell	aggregation	is	enhanced	and	cell-cell	contacts	altered	after	hEC	priming	upon	
Strata,	resulting	in	possible	changes	in	spontaneous	differentiation	

	

As	cell	pluripotency	marker	expression	was	shown	to	be	maintained	after	hEC	priming	upon	Strata,	

the	effect	upon	cell	differentiation	was	assessed	next.	As	previously	outlined,	cell	aggregation	can	be	

used	as	a	measure	of	the	cell-cell	contacts	within	a	cell	population.	We	hypothesised	that	this	would	

be	greater	after	3D	priming,	therefore	 larger	aggregates	would	be	formed	from	these	populations.	

To	test	this,	hEC	cells	were	cultured	according	to	their	optimised	protocols;	conventionally	in	2D	or	

upon	Strata	for	10	days	in	the	so-called	priming	process,	removed,	and	allowed	to	aggregate	in	low-

adherence	Petri	dishes	 for	up	 to	21	days	 (Figure	4.9	A).	 	Aggregates	were	 imaged	at	7,	14	and	21	

days	before	phase	contrast	microscopy	and	fixation	for	immunostaining.	After	culture	in	both	2D	and	

3D,	large	aggregates	formed	by	21	days;	growing	in	size	(as	measured	by	visible	surface	area)	up	to	

this	point.	Aggregates	were	compact	and	showed	little	signs	of	proliferation	at	the	periphery	(Figure	

4.9	 B).	 When	 quantified	 (Figure	 4.9	 C),	 3D	 cultured	 cell	 aggregates	 were	 smaller	 after	 7	 days,	

approximately	equalising	at	14	days	and	becoming	significantly	larger	at	21	days	(P=0.34,	P=0.45	and	

P=0.08,	respectively).		

	

Immunostaining	for	the	cell-cell	contact	surface	protein	family,	cadherins,	was	completed	to	assess	

any	differences	 arising	 as	 an	 effect	 of	 culture	 in	 2D	or	 3D	 conditions.	 In	 2D,	 cell	 aggregates	 show	

expression	of	the	3	major	groups	of	cadherins;	E-,	N-	and	P-	(Figure	4.10	A,	C	&	E),	at	cell	peripheries,	

as	may	be	expected.	After	3D	priming	 the	distribution	of	 this	 expression	appeared	altered	 (Figure	

4.10	B,	D	&	F).	E-Cadherin	expression	appeared	overall	 reduced,	N-Cadherin	maintained	and	there	

was	 no	 detectable	 signal	 for	 P-Cadherin,	 suggesting	 that	 the	manner	 in	 which	 cell-cell	 contact	 is	

achieved	in	this	population	may	be	altered.		

	

Similarly,	 the	 effect	 of	 this	 was	 assessed	 in	 terms	 of	 spontaneous	 differentiation,	 through	 both	

neuronal	 and	epithelial	 routes	by	 immunostaining	of	21-day	aggregates	 formed	 from	both	 culture	

conditions	for	the	markers	CK8	and	TUJ-1	(Figure	4.11).	In	the	2D	cultured	cell	aggregates,	there	was	

low	level	expression	of	both	epithelial	(CK8)	and	neuronal	(TUJ-1)	markers	(Figure	4.11	A-C).	That	is	

in	 comparison	 to	 that	 for	 aggregates	 formed	 after	 3D	priming	 (Figure	 4.11	D-F),	where	 there	was	

greater	intensity	of	staining	in	general,	but	also	in	more	distinct	areas.	

	

In	summary,	it	was	observed	that	cell	aggregation	was	enhanced	after	21	days	of	aggregation	in	low-

adherence	conditions,	which	may	be	attributed	to	a	resulting	change	in	cadherin	utilisation	leading	

to	 altered	 spontaneous	 differentiation.	 To	 assess	whether	 this	would	 be	 the	 case	 during	 directed	

differentiation,	 cells	 were	 subject	 to	 a	 number	 of	 protocols	 to	 test	 their	 performance	 in	 such	

situations.	

	 	



152	
	

		

	

Figure	4.9.	Cell	aggregation	is	enhanced	after	priming	upon	Strata.	 (A)	TERA2.cl.SP12	hEC	cells	

were	 cultured	using	their	optimised	methods	 in	2D	or	upon	Strata	and	then	transferred	to	 low-

adherence	Petri	dishes	for	up	to	21	days.	(B)	Aggregate	size	was	then	recorded	via	phase	contrast	

microscopy	 and	 (C)	 quantified	using	 ImageJ	 software.	Data	 represents	mean	+	SEM,	 total	 n=45	

aggregates	from	3	 independent	test	occasions,	*	P<0.1	as	determined	by	two-way	ANOVA	with	

Holm-Sidak’s	multiple	comparison	test.	Scale	bars	represent	200	µm.	
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Figure	 4.10.	 Cadherin	 expression	 is	 altered	 in	 aggregates	 formed	 from	 Strata-primed	 cell	

populations.	TERA2.cl.SP12	hEC	cells	were	cultured	using	their	optimised	methods	in	2D	or	upon	

Strata	and	then	transferred	to	low-adherence	Petri	dishes	for	21	days,	before	immunostaining	for	

the	 cell-cell	 contact	 markers	 E-Cadherin	 (A	 &	 B),	 N-Cadherin	 (C	 &	 D)	 and	 P-Cadherin	 (E	 &	 F).	

Staining	suggests	expression	of	all	 three	markers	after	 conventional	culture,	whereas	mainly	N-

Cadherin	mediated	aggregation	after	priming	upon	Strata.	Scale	bars	represent	50	µm.	
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4.4.2.4 Directed	monolayer	differentiation	of	primed	TERA2.cl.SP12	results	in	differential	cell	
organisation	

	

As	 spontaneous	 cell	 differentiation	 resulted	 in	 a	possible	 change	 in	 the	expression	of	 the	markers	

TUJ-1	 and	 CK8,	 it	 was	 postulated	 that	 when	 differentiation	 was	 directed,	 there	 would	 be	 a	 clear	

effect	 upon	 the	 resultant	 cell	 phenotype.	 To	 first	 test	 this,	 cells	 were	 cultured	 according	 to	 their	

optimised	methods	and	then	allowed	to	adhere	back	to	tissue	culture	plastic	in	the	presence	of	1	µM	

EC23,	a	well	characterised	route	of	TERA2.cl.SP12	directed	differentiation.	Expected	outcomes	would	

Figure	 4.11.	 Spontaneous	differentiation	may	be	altered	 in	aggregates	 formed	 from	Strata-

primed	cell	populations.	TERA2.cl.SP12	hEC	cells	were	cultured	using	their	optimised	methods	in	

2D	 or	 upon	 Strata	 and	 then	 transferred	 to	 low-adherence	 Petri	 dishes	 for	 21	 days,	 before	

immunostaining	for	the	nuclear	(A	&	D)	and	differentiation	markers	CK8	(B	&	E)	and	TUJ-1	(C	&	

F).	 Staining	 suggests	 expression	 of	 both	 epithelial	 (CK8)	 and	 neuronal	 (TUJ-1)	 differentiation	

markers	in	both	culture	conditions,	however	may	be	 increased	after	priming	upon	Strata.	Scale	

bars	represent	50	µm.	
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include	a	change	 in	cell	morphology	coupled	with	the	expression	of	both	neuronal	TUJ-1	and	non-

neuronal	CK8	in	distinct	populations	[204].	

	

As	demonstrated	 in	Figure	4.12	and	4.13,	when	subject	 to	 retinoid	differentiation	cell	morphology	

adapted	to	reflect	the	lineage	commitment	undergoing.	At	7	days,	for	both	cell	types,	cells	became	

much	larger,	and	spread	across	the	substrate,	losing	their	high	nucleus-cytoplasm	ratio	(Figure	4.12).	

Within	 the	 2D	 cultured	 cell	 populations,	 there	 were	 distinct	 areas	 of	 morphology	 such	 as	 this,	

interspersed	with	more	tightly	packed	cells	(Figure	4.12	A,	a	&	b).	In	cells	primed	in	3D,	this	was	less	

discrete,	with	cells	of	both	morphologies	being	spread	more	heterogeneously	across	 the	substrate	

(Figure	4.12	A,	c	&	d).	The	appearances	of	these	cell	types	were	also	reflected	in	their	expression	of	

the	 differentiation	markers	 previously	 introduced,	 TUJ-1	 and	 CK8	 (Figure	 4.12	 B).	 There	was	 high	

expression	 of	 both	markers,	 however	 those	 cells	 that	 packed	 tightly	 together	 in	 the	 2D	 cultured	

condition	appear	to	be	strongly	TUJ-1	positive,	suggesting	neuronal	commitment.	This	was	also	the	

case	 with	 the	 3D-primed	 cells,	 there	 was	 also	 less	 structure	 involved,	 with	 strong	 individual	 cell	

expression	of	the	markers.	

	

By	14	days,	the	trend	in	morphology	and	protein	expression	continued,	to	less	of	an	extent.	Areas	of	

tightly	 packed	 versus	 highly	 spread	 cells	were	more	 contrasting	 and	 discrete	 (Figure	 4.13),	 which	

again	was	less	so	the	case	after	priming	in	3D,	which	maintained	somewhat	of	a	more	homogeneous	

morphology	and	expression	of	differentiation	markers.	It	was	more	obvious	by	this	point	that	those	

cells	expressing	TUJ-1	were	not	expressing	high	levels	of	CK8	and	vice	versa.	This	was	less	obvious	in	

the	cells	primed	in	3D	prior	to	differentiation	(Figure	4.13	B).	

	

To	 assess	 these	 trends	 semi-quantitatively,	 protein	 lysates	 were	 formed	 post-differentiation	 and	

western	 blotting	 completed	 for	 both	 TUJ-1	 and	 CK8	 (Figure	 4.14	 B),	 demonstrated	with	 summary	

immunostaining	 for	 reference.	 At	 Day	 7	 there	 was	 a	 significant	 reduction	 in	 TUJ-1	 expression	

(P=0.043)	after	3D	priming	with	no	significant	change	in	CK8	expression,	although	trending	towards	

an	 increase.	 By	 14	days	 there	was	 little	 discernible	 difference	between	 the	 expression	of	 the	 two	

differentiation	markers.	 In	 summary,	 there	were	 alterations	 in	 the	 directed	 differentiation	 of	 3D-

primed	TERA2.cl.SP12,	at	early	commitment	up	to	Day	7,	which	appears	to	be	overcome	by	Day	14.	
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Figure	4.12	Directed	differentiation	may	be	altered	when	 cells	are	differentiated	as	monolayers.	

TERA2.cl.SP12	hEC	cells	were	cultured	using	their	optimised	methods	in	2D	or	upon	Strata	and	then	

transferred	 to	 conventional	 TCP	 in	 the	 presence	 of	 1	 µM	 EC23	 for	 7	 days,	 before	 phase	 contrast	

microscopy	 (A)	 and	 (B)	 immunostaining	 for	 the	 differentiation	 markers	 CK8	 and	 TUJ-1.	 Staining	

suggests	 expression	 of	 both	 epithelial	 (CK8)	 and	 neuronal	 (TUJ-1)	 differentiation	 markers	 in	 both	

culture	 conditions.	 The	 distribution	 of	 such	 markers	 appears	 altered	 dependent	 upon	 the	 culture	

condition;	 expression	 of	 said	 markers	 appears	 more	 homogenous	 after	 3D	 priming.	 Scale	 bars	

represent	100	µm.	
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Figure	4.13	Directed	differentiation	may	be	altered	when	 cells	are	differentiated	as	monolayers.	

TERA2.cl.SP12	hEC	cells	were	cultured	using	their	optimised	methods	in	2D	or	upon	Strata	and	then	

transferred	 to	 conventional	 TCP	 in	 the	 presence	 of	 1	 µM	 EC23	 for	 14	 days,	 before	 phase	 contrast	

microscopy	 (A)	 and	 (B)	 immunostaining	 for	 the	 differentiation	 markers	 CK8	 and	 TUJ-1.	 Staining	

suggests	 expression	 of	 both	 epithelial	 (CK8)	 and	 neuronal	 (TUJ-1)	 differentiation	 markers	 in	 both	

culture	 conditions.	 The	 distribution	 of	 such	 markers	 appears	 altered	 dependent	 upon	 the	 culture	

condition;	 expression	 of	 said	 markers	 appears	 more	 homogenous	 after	 3D	 priming.	 Scale	 bars	

represent	100	µm.	
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Figure	4.14	Directed	differentiation	may	be	altered	when	cells	are	differentiated	as	monolayers.	

TERA2.cl.SP12	hEC	cells	were	cultured	using	their	optimised	methods	in	2D	or	upon	Strata	and	then	

transferred	 to	 conventional	 TCP	 in	 the	 presence	 of	 1	 µM	 EC23	 for	 7	 and	 14	 days,	 before	

immunostaining	for	the	differentiation	markers	CK8	and	TUJ-1	(A)	and	western	blotting	(B).	Staining	

suggests	 expression	 of	 both	 epithelial	 (CK8)	 and	 neuronal	 (TUJ-1)	 differentiation	markers	 in	 both	

culture	conditions,	and	when	quantified	using	a	semi-quantifiable	method	CK8	expression	appears	

enhanced	 in	3D	after	7	days,	converse	to	TUJ-1	expression	being	enhanced	 in	2D.	This	balanced	to	

approximately	equal	expression	after	14	days.	Scale	bars	represent	100	µm.	Data	represents	mean	

+	 SEM,	 total	 n=3	 from	 3	 independent	 test	 occasions.	 Statistical	 significance	 denoted	 *	 P<0.1	

determined	by	two-way	ANOVA	with	Holm-Sidak’s	test	for	multiple	comparisons.	
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4.4.2.5 Directed	differentiation	in	a	range	of	3D	models	results	in	altered	and	enhanced	cell	
performance	

	

Through	 the	 characterisation	 of	 primed-TERA2.cl.SP12	 using	 Strata	 to	 this	 point,	 it	 has	 been	

demonstrated	 that	 cells	 aggregated	 to	 a	 greater	 extent	 resulting	 in	 differential	 early	 organisation	

during	cell	differentiation	in	monolayer	culture.	As	the	ultimate	aim	of	this	research	incorporated	3D	

techniques	 it	was	hoped	that	differentiation	protocols	would	 take	on	the	same	processes.	For	 this	

reason,	 the	performance	of	3D-primed	cells	was	 tested	 in	3	 three-dimensional	models	of	directed	

neuronal	differentiation;	neurosphere	formation,	scaffold	differentiation,	and	neurite	outgrowth.	

	

Initially	 neurosphere	 formation	 was	 assessed	 by	 removal	 of	 cells	 from	 either	 2D	 or	 3D	 before	

allowing	them	to	aggregate	in	 low-adherence	conditions	in	the	presence	of	1	µM	EC23	for	21	days	

(Figure	 4.15	 A).	 The	 resultant	 neurospheres	 were	 similar	 in	 size	 and	 form	 as	 assessed	 by	 phase	

contrast	microscopy	(Figure	4.15	B,	a	&	b)	and	their	internal	structure	shown	through	H&E	staining,	

densely	packed	with	some	evidence	of	neuronal	differentiation	(Figure	4.15	B,	d,	neural	rosette).		

	 	

Figure	 4.15.	Neuronal	differentiation	 in	 conventionally	 cultured	 cells	 compared	 to	 those	primed	

upon	Strata.	(A)	TERA2.cl.SP12	hEC	cells	were	cultured	using	their	optimised	methods	in	2D	or	upon	

Strata	and	then	transferred	to	low-adherence	Petri	dishes	for	up	to	21	days	in	the	presence	of	1	µM	

EC23	to	induce	neuronal	differentiation.	(B)	Aggregate	morphology	was	recorded	via	phase	contrast	

microscopy	and	containing	structure	using	H&E	staining.	Scale	bars	represent	200	µm.	
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To	assess	the	effect	of	cell	growth	in	2D	or	3D	neurospheres	were	fixed	for	immunostaining	at	both	

14	and	21	days,	for	the	previously	discussed	differentiation	markers	TUJ-1	and	CK8	(Figure	4.16).	At	

14	days	(Figure	4.16	A),	and	after	culture	in	2D	neurospheres	expressed	relatively	high	levels	of	the	

non-neural	 marker	 CK8,	 and	 small	 amounts	 of	 neural	 TUJ-1	 mainly	 at	 the	 periphery	 of	 the	 cell	

aggregates.	After	3D-priming,	this	appeared	reversed,	there	was	very	 little,	 if	any,	positive	staining	

for	CK8	whereas	relatively	high	levels	of	TUJ-1	spread	throughout	the	whole	neurosphere.	After	21	

days	 (Figure	 4.16	 B),	 the	 levels	 of	 both	 differentiation	 markers	 appeared	 to	 have	 levelled;	 after	

culture	in	both	conditions	there	was	expression	of	both	CK8	and	TUJ-1,	with	a	higher	signal	from	the	

3D	condition	with	regards	to	TUJ-1	expression.	Therefore,	in	this	system,	it	appeared	that	neuronal	

differentiation	may	become	established	earlier	than	with	the	2D	counterpart	and	delay	any	possible	

non-neural	differentiation	(i.e.	CK8	expression).		
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Another	previously	characterised	method	of	neuronal	3D	differentiation	 involves	 that	of	 seeding	a	

single	 PSC	 suspension	 into	 Alvetex®	 Scaffold	 in	 the	 presence	 of	 1	 µM	 EC23	 for	 up	 to	 14	 days	 to	

induce	neural	differentiation	throughout	the	void	network	(Figure	4.17	A).	This	has	been	previously	

shown,	again	by	[194]	 in	the	enhancement	of	differentiation	through	cell	propagation	using	Strata,	

and	provides	a	model	by	which	differentiation	 is	mediated	by	 the	 substrate	more	 so	 than	cell-cell	

contact	dependent	aggregation	models.	H&E	staining	of	the	resultant	cultures	at	both	7	and	14	days	

(Figure	4.17	B),	revealed	penetration	into	the	substrate	for	both	2D	and	3D	cultured	TERA2.cl.SP12.	

There	did	not	appear	 to	be	more	or	 less	penetration	dependent	upon	culture	condition,	and	both	

types	 readily	 penetrated	 the	 depth	 of	 the	 Scaffold	 by	 14	 days,	 spreading	 throughout	 the	 voids.	

Immunostaining,	again	for	the	differentiation	markers	CK8	and	TUJ-1,	was	completed	to	determine	

the	 resultant	 cell	 populations	 formed	 using	 this	 differentiation	 protocol.	 At	 14	 days,	 there	 was	

expression	of	TUJ-1	regardless	of	the	prior	cell	culture	method	(Figure	4.17	C,	c	&	f);	this	appeared	to	

be	 mainly	 localised	 on	 top	 of	 the	 Scaffold	 with	 cells	 that	 had	 not	 necessarily	 penetrated	 the	

substrate.	Considering	CK8,	when	cells	were	cultured	 in	2D	prior	to	differentiation,	expression	was	

demonstrated,	and	seemed	reduced	after	3D	priming	(Figure	4.17	C,	b	&	e).	This	suggests	that	in	this	

environment	 lineage	 commitment	 may	 have	 been	 again	 altered	 dependent	 on	 the	 initial	 culture	

conditions.	

	

A	final	alternative	method	of	3D	differentiation	considered	here	was	neurite	outgrowth	as	previously	

introduced	 [208],	 the	 method	 being	 a	 quantifiable	 approach	 to	 determine	 the	 ability	 of	 cells	 to	

differentiate	 to	 form	 neurites.	 Cells	 were	 removed	 from	 their	 respective	 culture	 conditions	 and	

allowed	 to	aggregate	and	 form	neurospheres	 for	21	days	 in	 the	presence	of	0.01	µM	EC23	before	

being	plated	onto	10	µg/mL	PDL/Laminin	for	10	days	(Figure	4.18	A)	and	immunostained	for	TUJ-1	to	

stain	neurites.	Neurites	were	formed	from	both	2D	and	3D	cultured	cell	populations,	although	it	was	

clear	that	success	appeared	much	greater	after	3D	culture.	This	was	reflected	after	immunostaining	

(Figure	 4.18	 B)	 where	 2D	 cultured	 cells	 tended	 to	 migrate	 away	 from	 the	 cell	 body	 rather	 than	

forming	long	extending	neurites.	When	quantified,	neurite	outgrowth	was	significantly	greater	after	

3D	culture	(P=0.035),	a	reflection	of	both	success	and	the	quality	of	neurites	formed.	In	this	case	3D-

primed	TERA2.cl.SP12	cultures	out-performed	their	2D	counterparts	in	terms	of	neurite	outgrowth.	

Figure	 4.16	 (overleaf).	 Directed	 3D	 differentiation	 may	 be	 altered	 in	 aggregates	 formed	 from	

Strata-primed	cell	populations.	TERA2.cl.SP12	hEC	cells	were	cultured	using	their	optimised	methods	

in	 2D	 or	 upon	 Strata	 and	 then	 transferred	 to	 low-adherence	 Petri	 dishes	 for	 up	 to	 21	 days	 in	 the	

presence	of	1	µM	EC23	to	induce	neuronal	differentiation,	before	immunostaining	for	the	nuclei	and	

differentiation	 markers	 CK8	 and	 TUJ-1.	 Staining	 suggests	 expression	 of	 both	 epithelial	 (CK8)	 and	

neuronal	 (TUJ-1)	 differentiation	 markers	 in	 both	 culture	 conditions,	 however	 expression	 may	 be	

increased	after	priming	upon	Strata	with	a	clear	reduction	in	CK8	expression	at	the	7	day	time	point.	

Scale	bars	represent	50	µm.	
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Figure	 4.17	 (overleaf).	 Directed	 3D	 differentiation	 is	 maintained	 in	 a	 Scaffold-based	 neuronal	

differentiation	model.	(A)	TERA2.cl.SP12	hEC	cells	were	cultured	using	their	optimised	methods	in	2D	

or	upon	Strata	and	seeded	at	 low	density	to	Alvetex®	Scaffold	for	up	to	14	days	in	the	presence	of	1	

µM	EC23	to	induce	neuronal	differentiation.	(B)	H&E	staining	demonstrates	cell	retention	throughout	

the	 differentiation	 process	 with	 cell	 penetration.	 (C)	 Immunostaining	 for	 the	 nuclei	 and	

differentiation	markers	 CK8	 and	 TUJ-1	 at	 14	 days	 suggests	 expression	 of	 both	 epithelial	 (CK8)	 and	

neuronal	 (TUJ-1)	differentiation	markers	in	both	culture	conditions.	Scale	bars	represent	200	µm	(B)	

and	50	µm	(C).	

	



164	
	

21	Days	+	0.01	µM	EC23 10	Days	+	MI	 
+	PDL/Laminin	coating 

Neurite	Outgrowth 

A 

C 

2D-Primed 3D-Primed 
TUJ-1	Hoescht TUJ-1	Hoescht 

B 
a c 

b d 

2D
 

3D
0

2

4

6

8

 

 C
or

re
ct

ed
 n

eu
ri

te
 o

ut
gr

ow
th

 a
re

a 
(µ

m
2 )

**



165	
	

	 	

Figure	4.18	(overleaf).	Neurite	outgrowth	is	enhanced	after	culture	upon	Strata.	(A)	TERA2.cl.SP12	

hEC	cells	were	cultured	using	their	optimised	methods	in	2D	or	upon	Strata	and	allowed	to	aggregate	

in	low-adherence	Petri	dishes	in	the	presence	of	0.01	µM	EC23	to	induce	neuronal	differentiation	for	

21	days	before	plating	 onto	 PDL/Laminin	 coated	 tissue	 culture	plates	 (as	 described	by	Clarke	et	al.	

2016).	(B)	Immunostaining	for	nuclei	(blue)	and	the	neuronal	marker	TUJ-1	(green)	demonstrate	clear	

neurite	outgrowth	in	3D	(B,	c	&	d),	which	is	not	always	the	case	in	2D	(B,	a	&	b).	(C)	Quantification	of	

the	 area	 covered	 by	 neurites	 (normalised	 to	 aggregate	 size)	 reflects	 this,	 which	 greater	 neurite	

outgrowth	 in	 3D.	 Data	 represents	 mean	 +	 SEM	 total	 n=7	 from	 3	 independent	 test	 occasions	 with	

statistical	 significance	 denoted	 by	 **P<0.05	 as	 determined	 by	 unpaired	 two-tailed	 Student’s	 t-test.	

Scale	bars	represent	200	µm.	
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4.4.2.6 Pluripotency	testing	in	the	context	of	in	vivo	differentiation	
	

The	 gold	 standard	method	 of	 testing	whether	 a	 cell	 type	 is	 pluripotent	 is	 to	 conduct	 a	 teratoma	

assay;	that	is	to	inject	a	prospective	PSC	line	subcutaneously	into	mice	resulting	in	tumour	formation	

consisting	of	a	haphazard	structure	of	differentiated	tissues	representing	all	three	embryonic	germ	

layers.	 As	 there	 have	 been	 a	 number	 of	 differences	 between	 the	 two	 cell	 types	 tested	 here,	

especially	 in	 the	context	of	neural	vs.	non-neural	differentiation,	a	 teratoma	assay	was	conducted.	

This	was	 to	 confirm	whether	 pluripotency	was	maintained	 in	 the	 cell	 populations	 or	whether	 the	

process	may	be	driving	cells	towards	a	more	progenitor-like	state.	Theoretically	such	cells	would	not	

be	pluripotent	and	spontaneously	differentiate	to	cells	of	all	three	germ	layers	in	vivo.	Indeed,	there	

is	also	a	responsibility	 in	performing	assays	such	as	these	to	reduce	and	even	replace	the	practice,	

and	 this	 work	 introduced	 incorporation	 of	 3D	 techniques	 such	 as	 that	 presented	 here,	 for	 the	

purpose	of	recapitulating	the	teratoma	assay	in	vitro.	This	research	is	ongoing,	and	beyond	the	main	

scope	of	this	thesis;	a	preliminary	proof-of	concept	form	is	presented	here.		

	
	

4.4.2.7 An	in	vitro	alternative	to	the	Teratoma	Assay	
	

In	 order	 to	 determine	 multi-lineage	 differentiation	 of	 TERA2.cl.SP12,	 cells	 were	 cultured	 in	 their	

respective	environments	before	forming	cellular	aggregates	for	14	days	in	low	adherence	conditions.	

Aggregates	were	 then	 placed	 on	 top	 of	 Alvetex®	 Polaris	 for	 a	 further	 7	 days	 to	 support	maximal	

spontaneous	 differentiation	 (Figure	 4.19	 A).	 This	 “tissue	 disc”	 methodology	 formed	 the	 basis	 to	

simulate	the	Teratoma	Assay	 in	an	 in	vitro	setting.	Samples	were	fixed	and	 immunostained	for	the	

markers	previously	used;	TUJ-1	and	CK8.	Crystal	violet	staining	of	the	“tissue	discs”	upon	Polaris	at	

the	end	of	their	culture	period	(Figure	4.19	B)	demonstrated	the	difference	in	size	observed	between	

the	two	conditions,	similar	to	the	trend	observed	upon	aggregation	(Figure	4.9).	This	was	reflected	

upon	quantification	(Figure	4.19	C)	where	as	expected	tissue	discs	formed	from	3D	cultured	hEC	cells	

were	larger	than	their	conventionally	cultured	counterparts.	When	considering	histological	staining	

of	 the	 resultant	 tissue	 discs	 and	 containing	 structures	 (Figure	 4.19	 D);	 there	 were	 a	 number	 of	

similarities	between	the	two	conditions.	Both	conditions	formed	structures	that	were	lumen-like	in	

appearance	 (Figure	 4.19	 D,	 *),	 areas	 that	were	 diffuse	 in	 nature	 suggesting	 connective-like	 tissue	

(Figure	4.19	D,	◊)	also	those	that	were	more	tightly	packed	and	less	clearly	specialised	(Figure	4.19	D,	

□)	 	
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When	considering	the	tissue	types	formed	from	these	structures,	immunostaining	was	completed	to	

confirm	 the	 lineages	 expected	 during	 spontaneous	 and	 directed	 differentiation	 (Figures	 4.20	 and	

4.21).	TUJ-1	expression	was	widespread	throughout	the	main	portions	of	both	types	of	tissue	disc,	

and	 the	 same	 is	 true	 for	CK8,	although	appearing	 less	obviously	 that	 the	neural	marker.	On	 these	

grounds,	 this	 process	 showed	 promise	 for	 comparing	 cell	 type	 pluripotency,	 in	 addition	 to	

monitoring	of	 a	number	of	other	parameters	 relevant	 to	 the	 teratoma	assay;	 such	as	 growth	 rate	

and	final	size	(larger	in	the	3D-primed	cell	populations).		

Figure	 4.19.	 A	 model	 to	 determine	 spontaneous	 germ	 layer	 differentiation	 in	 vitro;	 and	 its	

application	with	hEC	cells.		(A)	TERA2.cl.SP12	hEC	cells	were	cultured	using	their	optimised	methods	

in	 2D	 or	 upon	 Strata	 and	 allowed	 to	 aggregate	 in	 low-adherence	 Petri	 dishes	 for	 14	 days	 before	

plating	onto	Alvetex®	Polaris	for	7	days	(as	introduced	by	both	Knight,	and	Owens).	(B)	Photographs	

of	 the	 resultant	 “Tissue	 Discs”	 after	 staining	 with	 crystal	 violet	 allow	 visualisation	 and	 (C)	

quantification	of	size	akin	to	that	possible	using	the	gold	standard	teratoma	assay	and	reveals	larger	

disc	sizes	after	priming	upon	Strata.	(D)	H&E	staining	reveals	the	formation	of	complex	structures	as	

may	 be	 expected	 from	 a	 teratoma	 *	 indicates	 luminal	 epithelial	 structures,	 □	 indicates	 densely	

packed	connecting	cell	types,	◊	represents	diffuse	possible	connective	tissue.	Data	represents	mean	+	

SD	n=5	on	1	test	occasion.	Scale	bars	represent	200	µm.	
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Figure	4.20.	Differentiation	 is	possible	using	tissue	disc	formation	after	conventional	2D	culture.					

(A)	H&E	staining	reveals	the	formation	of	complex	structures	as	may	be	expected	from	a	teratoma.	

(B	 &	 C)	 Ectodermal	 differentiation	 is	 evident	 after	 immunostaining	 for	 TUJ-1	 and	 (D	 &	 E)	

endodermal	 differentiation	 less	 evident	 that	 in	 the	 2D	 condition,	 by	 staining	 for	 CK8.	 Scale	 bars	

represent	50	µm.	
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4.4.2.8 Cells	express	enhanced	differentiation	markers	after	in	vivo	differentiation	
	

To	 confirm	 that	 cells	 cultured	 in	 both	 conventional	 and	 the	 3D	method	 developed	 here	 retained	

their	differentiation	potential,	 cell	 suspensions	were	 injected	 into	NOD	SCID	mice	and	cultured	 for	

approximately	4	weeks.	 This	 also	 served	as	 a	direct	 comparison	of	 cell	 differentiation	potential	 as	

tested	using	the	“Tissue	Disc”	model	previously	detailed.	Teratomas	were	assessed	for	the	formation	

of	tissues	of	each	embryonic	germ	layer.	Examples	of	resultant	teratomas	are	shown	in	Figure	4.22.	

Figure	4.21.	Differentiation	is	possible	using	tissue	disc	formation	after	3D	priming.		(A)	H&E	staining	

reveals	the	formation	of	complex	structures	as	may	be	expected	from	a	teratoma.	(B	&	C)	Ectodermal	

differentiation	 is	 evident	 after	 immunostaining	 for	 TUJ-1	 and	 (D	 &	 E)	 endodermal	 differentiation	

evident	by	staining	for	CK8.	Scale	bars	represent	50	µm.	
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All	were	formed	of	tightly	packed	cells	organised	into	diverse	structures	reminiscent	of	a	number	of	

tissue	types.		

	

In	addition	to	resultant	tissue	morphology	a	number	of	additional	parameters	were	considered	for	

comparison	between	 the	cell	 types	 (Figure	4.23).	 Teratoma	size	was	 recorded	by	measurement	of	

the	longest	length	of	the	tumour	(Figure	4.23	A).	On	average,	teratomas	formed	from	cells	cultured	

in	3D	were	larger	than	their	2D	cultured	counterparts.	This	was	in	agreement	with	the	quantification	

of	cell	aggregation	during	 in	vitro	differentiation	where	the	cell	aggregates	were	significantly	larger	

after	culture	in	3D	after	21	days	spontaneous	differentiation.	

	

The	 success	 rate	of	 teratoma	 formation	was	 recorded	 (Figure	4.23	B).	Out	of	 a	 total	of	8	possible	

tumours,	8	formed,	therefore	a	100	%	success	rate.	Teratoma	assay	duration	was	recorded	(Figure	

4.23	C).	These	time	points	are	extremely	similar	and	it	can	be	concluded	that	there	was	no	difference	

in	the	time	by	which	the	assay	was	undertaken.	

	

Histological	analysis	of	both	2D	and	3D	cultured	cell	teratomas	revealed	the	formation	of	a	modest	

range	of	differentiated	structures	 (Figure	4.24).	From	this	a	number	of	observations	can	be	made.	

Larger	 and	more	 frequent	 lumen	 structures	 formed	 after	 3D	 culture,	 being	 organised	 into	 larger	

spaces	within	the	tumour.	The	organisation	of	the	2D	cultured	cell	tumours	appears	less	distinct	in	

organisation.	Masson’s	 Trichrome	 staining	 confirmed	 similar	 amounts	 of	 ECM	deposition	between	

the	conditions	with	little	evidence	for	Keratin	expression	(Figure	4.24	E-H).	

	

To	characterise	this	 further,	 immunostaining	was	carried	out	upon	teratomas	formed	from	2D	and	

3D	 cultured	 cells.	 Three	markers	 of	 differentiation	were	 utilised;	 E-Cadherin	 (endoderm),	 Smooth	

Muscle	Actin	(mesoderm)	and	TUJ-1	(ectoderm),	to	reflect	the	expression	of	all	three	developmental	

germ	 layers	 as	 shown	 in	 Figure	 4.25	 and	 4.26.	 Expression	 of	 all	 three	 markers	 were	 present	 in	

teratomas	 formed	 from	 both	 2D	 and	 3D	 cultured	 cells.	 When	 comparing	 the	 expression	 of	 the	

markers,	there	was	greater	positive	staining	for	all	three	differentiation	markers	after	priming	in	3D.	

This	also	demonstrated	a	more	complex	structure	morphology,	this	was	especially	clear	as	with	the	

expression	 of	 SMA.	 The	 pluripotency	 marker	 Oct4	 was	 also	 assessed	 for	 its	 expression	 and	 the	

converse	was	true;	greater	expression	was	observed	in	2D	suggesting	incomplete	differentiation	of	

the	2D	cultured	cells	within	the	in	vivo	environment.	
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3D 

B 

Figure	4.22.	Teratoma	formation	is	possible	after	3D	priming.	TERA2.cl.SP12	hEC	cells	were	cultured	

according	 to	 their	 optimised	 protocols	 and	 then	 injected	 subcutaneously	 into	 NOD	 SCID	 mice.	

Tumours	 were	 allowed	 to	 form	 before	 fixation	 in	 10	 %	 Formalin	 and	 subsequent	 processing	 for	

histological	 staining.	 Tumours	 were	 formed	 from	 cells	 cultured	 in	 2D	 (A)	 and	 3D	 (B).	 Complex	

structure	formation	is	evident	in	all	three	conditions.	Scale	bars	represent	1	mm.	
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Figure	 4.23.	 Teratoma	 size,	 success	 rate,	 and	 duration	 after	 conventional	 culture	 or	 3D	 priming.	

TERA2.cl.SP12	 hEC	 cells	 were	 cultured	 according	 to	 their	 optimised	 protocols	 and	 then	 injected	

subcutaneously	into	NOD	SCID	mice.	Tumours	were	allowed	to	form	before	fixation	in	10	%	Formalin	

and	subsequent	processing	for	histological	staining.	 (A)	Maximum	teratoma	diameter	was	recorded	

for	each	 retrieved	tumour	 in	situ	before	 sacrifice,	 resulting	 in	a	trend	whereby	3D	culture	produced	

larger	 teratomas.	 (B)	 Success	 rate	was	 equal	 to	 that	 in	 2D	 after	 culture	 in	 3D,	 and	 (C)	 final	 assay	

duration	trended	towards	being	 longer	after	3D	culture.	Data	represents	 line	at	mean	±	range	with	

points	representing	individual	data	points.	Total	n=4	injections	per	condition	on	1	test	occasion.	
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Figure	 4.24.	 Histological	 characterisation	 of	 teratomas	 formed	 from	 both	 2D	 and	 3D	

cultured	 TERA2.cl.SP12	 hECs.	 TERA2.cl.SP12	 mES	 cells	 were	 cultured	 according	 to	 their	

optimised	 protocols	 and	 then	 injected	 subcutaneously	 into	 NOD	 SCID	 mice.	 Tumours	 were	

allowed	to	form	before	fixation	in	10	%	Formalin	and	subsequent	processing	for	histological	

staining.	 (A-D)	 H&E	 staining	 reveals	 the	 formation	 of	 varying	 structures	 after	 both	

conventional	 culture	 and	 3D	 priming.	 (E-H)	 Masson’s	 trichrome	 staining	 confirms	 positive	

staining	 for	 significant	 varying	 ECM	 deposition,	 however	 limited	 keratin	 expression.	 Scale	

bars	represent	200	µm.	
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Figure	4.25.	There	is	evidence	of	tri-lineage	differentiation	of	teratomas	formed	from	both	2D	and	

3D	cultured	hECs.	TERA2.cl.SP12	hEC	cells	were	cultured	according	to	their	optimised	protocols	and	

then	 injected	subcutaneously	 into	NOD	SCID	mice.	Tumours	were	allowed	to	form	before	fixation	 in	

10	%	Formalin	and	 subsequent	processing	 for	histological	 staining.	 Immunostaining	was	 conducted	

for	markers	of	Endoderm	(ECAD,	A),	Mesoderm	(SMA,	C),	Ectoderm	(TUJ-1,	E)	and	Pluripotency	(Oct4,	

G)	with	positive	staining	(green)	evident	after	all	culture	methods	(nuclei	stained	using	DAPI,	blue,	B,	

D,	F,	H).	Scale	bars	represent	50	µm.	
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Figure	4.26.	There	is	evidence	of	tri-lineage	differentiation	of	teratomas	formed	from	both	2D	and	

3D	cultured	hECs.	TERA2.cl.SP12	hEC	cells	were	cultured	according	to	their	optimised	protocols	and	

then	 injected	subcutaneously	 into	NOD	SCID	mice.	Tumours	were	allowed	to	form	before	fixation	 in	

10	%	Formalin	and	 subsequent	processing	 for	histological	 staining.	 Immunostaining	was	 conducted	

for	markers	of	Endoderm	(ECAD,	A),	Mesoderm	(SMA,	C),	Ectoderm	(TUJ-1,	E)	and	Pluripotency	(Oct4,	

G)	with	positive	staining	(green)	evident	after	all	culture	methods	(nuclei	stained	using	DAPI,	blue,	B,	

D,	F,	H).	Scale	bars	represent	50	µm.	
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4.4.3 A	maintainable	state	of	confluency	may	be	possible	with	priming	upon	Strata,	resulting	in	
enhanced	aggregation	and	cellular	phenotype	

	

It	 is	 known	 that	 confluent	 cultures	 of	 PSCs	 are	 less	 prone	 to	 spontaneous	 differentiation.	

Furthermore,	cells	cultured	in	3D	pack	together	tightly	forming	multiple	layers	on	top	of	the	scaffold.	

This	could	be	considered	as	an	 increase	 in	confluency.	To	determine	any	underlying	mechanism	of	

the	 differences	 outlined	 here	 between	 2D	 and	 3D	 cultured	 hEC	 cells,	 a	 basic	 characterisation	 of	

pluripotency	and	its	relationship	to	confluency	was	conducted.	It	was	hoped	that	this	may	then	lead	

to	 an	 avenue	 of	 investigation	 to	 start	 determining	 factors	 controlling	 the	 enhanced	 or	 altered	

cellular	 aggregation	 and	 cell	 performance	 as	 documented	 above.	 Cells	were	 observed	 at	 differing	

states	 of	 confluency	 i.e.	 Sub-confluent	 (approximately	 50	 %	 confluency)	 and	 confluent	 (95	 %	

confluency).	 Immunostaining	 and	 western	 blotting	 were	 then	 conducted	 for	 a	 range	 of	 markers	

involved	in	cell	differentiation,	cell	adhesion	and	cell	architecture.	This	was	hoped	to	gain	an	overall	

picture	on	the	effect	that	culturing	cells	in	3D	may	have	on	cell	differentiation,	in	the	context	of	cell	

confluency.	

	
	

4.4.3.1 Cell	morphology	is	altered	throughout	confluency,	and	this	is	not	maintainable	in	
conventional	culture	

	

Shown	in	Figure	4.7	was	the	growth	profile	conducted	comparing	that	of	conventionally	cultured	and	

3D-primed	TERA2.cl.SP12.	This	demonstrated	that	by	9	days	in	conventional	culture,	cell	growth	was	

diminished	 and	 probable	 cell	 death	 was	 occurring	 though	 a	 reduction	 in	 cell	 number.	 This	 is	

reiterated	 in	 Figure	 4.27,	 alongside	 phase	 contrast	 micrographs	 of	 such	 cell	 populations.	 Early	 in	

culture	 cells	 spread	 across	 the	 substrate	 surface,	 packing	more	 closely	 together	 after	which	 point	

they	 continue	 to	 proliferate	 and	 become	 undistinguishable	 from	 each	 other.	 At	 this	 point	 there	

appeared	evidence	of	cell	death	(Figure	4.27	A,	*),	taken	together	suggesting	that	maintenance	of	a	

viable	cell	population	past	approximately	7	days	is	not	possible	using	conventional	culture.	Similarly,	

it	 is	well	documented	(as	also	described	above)	that	 low	cell	density	suggests	cell	differentiation,	a	

reduction	in	cell	number	is	not	clearly	evidenced	here	in	the	developed	3D	cell	populations.	

	

A	 striking	 observation	 of	 TERA2.cl.SP12	 cells	 as	 they	 transition	 states	 of	 confluency	 is	 that	 of	 cell	

shape.	 This	 was	 reflected	 through	 phase	 contrast	 microscopy	 in	 Figure	 4.28	 A	 &	 B.	 During	 sub	

confluency,	 cells	 spread	 out	 across	 the	 substrate,	 still	 contained	 prominent	 nucleoli	 (another	

hallmark	 morphological	 feature	 of	 a	 pluripotent	 stem	 cell),	 but	 had	 a	 wide	 ranging	

cytosplasm:nuclear	ratio.	When	confluency	was	achieved,	all	of	the	hallmark	features	were	present	

of	 a	 good	quality	 stem	 cell	 population;	 high	 cytoplasm	 to	 nuclear	 ratio,	 prominent	 nucleoli	whilst	

being	tightly	packed.	Cytoskeletal	components	were	immunostained	(Figure	4.28	C-F)	to	determine	

distribution	 of	 the	 cellular	 components	 responsible	 for	 cell	 shape;	 the	 intermediate	 filament	

Vimentin	and	the	microfilament	F-actin	(Phalloidin).	At	sub	confluency,	both	components	appeared	

to	form	dense	fibres	where	the	cell	 is	 in	contact	with	the	substratum,	and	the	majority	of	staining	

remaining	in	this	locale.	In	contrast,	at	confluency	Vimentin	appeared	to	be	reduced	in	its	expression	



177	
	

whereas	 F-actin	 remained	 strongly	 stained	 and	 compacted	 towards	 the	 nucleus	 reflecting	 the	

change	in	cell	shape,	and	appeared	to	be	surrounding	the	cell	periphery,	not	merely	that	contacting	

the	substratum.	

	

	

	 	

Figure	4.27.	TERA2.cl.SP12	cells	cannot	be	maintained	for	prolonged	periods	in	2D,	highlighting	a	

clear	effect	after	culture	in	3D.	(A)	hEC	cells	were	seeded	at	according	to	the	3D	optimised	protocol	

for	up	to	9	days	and	morphology	assessed	via	phase	microscopy.	By	7	days	the	classic	pluripotent	

stem	 cell	 morphology	 appears	 to	 be	 deteriorating	 with	 increased	 cell	 death	 (*)	 evident	 with	

possible	 spontaneous	 differentiation	 (‘)	 by	 Day	 9.	 (B)	 This	 is	 reflected	 in	 the	 cell	 growth	 profile	

previously	shown,	where	by	day	6	there	is	a	slow	in	cell	growth	and	a	reduction	in	cell	number	after	

9	 days.	 Data	 represents	 mean	 +	 SEM	 total	 n=9	 from	 3	 independent	 test	 occasions.	 Scale	 bars	

represent	100	µm	(A,	a-c)	and	50	µm	(A,	d-f).	

Day	4 Day	7 Day	9 

* ‘ 

a b c 

d e f 

0 1 2 3 4 5 6 7 8 9
0

2

4

6

8

T im e  in  c u ltu re  (d a y s )

C
e

ll
 n

u
m

b
e

r 
(x

1
0

6
)

A 

B 

* 



178	
	

	

	

	 	

Figure	4.28.	Culture	confluency	affects	population	morphology.	(A	&	B)	Phase	contrast	microscopy	

of	 TERA2.cl.SP12	 hEC	 cells	 at	 approximately	 50	 %	 confluency	 (sub-confluent)	 and	 95	 %	 confluent	

(confluent)	reveals	contrasting	cell	morphologies;	at	sub-confluency	cells	spread	across	the	substrate	

displaying	a	reduced	nuclear:cytoplasm	ratio	(not	quantified),	this	is	in	contrast	to	cells	at	confluency	

where	 there	 is	 a	 rounded	 appearance	 with	 very	 little	 cytoplasm.	 (C	 &	 D)	 Immunostaining	 for	 the	

intermediate	 filament,	 vimentin,	 and	 (E	&	 F)	 microfilament	 actin,	 reflects	 this	 observation,	with	 a	

visible	decrease	 in	 vimentin	expression	that	during	sub-confluency	forms	clear	fibres.	This	 is	similar	

to	F-actin	which	forms	clear	fibres	during	 sub-confluency	across	the	bottom	of	each	 cell,	 less	clear	

during	 confluency	 where	 it	 appears	 additionally	 distributed	 around	 the	 cell	 periphery.	 Scale	 bars	

represent	50	µm.	
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4.4.3.2 Cell	pluripotency	is	maintained	throughout	confluency	
	

	

As	cell	morphology	adapted	during	confluency,	this	suggested	that	cell	phenotype	may	also	change	

during	 this	 period	 of	 growth.	 Therefore,	 pluripotency	 marker	 expression	 was	 quantified	 by	 flow	

cytometry	to	determine	if	there	were	any	fluctuations	during	the	growth	phases.	Cells	were	cultured	

in	 their	 respective	 conditions	 and	 immunostained	 for	 a	 range	 of	 pluripotency	 markers	 and	 the	

differentiation	marker	A2B5	(Figure	4.29).	SSEA3	was	found	to	be	significantly	(P=0.0064)	increased	

upon	reaching	a	confluent	cell	state,	as	was	Oct4	(P=0.1)	and	Sox2	(P=0.05).	Nanog	was	significantly	

reduced	in	expression	at	confluence	(P=0.03)	and	A2B5	also	significantly	reduced	(P=0.13).	To	note,	

from	the	representative	histograms	(Figure	4.29	B),	all	examples	of	sub-confluent	expression	display	

either	double	peaks	or	a	broadness	to	the	signal	gained,	suggesting	heterogeneity	in	the	expression	

of	each	marker.	Although	the	overall	percentage	of	positive	cells	may	remain	high,	the	level	at	which	

each	 cell	 shows	 expression	 may	 be	 a	 wider	 range	 at	 sub-confluency.	 Nevertheless,	 as	 cell	

differentiation	 potential	 was	 enhanced	 and	 pPCR	 found	 to	 show	 enhanced	 levels	 of	 pluripotency	

markers,	it	may	be	postulated	that	culture	in	3D	allows	a	cell	state	to	be	reached	that	more	reflects	

and	surpasses	the	confluent	state	of	cell	growth	achievable	in	2D.	

	

To	 test	 this	 hypothesis,	 a	 range	 of	 cell	 markers	 were	 characterised	 via	 immunostaining.	 Initially,	

pluripotency	 and	 differentiation	 markers	 were	 visualised,	 followed	 by	 adhesion	 and	 cytoskeletal	

components	not	already	considered.	

	
	

4.4.3.3 Characterisation	of	a	range	of	cell	function,	adhesion	and	cytoskeletal	components,	
their	relation	to	confluency	and	cell	state	after	3D	priming	

	

Initially,	both	pluripotency	and	differentiation	markers	were	observed	to	validate	previous	findings	

and	 determine	 any	 distribution	 related	 to	 confluency	 and	 dimensionality	 of	 the	 growth	 substrate	

(i.e.	 2D	 vs.	 3D).	 The	pluripotency	marker	Oct4	was	positive	 throughout	both	 states	of	 confluency,	

and	during	3D	culture	as	expected	(Figure	4.30	A-C).	The	differentiation	markers	A2B5	(Figure	4.30	

D-F,	 neuronal	 cell	 surface	marker)	 and	CK8	 (Figure	 4.30	G-I)	 however	 both	 demonstrated	positive	

staining	at	 the	sub-confluent	state,	diminishing	during	confluency	and	during	3D	culture.	Adhesion	

and	 further	 cytoskeletal	 components	 were	 also	 investigated	 via	 immunostaining;	 components	 of	

Focal	Adhesions,	FAK	and	pFAK	 (Figure	4.31	A-F)	appeared	sporadically,	at	 the	base	of	cells	 (i.e.	 in	

contact	with	the	substratum).	More	may	have	been	visible	at	confluency;	this	distribution	could	be	

attributed	 to	 the	 increased	 cell	 number	 in	 the	 field	 of	 view.	 There	was	 little	 evidence	 of	 positive	

staining	for	both	proteins	after	3D	priming.	In	terms	of	the	cell	nucleoskeleton,	lamin	A/C	and	lamin	

B	(Figure	4.31	G-L)	demonstrated	staining	throughout	the	nuclei	at	sub	confluency,	distributed	at	the	

periphery	of	the	nuclei	at	confluency.	After	3D	priming	there	was	low	level	staining	for	lamin	A/C	and	

a	 peripheral	 distribution	 of	 lamin	 B.	 Finally,	 cell-cell	 adhesion	 proteins	were	 also	 characterised	 by	

immunostaining,	 and	 validated	 through	western	 blotting	 (Figure	 4.32).	 E-Cadherin	was	 distributed	
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peripherally	during	sub	confluency	at	the	cell	periphery	(Figure	4.32	A,	a-c).	This	was	also	the	case	

during	confluency	and	during	3D	priming,	although	expression	may	be	reduced	as	staining	appeared	

to	 be	 more	 heterogeneous	 within	 the	 fields	 of	 view.	Western	 blotting	 (Figure	 4.32	 B)	 suggested	

enhancement	 of	 expression	when	 normalised	 to	 protein	 levels,	 which	may	 suggest	 that	 although	

heterogeneous	 in	 expression,	 the	 proteins	 may	 be	 more	 concentrated	 where	 they	 are	 indeed	

present.	N-Cadherin	demonstrated	a	vastly	different	distribution	during	states	of	confluency	(Figure	

4.32	A,	d-f).	
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Figure	 4.29.	 Characterisation	 of	 pluripotency	 marker	 expression	 of	 TERA2.cl.SP12	 during	 sub-

confluency	and	confluency.	 (A)	 Flow	cytometry	 for	 the	pluripotency	markers	 SSEA-3,	 SSEA-4,	Oct4,	

Sox2	 and	 Nanog	 and	 the	 differentiation	 marker	 A2B5	 reveals	 maintained	 expression	 in	 all	 cases	

apart	 from	Oct4	 and	A2B5	 which	 show	 significantly	 lower	 and	 higher	 expression,	 respectively.	 (B)	

Representative	 histograms	 for	 all	 tested	 markers	 used	 for	 flow	 cytometry,	 gating	 as	 detailed	 in	

Chapter	 2.	 Data	 represent	 mean	 +	 SEM,	 total	 n=6-9	 formed	 from	 3	 independent	 test	 occasions.	

Statistical	 significance	 denoted	 by	 *P≤0.1,	 **P≤0.05,	 ***P≤0.01	 as	 determined	 by	 multiple	 paired	

two-tailed	Student’s	t-tests.	
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Figure	 4.30.	 Characterisation	 of	 pluripotency	 and	 differentiation	 marker	 distribution	 during	

confluency	and	in	relation	to	3D	culture.	TERA2.cl.SP12	hEC	cells	were	cultured	in	conventional	

TCP	 or	 using	 Strata	 according	 to	 the	 optimised	 protocol.	 Resultant	 cell	 populations	 were	

immunostained	for	the	pluripotency	marker	Oct4	(A-C),	neuronal	differentiation	marker	A2B5	(D-

F)	and	epithelial	differentiation	marker	CK8	(G-H).	Scale	bars	represent	20	µm	(A,	B,	D,	E,	G,	H)	50	

µm	(C,	F,	I).	
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Figure	4.31.	Characterisation	of	markers	 involved	 in	mechanotransduction	during	confluency	

and	 their	 distribution	 in	 relation	 to	 3D	 culture.	 TERA2.cl.SP12	 hEC	 cells	 were	 cultured	 in	

conventional	TCP	or	using	Strata	according	to	the	optimised	protocol.	Resultant	cell	populations	

were	 immunostained	 for	 the	 adhesion	 proteins	 pFAK	 (A-C),	 FAK	 (D-F),	 nucleoskeleton	

components	lamin	A/C	(G-I)	and	lamin	B	(J-K).	Scale	bars	represent	20	µm	(A-H,	J,	K)	50	µm	(I,	L).	
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Figure	 4.32.	 Characterisation	 of	 markers	 involved	 in	 cell-cell	 signaling	 during	 confluency	 and	 their	

distribution	in	relation	to	3D	culture.	TERA2.cl.SP12	hEC	cells	were	cultured	in	conventional	TCP	or	using	

Strata	according	to	the	optimised	protocol.	Resultant	cell	populations	were	 immunostained	for	the	cell-

cell	adhesion	proteins	E-Cadherin	(A,	a-c),	N-Cadherin	(A,	d-f)	and	P-Cadherin	(A,	g-i).	(B)	western	blotting	

demonstrating	protein	expression	of	cell-cell	adhesion	proteins.	Scale	bars	represent	50	µm.	(a,	b,	d,	e,	g,	

h)	20	µm	(c,	f,	i).	
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4.5 Discussion	
	

This	 chapter	 aimed	 to	 develop	 a	 more	 efficient	 short-term	 method	 of	 sub-culture	 of	 PSCs	 upon	

Strata.	This	was	made	possible	 through	the	previous	success	of	 the	methodology	using	Strata	 (see	

[194]	for	full	doctoral	research	study),	instead	of	Polaris,	as	a	sub-culturing	substrate.	There	were	a	

number	 of	 reasons	 to	 invest	 time	 in	 completing	 this;	 namely	 culture	 adaptation	 through	 the	

mechanisms	previously	described,	which	are	a	consideration	for	ESCs	 in	prospective	clinical	use.	 In	

doing	 so	 this	 altered	 “priming”	protocol	was	developed	by	 re-considering	 seeding	density,	 culture	

times	 as	well	 as	 the	 agent	 used	 to	 produce	 a	 single	 cell	 suspension	 for	 cell	 seeding	 into	 3D.	 This	

protocol	 was	 then	 characterised	 in	 terms	 of	 the	 cell	 growth	 upon	 Strata,	 and	 the	 resultant	 cell	

phenotype.	Finally,	an	attempt	was	made	to	consolidate	these	observations,	by	comparing	the	cell	

growth	 in	 2D	 at	 varying	 confluencies	 to	 that	 of	 the	 3D-primed	 populations	 in	 order	 to	 begin	 to	

understand	the	mechanobiology	of	the	cell	type.	This	discussion	will	therefore	establish	whether	this	

adapted	 protocol	 is	 successful	 in	 enhancing	 TERA2.cl.SP12	 cell	 differentiation	 potential	 to	 levels	

observed	previously,	and	mechanisms	by	which	this	may	be	occurring.		

	
	

4.5.1 It	is	possible	to	sub-culture	TERA2.cl.SP12	upon	a	mixed	micro/nano	topography	
substrate	

	

Prior	 to	 the	 project	 presented	 here,	 a	 protocol	was	 developed	 for	 the	 sub-culture	 of	 various	 PSC	

lines	using	Strata	(see	[194]).	This	process	is	displayed	in	Figure	4.1,	alongside	that	optimised	here	in	

the	previous	chapter	using	Polaris.	Differences	 include	a	higher	seeding	density	of	0.5	million	cells	

per	 insert	 throughout	 the	 whole	 process,	 sub-culture	 periods	 of	 4	 days,	 and	 a	 prolonged	 trypsin	

EDTA	exposure	of	7	minutes	compared	to	3.	This	process	was	repeatable	 (as	shown	 in	Figure	4.2),	

resulting	in	consistent	expansion	of	the	cell	population	across	7	passages	tested	in	this	instance	(and	

up	 to	 10	 tested	 previously).	 Viability	 was	 consistently	 higher	 than	 80	 %,	 although	 appeared	 to	

decrease	 towards	 later	 passages.	 This	 was	 also	 the	 case	 when	 previously	 tested	 in	 the	 study,	

although	not	to	the	same	extent	as	demonstrated	here.	When	cultured	in	this	manner,	the	EC	cells	

formed	thick	layers	on	top	of	Strata	(Figure	4.2	B),	which	were	generally	consistent	across	the	whole	

insert	 and	demonstrated	minimal	 invasion	 into	 the	underlying	 substrate.	 This	was	 consistent	with	

data	formed	previously	within	the	original	project.	Cells	expressed	a	range	of	markers	including	Oct4	

across	 all	 passages	 (Figure	 4.2	 C,	 P1-6	 tested	 here)	 and	 when	 injected	 into	 SCID	 mice	 formed	

teratomas	with	complex	tissue	structure	formation	evident	(Figure	4.2	C).	Overall	this	suggests	that	

TERA2.cl.SP12	 cells	 cultured	 using	 this	 method	 are	 viable,	 express	 markers	 of	 pluripotency	 and	

differentiate	 to	 form	 complex	 structures	 and	 have	 therefore	 maintained	 their	 function.	 Previous	

research	 (again	 see	 [194]),	 showed	 that	 cells	 taken	 from	 the	 3D	 environment	 in	 fact	 expressed	

higher	levels	of	the	pluripotency	marker	SSEA3	(at	P3	a	20	%	increase	in	expression).	The	cells	also	

differentiated	to	greater	extents,	tested	via	a	number	of	methods	including	cell	aggregation	(greater	

after	 sub-culture	 on	 Strata)	 and	 differentiation	 in	 the	 presence	 of	 retinoids.	 All	 of	 which	

demonstrated	outperformance	of	2D	conventionally	cultured	cells	by	their	3D	counterparts.	
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4.5.2 The	sub-culture	process	can	be	shortened	to	just	one	“priming”	step	upon	Strata	
	

As	Strata	had	previously	been	used	to	sub-culture	TERA2.cl.SP12,	it	was	not	deemed	necessary	to	re-

optimise	all	the	parameters	in	a	similar	fashion	to	that	shown	in	the	previous	chapter	of	this	thesis.	

Therefore,	6	well-inserts	were	used,	that	were	treated	with	70	%	EtOH	prior	to	cell	seeding	with	a	

dispersed	 technique.	 Parameters	 that	 were	 optimised	 here,	 as	 shown	 in	 Figure	 4.3	 were	 seeding	

density,	culture	duration	and	cell	removal	method.		

	

Considering	seeding	density,	both	0.1	and	0.5	million	cells	per	well	were	tested;	0.5	million	cells	was	

the	previous	density	used	to	maintain	cells	for	4	days	in	the	sub-culturing	method.	It	was	not	clear	

whether	 this	 would	 be	 sustainable	 for	 longer	 time	 periods,	 or	 whether	 a	 lower	 seeding	 density	

would	then	allow	for	an	increase	in	culture	duration.	In	general,	higher	cell	recoveries	were	gained	

after	 seeding	 0.5	 million	 cells	 per	 well.	 When	 taking	 the	 time	 points	 into	 account,	 at	 the	 lower	

seeding	a	plateau	was	achieved	whereby	after	7	days	there	was	no	increase	in	cell	number.	 In	this	

case,	it	was	likely	that	these	cells	had	differentiated	and	slowed	dramatically	in	their	proliferation.	To	

note	from	the	time	points	tested,	as	the	number	of	days	in	culture	increased,	cell	viability	generally	

increased,	irrespective	of	cell	removal	method	or	seeding	density.	As	discussed	in	the	introduction	to	

this	chapter,	there	is	conflicting	evidence	on	whether	cell	density	is	conducive	to	genetic	changes	or	

not	 [237,245,256].	 The	 results	 presented	 here	 could	 support	 the	 hypothesis	 that	 high	 cell	 density	

resulted	in	increased	cell	vitality.	There	was	still	reduced	viability	at	the	shorter	time	points	and	so	it	

cannot	be	clear	from	the	tests	conducted	here	whether	this	was	simply	a	higher	susceptibility	to	cell	

death	due	 to	 increased	 sensitivity	 to	 removal.	Alternatively,	 it	 could	be	 inherent	 in	 the	process	 in	

which	cell	death	would	be	present,	but	then	appearing	reduced	due	to	high	levels	of	proliferation.	

	

Changing	 the	 method	 of	 cell	 removal	 also	 influenced	 cell	 growth,	 as	 well	 as	 Oct4	 expression.	

Considering	 the	 higher	 seeding	 density	 (as	 the	 lower	 was	 suspected	 to	 have	 differentiated),	 cell	

removal	 tended	 to	 be	 highest	 with	 use	 of	 trypsin,	 followed	 by	 versene,	 and	 then	 beads.	 This	 is	

understandable	as	the	former	method	is	enzyme	based,	and	is	 likely	to	be	the	most	potent	for	cell	

removal.	 With	 removal	 via	 bead-washing,	 only	 those	 in	 contact	 with	 the	 beads	 are	 likely	 to	 be	

removed,	leaving	behind	more	cells	than	with	enzymatic	and	chemical	methods.	H&E	staining	of	the	

inserts	after	removal	suggests	this	may	not	be	the	case	(Figure	4.3	B).	After	10	days	viability	reached	

over	80	%	independent	of	cell	removal	method.	However,	both	cell	yield	and	viability	were	highest	

after	 trypsin	 exposure,	 a	 0.5	 million	 cell	 per	 well	 seeding	 density	 after	 10	 days	 in	 culture.	 To	

determine	 if	 this	 provided	 an	 advantage	 in	 terms	 of	 pluripotency,	 samples	 were	 stained	 for	 the	

pluripotency	marker	Oct4	 as	 shown	 in	 Figure	 4.4.	As	 suspected,	 cells	 seeded	 at	 the	 lower	 density	

penetrate	the	depth	of	the	substrate	and	showed	little	expression	of	Oct4	confirming	that	they	are	

likely	differentiating.	Seeding	at	a	higher	density	appeared	to	overshadow	the	effect	of	the	substrate	

at	low	density	to	provide	a	different	response,	and	similar	effects	have	been	seen	in	the	literature.	

Xue	 et	 al.	 [263]	 demonstrated	 the	 growth	 of	 MSCs	 upon	 hydrogels	 of	 differing	 stiffness	 in	

conjunction	 with	 differing	 seeding	 densities.	 They	 determined	 that	 stiffer	 substrates	 enhanced	
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osteogenic	potential	at	 low	seeding	density,	and	at	high	density	 this	was	not	 the	case.	Conversely	

with	the	softer	substrate,	seeding	density	did	not	have	the	same	effect	upon	differentiation.	There	

were	also	notable	differences	at	the	higher	seeding	density	between	removal	methods,	implying	that	

in	 this	 case	 trypsin	 showed	 the	 greatest	 differentiation	 marker	 expression.	 Coupled	 with	 the	

increased	yield	and	viability,	 these	parameters	were	 taken	 forward	 into	a	 single	 “priming”	 step	of	

TERA2.cl.SP12	EC	cells,	as	opposed	to	the	continual	sub-culturing.	

	
	

4.5.3 The	effect	of	priming	TERA2.cl.SP12	on	cell	growth	and	phenotype	
	

Similarly	to	the	optimisations	carried	out	previously	 in	this	thesis	and	 in	the	optimising	of	the	sub-

culturing	method,	 cells	 cultured	 using	 the	 priming	method	 presented	 here	 were	 characterised	 in	

terms	of	their	growth	and	morphology,	both	gross	and	at	higher	resolution.	Yields	from	a	range	of	

priming	 experiments	 were	 measured	 and	 on	 average	 there	 were	 approximately	 2	 million	 cells	

removed	 per	 insert	 (Figure	 4.5).	 This	 is	 comparable	 to	 that	 yielded	 after	 4	 passages	 upon	 the	

substrate	using	the	sub-culturing	method	at	approximately	1.75	million	cells.	Before	this	point	yields	

were	much	 lower,	 between	approximately	 0.75	 and	1.25	million	 cells.	 The	 same	yields	have	been	

reported	here	in	half	the	time	taken	previously.	Cells	sub-cultured	upon	Strata	(shown	in	Figure	4.3)	

appeared	 similar	 at	 low-resolution	 to	 those	 primed	 upon	 the	 substrate.	 Considering	 the	 H&E	

staining,	cells	packed	on	top	of	each	other	in	much	the	same	way	with	minimal	cell	penetration	into	

the	 substrate.	 TUNEL	 staining	 showed	 minimal	 cell	 death,	 as	 expected	 compared	 to	 the	 viability	

calculations	shown	 in	Figure	4.3.	Population	doubling	 times	were	 increased	 in	3D	 (Figure	4.7),	and	

from	the	previous	chapters’	work,	this	was	expected.	As	discussed	 in	the	previous	chapter	there	 is	

evidence	to	show	that	this	can	occur	in	stem	cells	through	passages	in	conventional	culture	or	within	

3D	 models	 [227,228].	 There	 is	 some	 evidence	 that	 relates	 differentiation	 by	 way	 of	 reduced	

pluripotency	marker	expression	to	slowed	growth	rates	caused	by	increased	cell	density	[264].	

	

Next,	pluripotency	was	assessed	and	qPCR,	Flow	cytometry	and	 immunostaining	was	 implemented	

to	 do	 so	 in	 conventionally	 cultured	 EC	 cells	 or	 their	 3D-primed	 counterparts	 (Figure	 4.8).	 Overall,	

pluripotency	 was	 maintained	 within	 the	 3D-primed	 cell	 populations.	 qPCR	 demonstrated	

approximately	2-fold	the	levels	of	Oct4,	Sox2	and	Nanog.	Immunostaining	showed	positive	staining	

for	all	three	of	these	markers	and	flow	cytometry	showed	no	significant	change	between	a	range	of	

cell	surface	and	intracellular	markers.	This	implies	all	together	that	pluripotency	at	a	minimum	was	

maintained.	 To	 note,	 SSEA3,	 SSEA4	 and	 A2B5	 expression	 all	 increased	 (although	 ns)	 after	 culture	

upon	 Strata;	 in	 other	words,	 the	 cell	 surface	markers	 tested	 as	 opposed	 to	 intracellular	markers.	

TERA2.cl.SP12,	as	previously	stated,	were	a	clonal	line	selected	due	to	their	high	expression	of	SSEA3	

[203];	the	increase	of	this	marker	is	its	expression	is	a	positive	sign	of	enhancement	of	pluripotency.	

To	note	 is	the	general	 low	expression	of	the	marker,	which	can	be	explained	in	a	number	of	ways.	

Concerning	the	histograms	presented	in	Figure	4.8	D,	the	staining	for	SSEA3	shows	a	very	broad	peak	

which	 may	 be	 indicative	 of	 a	 poor-quality	 antibody;	 titration	 of	 concentration	 did	 not	 alter	 this	
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significantly	 (data	not	 shown).	 Expression	 as	 high	 as	 the	 transcription	 factors	 presented	here	may	

not	be	expected	in	the	first	instance.	Literature	also	shows	lower	expression	levels	of	approximately	

60	%	[235],	as	does	the	research	project	preceding	this	study.	However,	A2B5	expression	does	also	

increase	(again	ns),	usually	indicative	of	cell	differentiation,	and	should	be	noted.	As	such	this	model	

fits	into	the	paradigm	that	alternate	substrate	topographies	can	maintain	pluripotency,	as	discussed	

previously	 [175,233,234].	 Recorded	 during	 the	 sub-culture	 of	 TERA2.cl.SP12	 upon	 strata	 was	 a	

significant	 increase	 in	the	expression	of	SSEA3	after	3	passages	upon	Strata.	This	was	not	reported	

prior	to	this	point.	Would	maintenance,	rather	than	enhancement	of	pluripotency	marker	expression	

have	a	beneficial	effect	upon	cell	differentiation?	

	
	

4.5.4 The	effect	of	priming	TERA2.cl.SP12	on	cell	differentiation	capacity	
	

TERA2.cl.SP12	cells	were	tested	for	their	differentiation	capacity	after	3D	priming	upon	Strata,	and	

this	 was	 tested	 in	 a	 similar	 approach	 to	 Chapter	 3.	 Cells	 were	 subject	 to	 aggregation	 and	

spontaneous	differentiation	which	resulted	in	enhanced	aggregation	after	21	days	in	the	3D-primed	

population.	This	was	 the	 case	after	6	passages	during	 the	previous	 sub-culturing	protocol,	 again	a	

significant	 reduction	 in	 time	 to	 produce	 a	 comparable	 effect.	 To	 determine	 if	 this	 may	 be	 a	

consequence	of	altered	cell-cell	contacts,	aggregates	were	immunostained	for	E-,	N-,	and	P-Cadherin	

(Figure	4.10).	After	conventional	2D	culture,	there	appeared	to	be	expression	of	all	three	types.	After	

3D	culture,	P-Cadherin	no	longer	appeared	to	be	expressed,	coupled	with	an	increase	in	N-Cadherin	

staining.	 Giesberts	 et	 al.	 demonstrated	 the	 same	 effect	 through	 monolayer	 culture	 and	

differentiation	of	the	NTERA2	cell	line	[149],	another	clonal	derivative	of	the	TERA2	EC	cell	line.	Prior	

to	 differentiation,	 the	 NTERA2	 expressed	 little,	 if	 any,	 E-Cadherin,	 low	 levels	 of	 N-Cadherin	 and	

higher	 levels	of	P-Cadherin	as	demonstrated	by	western	blotting.	When	cultured	at	 low	density	 to	

induce	 spontaneous	differentiation	N	and	P-Cadherin	appeared	 to	 switch	 in	 their	 expression,	with	

now	 higher	 levels	 of	 N-Cadherin	 and	 low	 levels	 of	 P-Cadherin.	 The	 same	 was	 true	 of	 directed	

differentiation	with	Retinoic	Acid.	This	is	also	the	case	presented	here,	with	higher	expression	of	N-

Cadherin	 and	 lower	 P-Cadherin	 which	 may	 suggest	 enhanced	 differentiation.	 The	 previous	 study	

(sub-culture	 of	 TERA2.cl.SP12)	 also	 compared	 the	 expression	 of	 both	 TUJ-1	 and	 CK8	 at	 various	

passages.	 This	 resulted	 in	 continual	 TUJ-1	expression	with	CK8	expression	after	 10	passages	 in	 2D	

and	only	6	passages	after	3D	sub-culturing.	As	shown	in	Figure	4.11,	after	the	priming	period	there	is	

clear	expression	of	both	TUJ-1	and	CK8,	minimising	the	time	taken	to	get	comparable	expression	of	

differentiation	markers.			

	

Differences	in	differentiation	in	a	more	exaggerated	manner,	were	investigated	by	subjecting	cells	to	

directed	 differentiation.	 This	 was	 first	 in	 a	 monolayer	 model	 and	 then	 with	 3	 separate	 3D	

differentiation	 methods;	 neurosphere	 formation,	 differentiation	 in	 Alvetex®	 Scaffold	 and	 neurite	

outgrowth.	Directed	differentiation	 studies	were	undertaken	using	 the	 synthetic	 retinoid,	EC23,	 to	

drive	neuronal	differentiation	in	culture.	2D	differentiation	showed	limited	differences	between	the	
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cell	types;	organisation	was	more	heterogeneous	in	the	3D-primed	cell	populations	(Figures	4.12	and	

4.13),	 and	 through	 semi-quantitative	methods	 it	was	demonstrated	 that	CK8	expression	appeared	

greater	 at	 the	 earlier	 time	 points	 (although	 not	 significant).	 This	 was	 consistent	 with	 the	

spontaneous	 differentiation	 discussed	 above.	 By	 14	 days,	 expression	 appeared	 similar	 (although	

after	3D-priming	there	was	no	CK8	expression	at	all	in	2	replicates),	suggesting	that	differences	may	

lie	in	the	early	fate	decisions	between	the	two	culture	methods.	It	has	been	shown	in	the	literature	

that	early	fate	markers	can	be	altered	after	3D	culture	[231];	further	investigation	of	earlier	markers	

of	differentiation	throughout	this	research	would	be	valuable	–	ideally	transcription	factors	known	to	

regulate	these	differentiation	pathways.	This	was	not	the	case	when	translated	to	3D	neurosphere	

formation	 (Figure	 4.15	 &	 4.16).	 CK8	 expression	 appeared	 suppressed	 in	 the	 3D-primed	 cell	

population,	 whereas	 TUJ-1	 expression	 was	 evident	 throughout	 (as	 expected	 from	 previously	

reported	characterisation	[205]),	and	potentially	enhanced.	Therefore,	3D-primed	cells	may	be	more	

susceptible	 to	 morphogen	 modulation	 which	 results	 in	 more	 homogenous	 differentiation	 in	

downstream	3D	models.		

	

To	test	this,	cells	were	cultured	in	their	respective	environments	and	subject	to	three	further	modes	

of	 3D	 differentiation,	 the	 latter	 postulated	 to	 be	 a	 replacement	 for	 the	 “gold	 standard”	 teratoma	

assay	previously	described.	Firstly,	cells	were	taken	from	their	respective	2D	or	3D	environments	and	

seeded	at	relatively	low	density	into	Alvetex®	Scaffold	and	cultured	in	the	presence	of	EC23	(Figure	

4.17);	Scaffold	has	previously	been	shown	to	support	neural	differentiation	[108,207].	After	2	weeks,	

cells	expressed	similar	levels	of	both	CK8	and	TUJ-1,	which	was	the	case	when	completed	during	the	

optimisation	 of	 the	 sub-culturing	method	 upon	 Strata.	 Therefore,	 in	 this	 context	 differentiation	 is	

maintained.	 The	 fact	 that	 there	 was	 no	 enhancement	 after	 3D	 priming	 in	 this	 situation	 could	

conceivably	be	due	to	the	material	cues	overshadowing	those	of	the	morphogen	involved.	This	has	

been	shown	in	hydrogels,	where	a	softer	substrate	controlled	differentiation	in	MSCs	to	the	point	of	

seeding	 density	 not	 altering	 the	 output,	 which	 otherwise	 may	 have	 been	 expected	 [263].	 An	

alternative	mode	of	3D	differentiation	that	can	be	quantified	is	that	of	neurite	outgrowth	[208],	as	

shown	 in	 Figure	 4.18.	 Surprisingly,	 2D	 cultured	 cells	 did	 not	 appear	 to	 consistently	 form	neurites,	

contrary	to	the	literature	[208].	Cells	primed	in	3D	did	so	and,	when	quantified,	outperformed	those	

cultured	 conventionally.	 This	 again	 demonstrated	 and	 validated	 the	 postulation	 that	 neural	

differentiation	by	EC23	appeared	enhanced	after	3D-priming.		

	

A	final	assessment	of	pluripotency	and	differentiation	capacity	was	that	of	a	Teratoma	Assay;	briefly	

consisting	of	 injecting	 candidate	 PSCs	 into	 immunodeficient	mice	 to	 observe	differentiated	 tissue-

containing	 tumour	 formation	 [265].	 There	 are	 a	 number	 of	widely	 accepted	 disadvantages	 to	 this	

model,	 namely	 its	 use	 of	 animals,	 expense	 and	 time-consuming	 nature,	 as	 well	 as	 its	 lack	 of	

standardisation	[266].	Alvetex®	provides	scope	to	create	a	model	comparable	to	the	Teratoma	Assay	

in	vitro,	alongside	a	number	of	other	in	vitro	alternatives	such	as	qPCR	based	TeratoScore	[255]	and	

microarray	based	PluriTest	 [254].	This	has	previously	been	 introduced	by	both	 [194,267],	 involving	
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cell	aggregation	followed	by	further	support	of	differentiation	upon	Polaris	to	form	a	“Tissue	Disc”.	

Cells	can	then	be	analysed	for	markers	of	spontaneous	differentiation.	This	 is	postulated	to	reduce	

necrotic	 core	 formation	 to	 prolong	 in	 vitro	 differentiation	 past	 the	 point	 currently	 possible.	

Therefore,	the	2D	and	3D-primed	cell	populations	created	here	were	tested	for	their	differentiation	

capacity	in	this	model	(Figures	4.19-4.21).	Firstly,	it	can	be	seen	that	the	resultant	tissue	discs	formed	

from	3D-primed	cells	were	larger	in	size	than	those	formed	from	conventionally	cultured	cells.	This	

validates	the	previous	finding	that	aggregation	was	greater	after	3D-priming.	H&E	staining	revealed	

complex	structure	formation	after	a	total	of	21	days	in	the	culture	conditions	which	was	not	evident	

in	simple	suspension	culture	(see	Figures	4.10	&	4.11).	Due	to	the	limited	differentiation	capacity	of	

TERA2.cl.SP12	 staining	 was	 completed	 for	 TUJ-1	 and	 CK8	 as	 known	 differentiation	 markers	 of	 a	

conventionally	cultured	population,	both	of	which	were	present	in	the	resultant	tissue	discs.	As	was	

previously	the	case,	there	was	reduced	expression	of	CK8,	implying	that	the	polyHIPE	substrates	may	

be	 compounding	 effects	 of	 neuronal	 differentiation,	 a	 point	 that	 would	 be	 valuable	 for	 further	

investigation.		

	

When	 cells	 were	 subject	 to	 in	 vivo	 differentiation	 through	 a	 teratoma	 assay,	 there	 was	 clear	

evidence	of	complex	differentiation	in	both	cases	(Figure	4.22).	The	sizes	of	the	resultant	teratomas	

trended	to	being	larger	after	3D	culture	(Figure	4.23),	to	be	taken	into	consideration;	the	end	point	

of	the	assessment	was	tumour	size.	Assay	efficiency	was	100	%	with	all	 injections	forming	tumours	

within	 approximately	 35	 days.	 H&E	 and	Masson’s	 trichrome	 staining	 (Figure	 4.24)	 revealed	more	

complex	 structure	 formation	after	3D	priming;	 the	2D	counterparts	differentiated	 in	a	much	more	

visually	 compact	manner.	 This	 suggests	 differentiation	was	 not	 as	 developed.	 Immunostaining	 for	

the	three	developmental	germ	layers	 (Figures	4.25	&	4.26),	suggested	evidence	of	all	 tested	tissue	

types.	 Intensity	 of	 staining	 appeared	 greater	 in	 3D	with	 the	 structured	 formed	 appearing	 visually	

more	complex;	SMA	was	extensively	stained,	and	TUJ-1	highlighted	more	of	a	network	distribution	

than	present	 in	 all	 cells	 as	 shown	 in	 2D.	 Therefore,	 differentiation	 capacity	 in	 this	 system	may	be	

enhanced	after	3D	culture.	This	was	further	validated	by	the	observation	of	increased	Oct4	positive	

cells	 in	 2D;	 far	 reduced	and	 sparse	 after	 3D	priming.	 Further	quantification,	 e.g.	 by	PCR	would	be	

valuable	 to	 discern	 the	 exact	 levels	 to	 which	 tissues	 had	 developed.	 An	 overall	 summary	 of	 the	

cumulative	observations	is	provided	in	Table	4.2.	
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Table	4.2.	Summary	of	the	effect	of	TERA2.cl.SP12	3D	priming	upon	cell	differentiation.	

Differentiation	Protocol	

Response	after	3D	priming	

TUJ-1	

expression	

CK8	

expression	

Tri-linege	

marker	

expression	

Other	measure	

Monolayer	differentiation	

(14	days)	
=	 =	 	 	

Spontaneous	aggregation	 	 	 	
	size,	altered	cell-cell	

contacts	

Neurosphere	formation	 	 ¯	 	 	

3D	scaffold	neural	

differentiation	
=		 ¯	 	 	

Neurite	outgrowth	 	 	 	 	outgrowth	

Tissue	Disc	formation	 =	 ¯	 	 	

In	vivo	differentiation	 	 	 Yes	 	

	

	

4.5.5 Linking	a	3D-primed	cell	phenotype	to	mechanotransduction	through	cell	confluency	
	

It	was	determined	that	cell	potency	appeared	enhanced	to	the	level	of	that	previously	demonstrated	

[194]	 through	 a	 shortened	 protocol.	Why	 this	may	 be	 happening	 in	 relation	 to	 the	 integration	 of	

cues	 from	 the	 cellular	 substrate	 was	 considered	 accordingly.	 As	 a	 starting	 point,	 this	 was	 in	 the	

context	of	cell	confluency.	As	alterations	in	the	cell-cell	signaling	have	been	evidenced	above,	it	goes	

to	infer	that	this	may	play	a	role	in	the	effect	produced	from	the	culture	protocol.	As	EC	cells	grow	in	

confluency	 throughout	 a	 culture	 they	 pack	 closer	 together	 and	 are	 likely	 to	 alter	 in	 their	 cell-cell	

communication.	Of	importance	here,	was	the	observation	made	in	Figure	4.27,	that	cell	culture	with	

maintenance	of	yield	was	not	possible	when	cells	were	cultured	using	conventional	methods.	This	

research	 aimed	 to	 investigate	 this	 further	 alongside	 other	 key	 components	 involved	 in	

mechanotransduction	 in	 order	 to	 determine	 if	 3D	 culture	 could	 be	 considered	 as	 a	 maintainable	

increased	confluency,	due	to	the	effect	of	the	novel	growth	substrate.	

	

Firstly,	cell	shape	was	visualised	through	phase	contrast	microscopy	and	cytoskeletal	staining	for	the	

IF	vimentin	and	microfilament	actin	(Figure	4.28).	As	cells	became	confluent	their	shape	 is	altered;	

instead	 of	 spreading	 across	 the	 substrate	 with	 relatively	 large	 proportions	 of	 cytoplasm,	 they	

rounded	up	 and	packed	 together	 to	 form	 the	 classic	 PSC	morphology	 (i.e.	 high	 cytoplasm:nucleus	

ratio).	Also,	 to	note	here,	was	 the	vast	difference	 in	nuclear	 size	between	 the	 two	conditions	 (not	

quantified	 in	 this	 context).	 Pluripotency	 marker	 expression	 was	 quantified	 via	 flow	 cytometry	 to	

determine	whether	this	observation	was	 linked	to	cell	phenotype	(Figure	4.29).	Overall	 there	were	

no	significant	differences	between	marker	expression,	apart	from	with	the	cell	surface	marker	SSEA-

3	which	was	significantly	enhanced	at	confluency.	This	was	one	out	of	the	markers	tested,	and	does	
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not	necessarily	mean	that	differentiation	potential	would	not	change	during	these	phases	of	growth,	

as	evidenced	through	previous	work	 in	this	chapter,	which	would	be	of	valuable	to	consider	 in	the	

future.	 TERA2.cl.SP12	 cells	 were	 isolated	 due	 to	 their	 high	 expression	 of	 SSEA-3	 [203].	 This	

observation,	alongside	the	requirement	for	the	cell	type	to	be	cultured	at	high	density	to	maintain	

pluripotency	and	differentiation	capacity,	suggests	that	the	increased	cell	density	may	play	a	role	in	

differentiation	 potential.	 Further,	 as	 demonstrated	 in	 Figure	 4.8,	 the	 slight	 increase	 in	 SSEA-3	

expression	after	3D-priming	(although	not	significant)	may	strengthen	the	postulation	that	enhanced	

confluency	through	3D	culture	contributes	to	heightened	differentiation.	

	

In	 order	 to	 link	 this	 to	 mechanotransduction,	 a	 number	 of	 markers	 were	 visualised	 using	

immunostaining.	 Initially,	 Oct4	 and	 two	 differentiation	 markers,	 A2B5	 and	 CK8,	 were	 stained	

resulting	 in	 expression	 of	 the	 pluripotency	 marker	 and	 reduction	 in	 A2B5	 staining	 through	

confluency	 and	 also	 after	 3D-priming.	 CK8	 expression	 remained	 at	 low	 expression	 through	 all	

conditions.	These	results	validate	the	observation	made	throughout	this	chapter.	Adhesion	markers	

were	also	stained	for;	FAK	and	pFAK,	involved	in	focal	adhesion	signaling	were	both	expressed	at	low	

level	 throughout	 and	 in	 3D.	 This	 suggested	 that	 these	molecules	may	not	 be	driving	 the	 signaling	

that	results	in	the	effects	upon	differentiation.	Components	of	the	nucleoskeleton,	lamins	A/C	and	B	

both	showed	staining	 throughout	 the	nucleoplasm	during	 sub-confluency	 that	became	perinuclear	

during	 confluency	 and	 in	 3D,	 although	 lamin	 A/C	 expression	 appeared	 low	 after	 3D-priming.	

Expression	 of	 lamins	 in	 the	 nucleoplasm	has	 been	 previously	 documented	 [268,269],	 and	 this	 has	

been	 related	 to	 cell	 profileration.	 It	 has	 been	 suggested	 that	 the	 Lamin	Associated	 Proteins	 (LAP)	

may	regulate	this	distribution,	preventing	cell	cycle	exit	[270],	which	in	the	cells	type	presented	here	

may	be	 logical	 in	 a	 population	of	 cells	 that	will	 be	more	proliferative	 at	 sub-confluency.	 Similarly,	

lamin	A/C	has	been	documented	to	be	a	marker	of	PSC	differentiation	[16],	suggesting	its	potentially	

reduced	 expression	 may	 be	 as	 a	 result	 of	 increased	 differentiation	 potential,	 although	 this	 is	

disputed	[139].	

	

Finally,	 cadherin	 expression	was	 characterised	 (Figure	 4.32).	 As	with	 the	 previously	 demonstrated	

spontaneous	differentiation,	in	3D	expression	appeared	to	be	mainly	that	of	N-Cadherin.	This	unlike	

the	remaining	classical	cadherins,	changed	dramatically	in	its	localisation	during	confluency	(nuclear	

to	pericellular).	There	is	very	little	literature	documenting	unconventional	localisation	of	N-Cadherin.	

It	 is	 known	 that	 in	 endothelial	 cells	 and	 during	 cancer	 progression	 a	 diffuse	 localisation	 has	 been	

observed	 [271].	Nuclear	 E-Cadherin	 has	 also	 been	 correlated	with	 lung	 cancer	 severity	 [272].	 This	

aspect	of	the	characterisation	would	be	an	 important	 future	direction,	as	 literature	on	this	subject	

during	pluripotency	 is	 scarce.	Highlighted	here	 is	 the	potential	 importance	of	 cell-cell	 signalling	as	

culture	conditions	change	in	terms	of	cell	density.	The	importance	of	inter-cellular	signalling	over	the	

culture	 substrate	 has	 been	 investigated	 in	 3D	 by	 Ferreira	et	 al.,	where	 high	 density	MSC	 cultures	

encapsulated	 in	 hyaluronic	 acid	 hydrogels	 showed	 a	 dampened	 response	 to	 substrate	 changes	 at	

higher	 cell	 densities.	 In	 the	 context	 of	 the	work	 presented	 here	 is	 its	 feasible	 that	 the	 instructive	
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environment	provided	by	 Strata	may	 allow	 the	 increased	maintenance	of	 cell	 density.	 This	 is	 turn	

may	then	allow	the	enhanced	differentiation	potential	observed	through	neighbouring	cell	contact,	

or	paracrine	effects,	requiring	further	investigation.	

	

In	 summary,	 a	 number	 of	 components	 of	 mechanotransduction	 were	 altered	 during	 confluency,	

namely	 the	 cellular	 nucleoskeleton,	 as	well	 as	N-Cadherin.	 The	expression	of	 these	proteins	 in	 3D	

generally	reflected	the	situation	during	confluency,	and	it	could	be	suggested	that	the	cells	represent	

a	 state	 nearing,	 and	 surpassing	 the	 confluency	 possible	 using	 conventional	 methods.	 The	 next	

chapter	 will	 focus	 on	 determining	 a	 mechanistic	 explanation	 for	 the	 enhanced	 differentiation	

potential	in	terms	of	mechanotransduction,	using	this	as	a	basis.	
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4.6 Conclusions	
	

This	chapter	aimed	to	demonstrate	that	TERA2.cl.SP12	hEC	cells	could	be	maintained,	or	“primed”,	

upon	 Strata	 for	 shorter	 time	 periods	 than	 previously	 possible	 to	 enhance	 cell	 differentiation	

capacity.	 The	 chapter	 then	 aimed	 to	 determine	 avenues	 by	 which	 the	 effects	 of	 this	 could	 be	

investigated	 in	 the	 context	of	 cellular	mechanotransduction.	 In	 reference	 to	 the	 first	 aim,	 this	has	

been	achieved;	cell	pluripotency	was	maintained	after	a	shortened	priming	period	upon	Strata.	This	

resulted	 in	 comparable	 differentiation	 to	 that	 previously	 demonstrated	 when	 sub-culturing	 upon	

Strata	for	multiple	passages.	This	was	shown	through	cell	aggregation,	that	was	enhanced	after	3D-

priming,	 with	 the	 resultant	 differentiation	 profiles	 matching	 that	 previously	 documented	 after	

continual	sub-culturing.	Differentiation	in	a	3D	scaffold	showed	the	expected	marker	expression	and	

neurite	outgrowth	was	enhanced	after	3D-priming.	 In	the	models	tested,	CK8	expression	appeared	

less	 prevalent	 after	 directed	 differentiation	 and	 3D-priming,	 of	 interest	 for	 further	 study.	 When	

implanted	 in	 vivo,	 3D-primed	 TERA2.cl.SP12	 demonstrated	 increased	 expression	 of	 a	 number	 of	

differentiation	 markers,	 as	 well	 as	 reduced	 expression	 of	 undifferentiated	 cell	 populations.	 This	

validates	 the	 in	 vitro	 observations	 that	 differentiation	 capacity	 was	 enhanced	 after	 the	 priming	

period	in	3D.		

	

In	 reference	 to	 the	 second	 aim	 this	 has	 also	 been	 achieved.	 The	 TERA2.cl.SP12	 cell	 line	 was	

characterised	 using	 immunofluorescence	 for	 a	 number	 of	 key	 components	 acting	 during	

mechanotransduction.	This	was	completed	in	the	context	of	confluency;	hypothesising	that	priming	

upon	Strata	allows	cells	to	surpass	the	levels	of	confluency	that	are	possible	to	reach	in	conventional	

2D	 culture.	 Flow	 cytometry	 showed	 no	 significant	 differences	 between	 pluripotency	 marker	

expression	during	confluency	and	sub-confluency,	although	a	number	of	markers	did	change	in	their	

distribution	during	growth	in	culture.	Most	notably,	lamin	expression	altered	from	distribution	in	the	

nucleoplasm	at	sub-confluency	to	peri-nuclear	during	confluency	which	also	reflected	the	situation	

after	3D-priming.	Similarly,	the	distribution	of	N-Cadherin	was	altered;	nuclear	at	sub-confluency	and	

peri-cellular	 at	 confluency	 which	 again	 reflected	 the	 3D	 situation.	 Especially	 this	 alteration	 in	

distribution	warrants	further	investigation;	it	has	not	thus	far	been	reported	in	pluripotent	cell	lines,	

and	considering	the	increased	expression	upon	aggregation	and	3D-priming,	may	be	a	key	player	in	

the	 differentiation	 of	 this	 cell	 type.	 What	 was	 also	 clear	 from	 this	 characterisation	 was	 a	 stark	

difference	 in	 cell	 size	 and	 nuclear	 size	 during	 growth	 to	 confluency	 and	 subsequently	 in	 3D.	 This	

observation	forms	a	basis	for	further	investigation	into	the	mechanotransduction	of	both	2D	and	3D-

primed	TERA2.cl.SP12	cells.		

	

The	original	hypotheses	of	this	chapter	were	that	 long-term	propagation	was	not	required	to	elicit	

an	enhancement	in	differentiation	potential,	and	that	this	process	would	provide	marked	alterations	

in	key	effectors	involved	in	mechanotransduction.	The	evidence	provided	in	this	chapter	has	agreed	

with	each	hypothesis	presented.	
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In	conclusion,	this	chapter	has	demonstrated	that	through	a	shortened	priming	approach,	cells	can	

be	cultured	for	maintenance	of	pluripotency	and	enhanced	differentiation.	There	are	changes	in	key	

mechanotransduction	 components	 that	 may	 result	 in	 the	 observations	 seen	 here	 and	 will	 be	

considered	in	due	course.	
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5 Investigating	the	biological	mechanism	underpinning	the	structure-function	
relationship	in	PSCs	

	

5.1 Introduction	
	

The	previous	 chapter	 demonstrated	 that	 PSCs	 could	 be	 primed	 for	 enhanced	differentiation	upon	

Alvetex®	Strata.	It	was	also	observed	that	there	were	key	differences	in	the	expression	of	a	number	

of	proteins	known	to	be	responsible	for	the	control	of	gene	expression	via	mechanotransduction.	As	

previously	 discussed	 herein,	 it	was	 clear	 that	 substrate	 topography	 can	 play	 a	 key	 role	 in	 altering	

pluripotency	 and,	 differentiation	 capacity.	 The	 question	 of	 how	 this	 change	 may	 be	 occurring	

remains	unclear.	To	address	this,	it	is	important	to	understand	the	basic	structure	of	cells,	and	then	

to	determine	how	this	is	affected	by	the	cellular	microenvironment.	This	research	will	focus	upon	the	

most	abundant	structural	cytoskeletal	protein,	actin,	 to	understand	how	 it	 is	expressed	 in	both	2D	

and	3D	cultured	cells,	and	how	this	may	be	regulated	differentially	to	enhance	pluripotency.		

	

Little	 is	 understood	 about	 mechanotransduction	 in	 PSCs.	 In	 differentiated	 cell	 populations,	 key	

mediators	of	mechanotransduction	have	been	observed.	This	has	been	reviewed	in	detail	by	[274];	

suggesting	 that	 there	 are	 several	 proteins	 involved	 in	 the	 differentiation	 of	 SCs,	 including	 focal	

adhesions,	 cytoskeletal	 contractility,	 Rho	 GTPase	 activity	 and	 nuclear	 regulation.	 As	 the	 authors	

noted,	 these	components	have	not	necessarily	been	 linked	together.	 In	2015,	a	similar	 theme	was	

reviewed	by	[275],	suggesting	that	Rho-A,	E-Cadherin	amongst	others	were	indispensable	in	terms	of	

hPSC	 pluripotency.	 This	 concluded	 that	 substrate	 stiffness	 also	 effects	 these	 components	 and	

pluripotency,	linking	the	external	microenvironment	to	cell	function.		

	
	

5.1.1 Characterising	the	cytoskeletal	architecture	of	PSCs	
	

There	 is	 a	 great	 amount	 of	 information	 to	 describe	 the	 cytoskeletal	 composition	 and	 dynamics	

orchestrating	most	differentiated	cell	types.	In	contrast,	there	is	little	of	its	characterisation	in	PSCs.	

It	has	been	shown	that	in	general	PSCs	comprise	a	more	primitive	cytoskeletal	make-up	in	terms	of	

morphology,	 expressing	microtubules,	 intermediate	 filament	 and	microfilaments	 [138],	 as	may	 be	

expected.	 This	 research	 also	 highlighted	 that	 the	 major	 differences	 between	 pluripotent	 and	

differentiated	cell	types	was	in	the	microfilaments	and	IFs.	Earlier	works	demonstrated	the	presence	

of	the	major	cytoskeletal	compartments	in	EC	cells	and	mouse	embryos;	vimentin	(in	small	amounts,	

only	increased	upon	differentiation),	keratins,	further	IFs	and	actin	[134,136,137].	This	originated	in	

the	 1970-80s,	 when	 a	 number	 of	 observations	 were	 made	 to	 show	 the	 ability	 of	 either	 mouse	

embryos	or	EC	cells	to	express	different	cytoskeletal	elements.	It	was	suggested	that	actin	makes	up	

5	 %	 of	 all	 proteins	 in	 EC	 cells,	 and	 its	 presentation	 changes	 to	 bundles	 as	 differentiation	 ensues	

[134,135].	Mouse	blastocysts	were	shown	to	be	vimentin	negative,	demonstrating	expression	only	

after	outgrowth	 in	 culture	 [276],	 and	 further	 research	demonstrated	 the	expression	of	 IF	proteins	

only	in	extra-embryonic	cells	[277].	Taken	together	it	was	concluded	that	microtubules	were	thought	
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to	 be	 present	 throughout	 development,	 with	 actin	 distribution	 changing	 markedly.	 This	 was	

proposed	to	be	from	a	diffuse	pattern	towards	“cables”	structures	during	differentiation,	attributed	

to	the	undifferentiated	populations	being	comprised	of	80	%	monomeric,	or	G-actin	[278].		

	

	

5.1.2 The	dynamic	regulation	of	the	actin	cytoskeleton	
	

The	formation	of	actin	in	a	cell	 is	simple	in	principle;	actin	 is	nucleated,	filaments	formed,	allowing	

interaction	 with	 the	 cellular	 environment,	 and	 this	 is	 a	 completely	 dynamic	 process.	 There	 is	 a	

wealth	of	literature	describing	these	processes	in	differentiated	cell	types	(for	a	detailed	review	see	

[10]),	less	so	related	to	PSCs.		

	

Actin	nucleation	is	the	process	by	which	actin	filament	formation	begins.	This	is	now	accepted	to	be	

through	two	main	families	of	proteins;	the	Arp2/3	complex	or	Formins	(for	review	see	[279]).	These	

proteins	 are	 thought	 to	 act	 as	 actin	 dimers,	 “pretending”	 to	 be	 actin,	 to	 initiate	 rapid	 filament	

formation.	 There	 is	 some	 evidence	 to	 show	 their	 function	 in	 PSCs.	 Low	 seeding	 density-induced	

lumen	 formation	 in	hESCs	has	been	demonstrated	 to	be	 reduced	by	actin	nucleation	 inhibition	by	

both	 CK-666	 (Arp2/3	 inhibitor)	 and	 SMIFH2	 (Formin	 inhibitor),	 which	 could	 suggest	 further	

maintenance	of	the	pluripotent	state	[280].	

	

When	the	actin	cytoskeleton	is	disrupted	in	ESCs,	clear	effects	have	been	shown	in	their	responses	to	

the	 underlying	 growth	 substrate	 [281].	 When	 hESCs	 cultured	 either	 in	 2D	 or	 upon	 an	 altered	

nanotopography	 were	 exposed	 to	 either	 Cytochalasin	 D,	 or	 Latrunculin	 B	 to	 inhibit	 actin	

polymerisation,	 the	 morphological	 effects	 induced	 by	 the	 nanotopography	 were	 diminished.	 This	

suggests,	 that	 inhibition	of	actin	polymerisation	may	 induce	the	same	morphological	effect	as	also	

induced	by	the	nanotopography	alone.	This	directly	 implicates	the	role	of	actin	dynamics	 in	tuning	

the	responses	of	ESCs	to	alternative	microenvironments.	There	have	been	a	number	of	alternative	

studies	 utilising	 perturbation	 of	 actin	 polymerisation	 to	 link	 actin	 assembly	 to	 pluripotency	 or	

differentiation.	Exogenous	elongation	or	shortening	though	Jasplakinide	or	Cytochalasin	D	treatment	

respectively	 have	 been	 shown	 to	 result	 in	 EB	 differentiation	 skewed	 towards	 mesoderm	 and	

endoderm,	 respectively	 [138].	 Conversely	 shortening	 of	 actin	 filaments	 though	 Cytochalasin	 D	

application	 reduced	 mesoderm	 differentiation.	 The	 authors	 therefore	 suggest	 that	 reducing	

cytoskeletal	 complexity	 may	 favour	 differentiation	 towards	 cell	 types	 that	 are	 less	

mechanoresponsive.	This	does	not	address	the	situation	in	the	pluripotent	state,	in	which	evidence	

has	 shown	 as	 already	 discussed	 a	 less	 developed	 cytoskeleton.	 Similarly	 in	 MSCs,	 relaxation	 of	

cytoskeletal	tension,	through	reductions	in	F-actin	was	demonstrated	in	spheroid	culture	[282].	This	

was	recapitulated	though	Cytochalasin	D	exposure,	and	correlated	with	increased	Nanog	expression.	

Of	the	research	that	has	been	completed	to	determine	mechanotransductory	pathways	in	PSCs,	links	

have	generally	been	made	 in	 the	context	of	enhanced	or	 reduced	differentiation.	The	same	group	

who	demonstrated	the	fundamental	characterisation	of	the	cytoskeleton	of	PSCs	also	demonstrated	
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that	 perturbation	 of	 vimentin	 expression	 affected	 endothelial	 differentiation	 [283],	 reducing	

differentiated	cell	yield.	During	keratinocyte	differentiation,	inhibition	of	Rac1,	a	key	actin	regulator,	

was	 shown	 to	 enhance	 cell	 differentiation	 from	 the	 initial	 stem	 cell	 phenotype,	 through	

reorganisation	of	the	actin	cytoskeleton	[284].	

	

From	this	body	of	research,	general	conclusions	remain	that	alteration	of	the	actin	cytoskeleton	can	

affect	cell	differentiation.	Very	few	of	these	make	attempts	to	link	the	observations	to	adhesion	and	

nuclear	 cytoskeletal	 dynamics.	 The	 above	 study	 investigating	 cytoskeletal	 tension	 in	 MSCs	 went	

some	way	towards	completing	this;	with	the	first	reported	observations	of	nuclear	actin	 in	the	cell	

type.	This	was	related	to	Nanog	expression	through	relaxation	of	cytoskeletal	and	therefore	nuclear	

tension	to	de-condense	chromatin	[282].		

	

	

5.1.3 Investigating	the	mechanotransduction	of	PSCs	
	

Adhesion	 in	 PSCs	 was	 raised	 as	 a	 subject	 of	 significance	 with	 observations	 that	 cell	 spreading,	

induced	 by	 LIF	 withdrawal	 in	mESCs,	 for	 example,	 resulted	 in	 cell	 differentiation,	 suggesting	 self-

renewal	may	be	maintained	by	inhibiting	cell	spreading	[285].	It	has,	although,	been	shown	that	cell	

detachment	and	apoptosis	occurs	after	 inhibition	of	 FAK,	and	 that	adhesion	 is	 still	 required	 [286].	

Cellular	 adhesions	 are	 mediated	 by	 integrin	 clustering	 and	 subsequent	 focal	 adhesion	 formation;	

dynamically	 linked	to	the	cellular	cytoskeleton	to	 initiate	mechanotransduction.	 In	being	the	 initial	

step	 of	 adhesion,	 there	 have	 been	 a	 number	 of	 studies	 documenting	 integrin	 expression	 and	

function	in	stem	cells,	and	this	was	conducted	initially	in	EC	cells.	Knockout	of	the	β1	integrin	subunit	

in	 F9	 EC	 cells	 resulted	 in	 compensatory	 altered	 α	 subunit	 expression,	 ultimately	 reducing	 cell	

spreading,	and	reducing	capacity	for	directed	differentiation	[144].	Conversely,	in	hiPSCs,	activation	

of	β1	 integrins	resulted	 in	reduction	of	Oct4,	Sox2,	and	Nanog	expression	which	was	 linked	to	FAK	

levels	 [148].	 Reduction	 in	 integrin	 expression	 lead	 to	 increased	 FAK	 phosphorylation	 and	 down	

regulation	of	Oct4,	therefore	increasing	differentiation.	Considering	FAK,	pluripotency	markers	have	

been	implicated	with	its	activity	[287]	 in	 its	phosphorylation	activity,	albeit	 in	unrelated	cancer	cell	

lines.	 In	 MSCs,	 inhibition	 of	 FAK	 activity	 through	 siRNA,	 has	 been	 shown	 to	 block	 differentiation	

though	reduced	AP	activity,	amongst	others	 [146]	 It	 is	clear	that	the	adhesion	profile	of	stem	cells	

can	affect	differentiation	potential	in	the	context	of	both	integrin	and	FA	protein	expression.	

	

Cell-cell	adhesions	have	been	reviewed	elsewhere	in	this	thesis;	culminating	in	the	widely	accepted	

notion	 that	 E-Cadherin	 function	 is	 vital	 for	 PSC	 self-renewal.	 This	 does	 not	 necessarily	 govern	 the	

situation	 in	 hEC	 cells	 as	 considered	 here	 [149].	 Although	 an	 important	 aspect	 of	

mechanotransduction,	the	focus	here	will	remain	as	an	outside-in	substrate-nucleus	investigation	to	

attribute	 the	 substrate	 effect	 to	 gene	 expression,	 which	 presumably	 would	 be	 the	 cause	 of	 any	

alteration	of	cell-cell	contacts.	Relative	to	the	other	aspects	of	mechanosensing	discussed	here,	that	

of	the	nucleus	has	been	characterised	in	more	detail,	especially	with	relation	to	cell	differentiation.		
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A	 unique	 feature	 of	 the	 stem	 cell	 nucleus	 is	 its	 increased	 plasticity	 in	 comparison	 to	 lineage-

committed	 cells.	 This	 was	 shown	 by	 Pajerowski	 et	 al.	 in	 2007	 using	 micropipette	 aspiration,	

correlating	with	lamin	A/C	expression	changes	[141].	It	could	be	postulated	that	a	controlled	physical	

microenvironment	may	therefore	have	a	greater	effect	on	undifferentiated	cells	due	to	their	more	

plastic	nature.		

	

Constantinescu	 et	 al.	 went	 so	 far	 as	 to	 suggest	 that	 lamin	 A/C	 expression	 in	 itself	 was	 actually	

indicative	 of	 PSC	 differentiation	 directly	 implicating	 the	 nucleoskeleton	 in	 cell	 pluripotency.		

Observations	 of	 the	 absence	 of	 lamin	 A/C	 in	 undifferentiated	 human	 and	 mouse	 ESCs	 and	

subsequent	 expression	 upon	 directed	 differentiation	 to	 neural	 cells	 and	 cardiomyocytes,	 coupled	

with	previous	research,	suggest	it	as	a	marker	of	the	differentiated	cell	state.	Previous	work	included	

the	 lack	 of	 lamin	 A/C	 expression	 in	 the	mouse	 embryo	 before	 a	 certain	 time	 point	 as	 well	 as	 in	

mouse	 EC	 cells	 [288].	 Though	 this	 has	 been	 contested	 where,	 in	 2013,	 [139]	 showed	 detectable	

expression	of	lamin	A/C	alongside	key	pluripotency	markers.	Regarding	nuclear	shape,	this	research	

also	 highlighted	 the	 irregular	 nuclear	 shape	 of	 ESCs,	 inconsistent	 in	 each	 colony,	 not	 usually	

characteristic	of	differentiated	cell	types.	Similarly,	deformation	of	MSC	nuclei	was	demonstrated	to	

be	possible	using	nanogratings	which	resulted	in	nuclear	malleability	(elongation),	as	a	direct	result	

of	the	growth	substrate,	although	resultant	differentiation	capacity	was	not	documented.	As	well	as	

nanotopography	affecting	nuclear	structure,	studies	have	shown	that	feature	size	can	affect	nuclear	

morphology.	Although	in	fibroblasts,	 [289]	nuclear	size	 increases	with	 increased	feature	size	of	the	

underlying	 growth	 substrate	 have	 been	 shown,	 attributing	 a	 reduced	 nuclear	 volume	 in	 3D	 to	 a	

reduction	on	FAK	adhesion	formation.	

	

Therefore,	nuclear	structure	as	governed	by	the	cellular	nucleoskeleton	has	been	shown	to	alter	PSC	

differentiation	potential,	and	also	be	influenced	by	unconventional	physical	cues,	i.e.	3D	cell	culture.	

Although	there	has	been	more	detailed	research	into	the	mechanisms	governing	gene	expression	in	

the	 nucleus	 of	 PSCs	 in	 the	 context	 of	 mechanotransduction,	 this	 is	 still	 a	 clear	 area	 lacking	 in	

understanding.	 The	 nucleus	 is	 linked	 to	 the	 cellular	 cytoskeleton	 through	 LINC	 complex	 proteins;	

which	have	not	been	characterised	in	PSCs	to	date.	The	subject	has	been	recently	(2018)	reviewed	to	

some	 extent	 [290],	 although	 the	 content	 is	 biased	 towards	 MSCs	 and	 also	 has	 not	 noted	 vital	

discrepancies	 between	 the	 literature	 such	 as	 the	 undecided	 lamin	 status	 of	 ESCs.	 Further,	 even	

though	the	LINC	complex	and	its	 implications	are	reviewed	in	detail	there	is	no	actual	reference	to	

this	 in	 the	context	of	PSCs,	perhaps	a	 reflection	of	 the	 infancy	of	 the	 field	and	a	 testament	 to	 the	

amount	of	 investigation	needed	to	elucidate	the	 involved	mechanisms	previously	also	reflected	by	

[291].	
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5.1.4 3D	culture	techniques	to	aid	in	the	investigation	of	mechanotransduction	in	PSCs	
	

The	 majority	 of	 the	 above	 examples	 drawn	 from	 the	 literature,	 have	 been	 conducted	 using	

conventional	2D	culture	conditions.	Not	only	that,	of	those	that	do	present	increased	dimensionality,	

almost	 no	 examples	 remain	 where	 only	 substrate	 topography	 has	 been	 controlled.	 It	 could	 be	

argued	 that	 attempting	 to	 understand	 mechanotransduction	 in	 these	 systems	 with	 a	 2D	 culture	

basis,	may	be	premature.	 Instead	this	requires	the	simultaneous	 integration	of	both	novel	physical	

and	 chemical	 cues	 eliciting	 the	 cellular	 response.	 Of	 course,	 models	 such	 as	 these	 are	 valuable	

assets;	 polyacrylamide	 hydrogels	 as	 one	 example	 are	 highly	 tuneable	 across	 a	 range	 of	 substrate	

stiffness	[292].	These	clearly	affect	mechanotransduction	and	its	associated	signaling	pathways	and	

are	 likely	 to	 be	 invaluable	 for	 the	 directed	 differentiation	 of	 stem	 cells.	 Indeed,	 this	 has	 been	

evidenced	with	the	alteration	of	MSC	differentiation	upon	dynamic	alteration	of	substrate	stiffness	

over	time	[293],	again	utilising	hydrogels.	A	similar	argument	could	be	made	for	the	comparison	of	

cells	 cultured	 upon	 polystyrene	 (or	 similar)	 TCP	 or	 in	 spheroids	 where	 the	 substrate	 has	 been	

completely	 removed	 raising	 the	 question	 of	 how	 comparable	 the	 states	 are.	 A	 2011	 review	 from	

Kraehenbuehl	 et	 al.	 reflects	 the	 complexity	 of	 current	 3D	 model	 systems,	 in	 their	 varying	

composition	 both	 physical	 and	 chemical,	 highlighting	 the	 need	 to	 take	 a	 step	 back	 and	 alter	 cues	

with	more	 control.	 Taken	 together,	 there	 are	 a	 number	 of	works	 describing	 discrete	 components	

contributing	 to	mechanotransduction	 as	 a	whole.	 As	 called	 for	 by	 [295],	 there	 is	 a	 great	 need	 for	

integration	of	 this	knowledge	between	cell	structure	and	function.	Cytoskeletal	morphology	 is	said	

to	need	to	be	characterised	 in	different	cell	 states	which	can	then	be	 linked	to	signaling	events	 to	

determine	how	cell	 shape	 controls	 function.	 Presented	here	 are	 two	 cell	 populations	of	 the	 same	

origin	 who	 differ	 in	 their	 pluripotent	 state,	 due	 to	 an	 altered	 physical	 (not	 chemical)	

microenvironment,	providing	a	platform	upon	which	to	 investigate	the	effects	of	topography	upon	

stem	cell	mechanotransduction.	
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5.2 Hypotheses	and	aims	
	

This	 chapter	aims	 to	 investigate	 the	molecular	mechanisms	underpinning	 the	adaptive	phenotypic	

change	 observed	 after	 the	 3D-priming	 of	 TERA2.cl.SP12	 hEC	 cells	 using	 Alvetex®	 Strata.	 Previous	

research	 has	 demonstrated	 differences	 between	 cell	 shape	 the	 actin	 cytoskeleton	when	 cells	 are	

propagated	using	this	substrate	in	combination	with	the	cell	 line	presented	here	and	differentiated	

somatic	counterparts.	The	basis	of	this	investigation	will	be	the	actin	cytoskeleton,	and	its	relation	to	

altered	gene	expression	through	adhesion	to	the	underlying	substrate	and	the	subsequent	linking	of	

this	to	the	cell	nucleus.	It	is	hypothesised	that	PSCs	primed	in	3D	will	comprise	a	less	developed	actin	

cytoskeleton.	 That	 cell-substrate	 adhesion	 will	 be	 reduced	 after	 3D	 culture.	 That	 there	 will	 be	

alterations	to	cell	nuclei	to	account	for	the	altered	cell	phenotype	observed.	This	chapter	therefore	

aims	to	determine	an	answer	to	the	following	questions:	

	

• How	 does	 3D	 priming	 of	 hEC	 cells	 alter	 cytoskeletal	 structure	 in	 terms	 of	 the	 actin	

cytoskeleton?	

• Can	any	effects	on	the	actin	cytoskeleton	be	linked	to	both	adhesion	and	gene	expression	

through	the	nucleus	to	create	a	broad	description	of	the	outside-in	mechanotransduction	of	

TERA2.cl.SP12	hEC	cells?	

	

	

5.3 Objectives	
	

• Characterise	 the	 structure	of	 TERA2.cl.SP12	hEC	 cells	 after	 both	 conventional	 culture	 and	

3D-priming	upon	Strata.	

• Determine	 a	 candidate	 mechanism	 for	 the	 hypothesised	 alteration	 in	 actin	 dynamics	

between	the	culture	conditions.	

• Use	 this	 basis	 to	 begin	 to	 link	 signaling	 from	 the	 growth	 substrate	 to	 gene	 expression	

through	 an	 appreciation	 of	 adhesion	 molecules	 and	 potential	 alterations	 to	 the	 cellular	

nucleus.	
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5.4 Results	
	

5.4.1 Characterisation	of	the	F-actin	cytoskeleton	of	2D	and	3D	cell	populations	
	

5.4.1.1 Cell	architecture	is	altered	after	priming	upon	Strata	
	

The	major	component	of	the	cellular	cytoskeleton	controlling	cell	shape	is	actin;	it	is	simple	to	image	

within	 cells,	 and	 can	 be	 exogenously	modulated	 in	 a	 number	 of	ways	 to	 decipher	 any	 underlying	

mechanistic	 change	 between	 both	 2D	 and	 3D	 cell	 populations.	 This	 chapter	 first	 explores	 the	

differences	 in	 actin	 organisation,	 followed	 by	 deciphering	 how	 this	may	 be	 occurring	 in	 terms	 of	

actin	 dynamics.	 This	 then	moves	 to	 consider	 the	 cell	 nucleus	 to	 begin	 to	 elucidate	 links	 to	 gene	

expression.		

	

Figure	5.1.	Cell	size	decreases	after	3D-priming	upon	Alvetex®	Strata.	.	TERA2.cl.SP12	hEC	cells	were	

cultured	using	their	optimised	methods	in	2D	or	3D	and	stained	for	the	F-actin	cytoskeleton.	A	&	B)	

Representative	 field	 of	 view	 from	 total	 Z-Stack	 (A,	 c	 &	 d),	 was	 used	 to	 measure	 cell	 area	 and	

circularity	 using	 ImageJ.	 Cell	 area	was	dramatically	 reduced	 in	 3D	 coupled	with	an	 increase	 in	 cell	

circularity.	 Data	 shows	 mean	 +	 SD,	 total	 n=40	 cells	 on	 1	 independent	 test	 occasion.	 Scale	 bars	

represent	50	µm.	

	

Cells	 were	 first	 cultured	 using	 the	 conventional	 2D	 method,	 or	 using	 the	 3D	 priming	 method	

developed	in	Chapter	4.	Staining	using	fluorophore-conjugated	phalloidin	then	allowed	assessment	

of	the	F-actin	cytoskeleton	(Figure	5.1	A),	in	situ.	Generally,	as	shown	through	whole	mount	staining	

(Figure	 5.1	 A),	 cells	 having	 been	 primed	 in	 3D	 appeared	 more	 tightly	 packed	 than	 their	 2D	

counterparts.	Using	Z-stacks	of	these	micrographs,	both	cell	area	and	cell	circularity	was	calculated	
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as	quantifiable	measures	of	cell	shape	(Figure	5.1	B	&	C).	Cell	area	was	dramatically	reduced	in	3D	

coupled	by	an	increase	in	the	cell	circularity	ratio,	suggesting	a	more	tightly	packed	cell	morphology	

as	 shown	 through	 the	 above	 visualisation.	 As	 it	 was	 not	 possible	 to	 quantify	 cell	 morphology	

parameters	through	use	of	the	Z-stack	(Figure	5.1	A,	c	&	d),	a	method	instead	assessing	cell	structure	

through	 adhesion	 was	 considered	 (Figure	 5.2).	 Cells	 were	 primed	 according	 to	 their	 optimised	

methods	in	2D	or	3D,	removed	and	allowed	to	adhere	to	Poly-D-Lysine	coated	coverslips	for	up	to	8	

h	 (Figure	 5.2	 A).	 Again,	 there	 were	 a	 number	 of	 points	 to	 note	 concerning	 the	 cell	 morphology	

between	both	the	2D	and	3D	cultured	cell	populations.	At	30	min	post-seeding,	cells	cultured	in	2D	

were	already	spreading	more	than	those	cultured	in	3D.	This	pattern	continued	up	to	8	h	at	which	

point	cells	cultured	in	2D	started	to	form	protrusions,	spreading	across	the	surface	of	the	cover	slips.	

The	3D-primed	cells	remained	small	in	comparison,	displaying	concentrated	staining	with	little	in	the	

way	of	cell	spreading.		When	quantified	(Figure	5.2	B	&	C),	the	same	pattern	as	in	situ	was	apparent.	

Cell	circularity	was	consistently	higher	through	all	time	points,	significantly	so	at	30	min	and	3-5	h.	

Similarly,	 cell	 area	 was	 significantly	 reduced	 at	 these	 time	 points.	 Therefore,	 this	 method	 of	

assessing	cell	 structure	 in	 terms	of	 the	actin	cytoskeleton	was	used,	 for	 its	ease	of	visualisation	at	

high	 resolution.	 	 Using	 super	 resolution	 microscopy,	 cell	 height	 was	 also	 quantified	 in	 the	 same	

manner	 (Figure	 5.3),	 with	 the	 original	 hypothesis	 that	 those	 cultured	 in	 3D	 would	 be	 taller,	 to	

account	for	their	increased	3D	geometry.	In	fact,	it	can	be	seen	that	in	general	the	opposite	was	true	

(Figure	5.3	B).	As	time	post-adhesion	reached	6	h	cell	height	gradually	became	almost	equal.	After	

this	point,	3D	cultured	cells	 tend	towards	being	shorter	 in	height	than	their	2D	counterparts.	 	This	

method	also	allowed	the	fine	F-actin	structures	forming	within	each	cell	population	to	be	assessed.	

In	general,	by	8	h	(Figure	5.3	A)	a	number	of	projections	were	seen	emanating	from	the	cells	cultured	

conventionally	 in	 2D	 conditions.	 In	 contrast,	 cells	 primed	 using	 Strata	 lacked	 this	 diverse	 F-actin	

organisation,	instead	displaying	staining	more	punctate	in	nature.		

	

In	order	to	investigate	this	morphological	change	in	more	detail,	it	was	necessary	to	confirm	that	the	

effect	seen	was	not	due	to	the	differential	cell	removal	conditions	optimised	for	use	in	Chapter	4	(i.e.	

trypsin	exposure	for	2	minutes	in	the	2D	condition,	compared	with	7	minutes	trypsin	exposure	with	

agitation	 for	 the	 3D	 condition).	 Therefore,	 the	 above	 process	 was	 repeated	 with	 conventionally	

cultured	 cells	 using	 both	 2D	 and	 3D	 cell	 removal	methods,	 and	 cell	 area	 and	 circularity	 assessed	

(Figure	 5.4).	 Although	 in	 general,	 conventionally	 cultured	 cells	 exposed	 to	 the	 3D	 cell	 removal	

technique	 appeared	 in	 general	 larger	 than	 using	 the	 conventional	 removal	 method,	 this	 was	 not	

significant	(P=0.14).	Therefore,	it	can	be	concluded	that	the	effect	seen	here	was	due	to	the	growth	

substrate.	
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Figure	5.2.	During	adhesion	3D-primed	cells	spread	less	than	their	2D	cultured	counterparts.	TERA2.cl.SP12	hEC	cells	were	cultured	using	their	optimised	methods	in	2D	or	3D,	

removed	and	allowed	to	adhere	to	PDL-coated	coverslips	for	up	to	8	h.	Fixed	cells	were	stained	for	the	F-actin	cytoskeleton.	A)	Representative	fields	of	view	were	used	to	measure	

cell	area	and	circularity	using	ImageJ.	Cell	area	was	dramatically	reduced	in	3D	coupled	with	an	increase	in	cell	circularity.	Data	shows	mean	+	SEM,	total	n=60	from	3	independent	

test	occasions.	Statistical	significance	denoted	***P<0.01	determined	by	two-tailed	unpaired	Student’s	t-test.	Scale	bars	represent	20	µm.	

	

3 0  m in 1  h 3  h 6  h 8  h
0

2 0 0

4 0 0

6 0 0

8 0 0

3D

2D

C
e

ll
 a

re
a

 (
µ

m
2

)

***

***
***

******

3 0  m in 1  h 3  h 6  h 8 h
0 .0

0 .2

0 .4

0 .6

0 .8

1 .0

3D

2D

C
e

ll
 c

ir
c

u
la

ri
ty

 r
a

ti
o

*** *** ***
***

***

B 

C 

30	min 1	h 3	h 6	h 8	h 

2D
 

3D
-p
rim

ed
 

A 

a 

f 

b 

g 

c 

h 

d 

i 

e 

j 

Phalloidin	Hoescht 



205	

	
	

Figure	 5.3.	 During	 adhesion	 3D-primed	 cells	 become	 smaller	 in	 height	 compared	 to	 their	 2D	

cultured	counterparts.	TERA2.cl.SP12	hEC	cells	were	cultured	using	their	optimised	methods	in	2D	or	

3D,	removed	and	allowed	to	adhere	to	PDL-coated	coverslips	for	up	to	8	h.	Fixed	cells	were	stained	

for	 the	 F-actin	 cytoskeleton.	 A)	 Representative	 super	 resolution	 images	 of	 cell	 structure	 displaying	

reduced	cell	height	 in	3D,	suggesting	cytoskeletal	compaction.	Data	shows	mean	+	SEM,	total	n=45	

from	 3	 independent	 test	 occasions.	 Statistical	 significance	 denoted	 ***P<0.01	 determined	 by	 two-

tailed	unpaired	Student’s	t-test.	Scale	bars	represent	5	µm.	
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Figure	5.4.	Morphological	differences	are	not	a	result	of	a	differing	cell	removal	method	between	

2D	and	3D.	TERA2.cl.SP12	hEC	cells	were	cultured	in	2D,	removed	using	either	conventional	methods	

or	the	method	optimised	for	3D	culture	and	allowed	to	adhere	to	PDL-coated	coverslips	for	up	to	8	h.	

Fixed	cells	were	stained	for	the	F-actin	cytoskeleton.	A)	Confocal	micrographs	of	cell	structure	in	2D	

cells	 removed	from	culture	using	the	method	optimised	for	2D	or	3D	cells.	B	&	C)	Quantification	of	

cell	area	and	cell	height	suggest	no	significant	difference	between	removal	methods	suggesting	the	

effect	we	observe	is	due	to	the	3D	substrate.	Data	shows	mean	+	SEM,	total	n=60	from	3	independent	

test	occasions.	Statistical	significance	denoted	**	P=0.05	determined	by	two-tailed	paired	Student’s	

t-test	Scale	bars	represent	50	µm.	

	

To	investigate	the	changes	in	cell	structure	in	more	detail,	attempts	were	next	made	to	determine	if	

the	extent	of	cell	spreading	after	priming	in	3D	could	be	recovered	over	time.	In	order	to	complete	

this,	cells	were	allowed	to	adhere	for	up	to	24	h	(Figure	5.5).	Overall,	cells	cultured	in	3D	began	to	

form	more	distinct	actin	structures	by	this	time	point;	they	projected	across	the	surface	of	the	cover	

slip	 (Figure	 5.5	 A).	 This	 was	 reflected	 in	 the	 quantification	 of	 cell	 circularity	 (Figure	 5.5	 C),	 which	

remained	increased	in	3D	up	until	24	h,	at	which	point	the	conventional	condition	was	matched.	This	

was	not	the	extent	seen	when	cell	spreading,	or	cell	area,	was	considered.	As	seen	previously,	cell	
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Beyond	the	24	h	time	point,	quantification	of	individual	cell	area	was	challenging,	as	cells	began	to	

divide	at	a	more	rapid	pace.	To	extend	this	and	determine	whether	 it	was	possible	 to	 recover	cell	

area	to	any	extent,	mitotic	inhibitors	were	introduced	into	the	growth	medium	during	cell	adhesion.	

Cell	morphology	 parameters	were	 quantified	 at	 8,	 24	 and	 72	 h	 (Figure	 5.6).	 As	with	 the	 previous	

experiment,	cell	area	was	significantly	reduced	in	3D	at	both	8	and	24	h	post-seeding.	By	72	h,	the	

difference	was	decreased	to	the	point	of	showing	no	significance	between	the	two	groups,	although	

3D-primed	 cells	 were	 still	 on	 average	 spread	 to	 a	 lesser	 extent	 (3019	 µm2	 and	 2566	 µm2,	

respectively).	Therefore,	it	was	possible	to	recover	the	cell	spreading	capacity	of	cells	primed	in	3D	

after	72	h	in	culture,	suggesting	there	was	a	mechanistic	change	in	the	way	in	which	actin	structures	

were	being	formed.		

	

Figure	 5.5.	 Cell	 spreading	 is	 not	 recovered	 after	 24	 h	 in	 culture.	 TERA2.cl.SP12	 hEC	 cells	 were	

cultured	using	their	optimised	methods	 in	2D	or	3D,	removed	and	allowed	to	adhere	to	PDL-coated	

coverslips	for	up	to	8	h.	Fixed	cells	were	stained	for	the	F-actin	cytoskeleton.	A)	Confocal	micrographs	

of	cell	structure	in	both	2D	and	3D	cultured	cell	populations.	B	&	C)	Quantification	of	cell	area	and	cell	

height	 suggest	 that	cells	are	not	able	 to	 spread	across	 their	 substrate	 to	 the	same	extent	after	3D	

priming.	Data	shows	mean	+	SD,	total	n=20	from	1	independent	test	occasion.	Scale	bars	represent	

50	µm	(A,	a	&	c)	&	5	µm	(A,	b	&	d).	
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Figure	 5.6.	 Cell	 spreading	 is	 partly	 recovered	 after	 72	 h	 in	 culture.	 TERA2.cl.SP12	 hEC	 cells	were	

cultured	using	their	optimised	methods	in	2D	or	3D,	removed	and	allowed	to	adhere	to	PDL-coated	

coverslips	 in	the	presence	of	mitotic	 inhibitors	for	up	to	8	h.	Fixed	cells	were	stained	for	the	F-actin	

cytoskeleton.	A)	Confocal	micrographs	of	cell	structure	in	both	2D	and	3D	cultured	cell	populations.	B	

&	C)	Quantification	of	cell	area	and	cell	height	suggest	that	cells	are	not	able	to	spread	across	their	

substrate	to	the	same	extent	after	3D	priming	and	cell	circularity	remains	reduced	in	3D.	Data	shows	

mean	 +	 SEM,	 total	 n=33-60	 from	 3	 independent	 test	 occasions.	 Statistical	 significance	 denoted	

**P<0.05,	 ***P<0.001	 determined	 by	 two-tailed	 unpaired	 Student’s	 t-test.	 Scale	 bars	 represent	 50	

µm.	
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5.4.1.2 Monomeric	actin	is	more	prevalent	in	3D-primed	hEC	cells	
	

Previously,	 it	 was	 noted	 that	 the	 F-actin	 staining	 (using	 phalloidin)	 was	 more	 punctate	 in	

TERA2.cl.SP12	hEC	cells	primed	in	3D	(see	Figures	5.2	&	5.3).	After	the	suggestion	that	there	was	a	

differential	 mechanism	 of	 actin	 dynamics	 occurring	 as	 cells	 adhered	 to	 a	 substrate	 resulting	 in	 a	

slower	rate	of	cell	spreading,	attempts	were	made	to	determine	how	this	may	be	happening.	It	was	

also	 important	 to	 continue	 confirming	 if	 the	 situation	 during	 adhesion	matched	 that	 in	 situ.	 This	

punctate	 staining	 profile	 for	 cells	 primed	 in	 3D	 suggested	 that	 there	 was	 less	 F-actin	 (polymeric	

actin)	forming.	There	were	few	to	no	complex	actin	structures	forming	that	stained	positive	for	the	

polymeric	form.	Total	amounts	of	actin	were	quantified	followed	by	the	amounts	of	both	monomeric	

(G)	and	polymeric	(F)	actin	in	both	conventionally	(2D)	and	3D-primed	hEC	cells.	As	shown	in	Figure	

5.7,	 between	 2D	 and	 3D-primed	 cells	 there	was	 no	 significant	 difference	 between	 the	 amount	 of	

actin	 contained	within	 the	 cells.	After	 respective	 culture	protocols,	 cells	were	 removed	 from	 their	

substrates,	 lysed,	 F-actin	 stabilised	 and	 then	 separated	 from	 the	 G-actin	 via	 ultracentrifugation.	

Amounts	 of	 respective	 actin	 forms	 could	 then	 be	 quantified	 via	 western	 blotting	 with	 known	

standards	(Figure	5.8	A).	There	was	a	stark	difference	between	the	amounts	of	both	forms	of	actin	

between	the	cell	types	at	the	end	of	their	culture	period	(Figure	5.8	B),	and	when	this	was	converted	

into	a	percentage	of	 the	 total	 actin,	 to	normalise	 for	differences	 in	 the	amounts	 tested,	 this	 stark	

difference	 was	 again	 reflected	 (Figure	 5.8	 C).	 On	 average,	 the	 2D	 cultured	 cells	 contained	

approximately	54	%	G-actin,	whereas	in	the	3D	condition	this	increased	to	81	%.	

Figure	 5.7.	 Actin	 expression	 is	 equal	 in	 2D	 and	3D	 cultures	 hEC	 cells.	 	 TERA2.cl.SP12	hEC	

cells	were	cultured	using	their	optimised	methods	in	2D	or	3D,	and	cellular	lysates	produced.	

(A)	The	resultant	protein	expression	for	pan-actin	was	determined	through	western	blotting.	

(B)	Expression	was	then	quantified	through	densitometry	normalised	to	GAPDH.	Mean	+	

SEM,	total	n=3	on	3	independent	test	occasions.	Significance	determined	by	a	two-tailed	

unpaired	Student’s	t-test,	P>0.05. 
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Figure	5.8.	G-actin	is	more	prevalent	in	3D-primed	TERA2.cl.SP12	cells.	TERA2.cl.SP12	hEC	cells	were	

cultured	using	their	optimised	methods	in	2D	or	3D,	and	cellular	lysates	produced.	G	and	F	actin	were	

fractioned	using	ultracentrifugation	and	the	resultant	protein	quantified	through	western	blotting	(A)	

and	 known	 protein	 standards.	 B)	 Quantification	 of	 G/F-actin	 in	 2D	 and	 3D	 cultured	 cells.	Mean	 +	

SEM,	 total	 n=4	 on	 3	 independent	 test	 occasions.	 Statistical	 significance	 denoted	 ***P<0.001	

determined	by	two-tailed	paired	Student’s	t-test.	

	
	
5.4.1.3 Actin	nucleation	may	be	alternatively	regulated	in	3D-primed	hEC	cells	
	

The	observation	that	there	were	differences	 in	the	forms	of	actin	 in	the	cells	suggested	that	there	

was	a	mechanism	(or	mechanisms)	by	which	the	cells	cultured	in	2D	could	create	filamentous	actin	

structures,	 that	was	 not	 possible	 in	 the	 3D	 counterparts.	 There	 are	 two	main	 aspects	 to	 consider	

when	 investigating	actin	dynamics;	 the	polymerisation	of	 the	 filaments,	or	 the	 initial	nucleation	of	

the	 monomers	 to	 allow	 polymers	 to	 form.	 The	 next	 step	 was	 to	 block	 these	 processes	 with	 the	

hypothesis	 that	blocking	 the	 involved	pathway	 in	conventionally	cultured	cells	would	 induce	a	3D-

primed	cell	morphology.	This	would	then	suggest	the	 involved	mechanisms	 in	the	marked	changes	

we	 see	 between	 the	 cell	 populations,	 for	 further	 investigation.	 There	 are	 a	 number	 of	 commonly	

used	 agents	 to	 block	 the	 known	 routes	 of	 polymerisation.	 This	 includes	 Latrunculin	 B	 (LB),	 which	

functions	to	prevent	actin	polymerisation	via	sequestering	monomeric	G-actin,	Cytochalasin	D	(CD),	

which	binds	to	the	barbed	end	of	actin	filaments	to	prevent	elongation	and	Y27632,	a	ROCK	inhibitor	

that	 acts	 to	 destabilise	 actin	 filaments	 in	 a	myosin-dependent	manner	 [296–299].	 hEC	 cells	 were	

primed	 in	 their	 respective	 environments	 before	 being	 removed	 and	 seeded	 to	 coverslips	 in	 the	

presence	or	absence	of	these	two	agents	for	8	h.	Cell	morphology	was	then	observed	through	super	
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resolution	 and	 confocal	 microscopy	 and	 cell	 area	 and	 height	 quantified	 through	 the	 previously	

described	method	(Figure	5.9).	The	morphology	of	2D	and	3D	cultured	cells	in	the	absence	of	either	

small	molecule	was	 shown	 to	be	as	previously	described;	2D	cultured	cells	 readily	 formed	distinct	

actin	 structures	 as	 they	 spread	 and	 adhered	 to	 the	 substrate.	 The	 opposite	 was	 true	 for	 the	 3D	

cultured	cells,	which	displayed	a	more	punctate	staining	(Figure	5.9	A).	When	LB	was	introduced	into	

the	 system,	 the	 morphology	 of	 the	 cells	 appeared	 less	 structurally	 distinct	 (Figure	 5.9	 B,	 a).	 Cell	

circularity	(Figure	5.9	B,	g)	was	increased	slightly,	above	that	seen	in	2D	cultured	condition	(0.61	and	

0.66,	 respectively	 P>0.1)	 although	 this	 was	 not	 to	 the	 level	 observed	 in	 3D	 (0.73).	 Cell	 area	was,	

however,	reduced	significantly	(260	µm2	and	173	µm2,	respectively	P<0.1),	similar	to	the	level	seen	in	

3D	 (Figure	 5.9	 B,	 d).	When	 the	 same	 process	 was	 repeated	 using	 CD,	 the	 quantified	 parameters	

appeared	very	similar	to	the	condition	in	3D,	suggesting	that	this	mechanism	may	be	involved	in	the	

observed	 effect.	When	 the	 super-resolution	micrographs	were	 consulted,	 it	was	 obvious	 that	 this	

agent	 resulted	 in	 a	 very	 different	 cell	 morphology	 (Figure	 5.10).	 The	 cells	 formed	 characteristic	

stellate	 actin	 structures	 as	 the	 filaments	 were	 prevented	 from	 forming,	 however	 this	 was	 far	

removed	 from	 the	 observed	 morphology	 of	 3D-primed	 cells.	 When	 considering	 ROCK	 inhibition,	

similarly	there	was	no	significant	change	from	control	in	terms	of	cell	spreading,	but	circularity	was	

reduced	 further	 (Figure	 5.9	 B,	 e).	 Therefore,	 the	 focus	 turned	 to	 alternative	mechanisms	 of	 actin	

filament	formation;	if	altered	polymerisation	was	not	the	driving	force,	then	the	initial	nucleation	of	

monomeric	actin	may	be.		

	

There	 are	 two	 main	 nucleators	 of	 actin;	 the	 Arp2/3	 complex	 and	 the	 Formin	 family	 of	 proteins.	

Western	blotting	(Figure	5.11)	directly	 from	the	respective	culture	conditions	for	the	expression	of	

the	 Arp2/3	 complex	 revealed	 increased	 expression	 after	 2D	 culture,	 suggesting	 increased	 actin	

filament	formation.	This	was	less	obvious	in	the	case	of	FH2.	To	determine	if	these	factors	may	have	

been	contributing	to	cytoskeletal	changes	in	3D,	their	action	was	blocked	using	a	further	two	small	

molecules	 in	 cells	 cultured	 conventionally.	 CK-666	 blocks	 the	 activity	 of	 the	 Arp2/3	 complex,	

whereas	 SMIFH2	 has	 the	 same	 effect	 on	 Formin	 2,	with	 the	 hypothesis	 that	 blocking	 their	 action	

during	 2D	 adhesion	 would	 induce	 a	 3D	 cell	 morphology.	 Cells	 were	 cultured	 in	 their	 respective	

environments,	 removed	 and	 then	 allowed	 to	 adhere	 to	 coverslips	 for	 8	 hours	 in	 the	 presence	 or	

absence	of	these	small	molecules	(Figure	5.12).		Considering	the	general	morphology	(Figure	5.12	A),	

when	 2D	 cultured	 cells	 were	 treated	 with	 CK-666,	 they	 appeared	 more	 rounded	 with	 more	

homogenous	F-actin	 staining.	This	was	more	apparent	upon	SMIFH2	 treatment,	at	which	point	2D	

treated	cells	became	indistinguishable	from	cells	primed	in	the	3D	microenvironment	(Figure	5.12	A,	

d).	 This	 was	 reflected	 with	 cell	 areas	 averaging	 139	 µm2	 and	 137	 µm2,	 respectively	 and	 cell	

circularities	of	0.71	and	0.75	(Figure	5.12	B	&	5.12	C).	With	CK-666	treatment,	cell	area	was	in	fact	

increased,	surpassing	that	of	the	2D	control	(222	µm2	compared	to	264	µm2).	It	may	be	that	Formins	

were	 the	 driving	 force	 behind	 the	 divergence	 observed	 in	 3D,	 by	 no	means	 conclusive.	 Attempts	

were	therefore	made	to	determine	if	treatment	with	either	of	these	agents	would	induce	a	3D-like	

cell	phenotype	when	2D	cells	were	exposed.	
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Figure	5.9.	Inhibition	of	actin	polymerisation	in	2D	cultured	cells	does	not	induce	a	3D-primed	cell	

morphology.	 	 	 TERA2.cl.SP12	 hEC	 cells	 were	 cultured	 using	 their	 optimised	methods	 in	 2D	 or	 3D,	

removed	 and	 allowed	 to	 adhere	 to	 PDL-coated	 coverslips	 for	 8	 h	 in	 the	 presence	 of	 the	 actin	

polymerisation	agents	Cytochalasin	D	 (CD)	or	Latrunculin	B	 (LB).	Fixed	cells	were	stained	 for	 the	F-

actin	cytoskeleton	(green)	and	nuclei	(blue).	A)	Representative	confocal	micrographs	of	both	2D	and	

3D	 cultured	 cell	 populations,	 displays	 a	 lack	 of	 distinct	 actin	 structures	 in	 3D.	 B	 a	 &	 b)	 Confocal	

micrographs	 of	 representative	 2D	 cultured	 cells	 treated	 with	 CD	 or	 LB	 reveal	 altered	 cytoskeletal	

structure,	although	this	does	not	resemble	the	situation	in	3D.	B	d-h)	Quantification	of	cell	height	and	

area	demonstrates	reduction	towards	the	measurements	observed	with	3D-primed	cell	populations.	

Data	 shows	 mean	 +	 SEM,	 total	 n=20-60	 from	 three	 independent	 test	 occasions.	 Statistical	

significance	 denoted	 *P<0.1,	 **P<0.05,	 ***P<0.001	 determined	 by	 one-way	 ANOVA	 with	 Holm-

Sidak’s	multiple	comparison	test.	Scale	bars	represent	10	µm.		
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A B Phalloidin	Hoescht 

2D	+LB 2D	+CD C D 2D	+Y27632 E 

2D 3D 

Figure	5.10.	Inhibition	of	actin	polymerisation	and	destabilisation	of	actin	in	2D	cultured	cells	does	

not	 induce	a	3D-primed	 cell	actin	morphology.	 	 TERA2.cl.SP12	hEC	cells	were	 cultured	 using	 their	

optimised	methods	in	2D	or	3D,	removed	and	allowed	to	adhere	to	PDL-coated	coverslips	for	8	h	in	

the	 presence	 of	 the	 actin	 polymerisation	 agents	 Cytochalasin	 D	 (CD),	 Latrunculin	 B	 (LB)	 or	 ROCK	

inhibitor	Y27632.	Fixed	cells	were	stained	for	the	F-actin	cytoskeleton	(green)	and	nuclei	(blue).	A-B)	

Representative	Super	Resolution	micrographs	of	both	2D	and	3D	cultured	cell	populations,	displays	a	

lack	of	distinct	actin	structures	in	3D.	C-E)	Super	resolution	micrographs	of	representative	2D	cultured	

cells	 treated	 with	 CD,	 LB	 or	 Y27632	 reveal	 altered	 cytoskeletal	 structure,	 however	 this	 does	 not	

resemble	the	situation	in	3D.	Scale	bars	represent	5	µm.	
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Figure	5.11	(overleaf).	3D-primed	hEC	cells	are	reduced	in	their	expression	of	key	actin	nucleators.			

TERA2.cl.SP12	hEC	cells	were	cultured	using	their	optimised	methods	in	2D	or	3D,	and	cellular	lysates	

produced.		 A)	 Western	 blotting	 for	 the	 actin	 nucleators	 P34-arc	 (key	 component	 of	 the	 Arp2/3	

complex)	 and	 Formin	 2,	 demonstrate	 increased	 expression	 in	 2D	 cultured	 cells.	 B)	 Densitometry	

shows	 reduced	 expression	 (although	 ns).	 Data	 represents	 mean	 +	 SEM,	 total	 n=3	 formed	 from	 3	

independent	test	occasions.	Significance	determined	by	two-tailed	unpaired	Student’s	t-test	(P>0.1).	
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Figure	5.12.	Inhibition	of	actin	nucleation	in	2D	cultured	cells	induces	a	3D-primed	cell	morphology.		

TERA2.cl.SP12	 hEC	 cells	 were	 cultured	 using	 their	 optimised	 methods	 in	 2D	 or	 3D,	 removed	 and	

allowed	to	adhere	to	PDL-coated	coverslips	 for	8	h	 in	 the	presence	of	 the	actin	nucleator	 inhibitors	

CK-666	and	SMIFH2.	Fixed	cells	were	stained	for	the	F-actin	cytoskeleton	(green)	and	nuclei	(blue).	A)	

Representative	confocal	micrographs	of	both	2D	and	3D	cultured	cell	populations,	displays	a	lack	of	

distinct	 actin	 structures	 in	 3D	 (b).		 c	&	 d)	When	 treated	with	 CK-666	 or	 SMIFH2,	 2D	 cultured	 cells	

reduce	in	their	cell	spreading	taking	on	a	morphology	akin	to	3D	cultured	cells.	B	&	C)	Quantification	

of	 cell	 circularity	 and	 area	 demonstrates	 reduction	 towards	 the	measurements	 observed	with	 3D-

primed	 cell	 populations,	 especially	 in	 the	 presence	 of	 SMIFH2.	Data	 represents	mean	 +	 SEM,	 total	

n=25-40	 formed	 from	 2	 independent	 test	 occasions.	 Statistical	 significance	 denoted	 *P<0.1,	
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**P<0.05,	***P<0.001	determined	by	one-way	ANOVA	with	Holm-Sidak’s	multiple	comparison	test.	

Scale	bars	represent	20	µm	(A)	&	5	µm	(D).	

	

To	determine	whether	actin	nucleation	may	have	been	causing	the	differences	observed	upon	cell	

differentiation,	2D	cultured	cells	were	exposed	to	the	nucleator	inhibitors	for	8	hours	before	being	

used	 in	 a	 number	 of	 differentiation	 protocols,	 as	well	 as	 an	 assessment	 of	 pluripotency	 via	 qPCR	

(Figure	 5.13	 A).	 qPCR	 results	 (Figure	 5.13	 B)	 suggested	 that	 treatment	 of	 the	 cells	 with	 CK-666	

generally	 retained	Oct4,	 Sox2	 and	Nanog	expression	 to	 a	 level	 not	 significantly	 different	 from	 the	

control.	 Treatment	 with	 SMIFH2	 appeared	 to	 reduce	 expression	 of	 Sox2	 and	 Nanog	 significantly	

(0.47	 and	 0.42-fold	 expression,	 respectively).	 This	 is	 in	 contrast	 to	 the	 expression	 observed	when	

simply	comparing	2D	vs.	3D-primed	cells	which	consistently	showed	up-regulation.	

		

To	assess	aggregation	cells	were	treated	with	the	nucleator	 inhibitors	for	8	h,	and	then	allowed	to	

aggregate	 for	 a	 further	 7,	 14	 or	 21	 days	 in	 their	 absence	 after	 which	 point	 aggregate	 size	 was	

quantified	(Figure	5.14).	Previously,	it	was	demonstrated	that	after	21	days	3D-primed	TERA2.cl.SP12	
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Figure	 5.13.	 Inhibition	 of	 actin	 nucleation	 in	 2D	 cultured	 cells	 affects	 pluripotency	 marker	

expression.	 	 	 (A)	 TERA2.cl.SP12	 hEC	 cells	 were	 cultured	 using	 to	 confluency,	 removed	 cultured	 in	

suspension	for	8	h	 in	the	presence	of	the	actin	nucleator	 inhibitors	CK-666	and	SMIFH2.	Cells	were	

then	 seeded	 for	 differentiate	 as	 aggregates,	 neurospheres	 and	 subsequently	 subject	 to	 a	 neurite	

outgrowth	assay	 in	addition	to	qPCR	to	assess	pluripotency	marker	expression.	B)	qPCR	analysis	of	

pluripotency	 marker	 expression	 suggests	 that	 inhibition	 of	 Arp2/3-mediated	 nucleation	 may	

maintain	expression.	Data	shows	mean	+	SEM,	total	n=2	on	2	independent	test	occasions.	Statistical	

significance	 denoted	 ***P<0.01,	 determined	 by	 two-way	 ANOVA	 with	 Holm-Sidak’s	 multiple	

comparison	test.	
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could	 aggregate	 to	 a	 greater	 extent	 than	 their	 2D	 counterparts.	 This	 was	 not	 the	 case	 after	

treatment	with	the	inhibitors;	aggregate	morphology	remained	consistent	throughout	the	protocol,	

however	aggregate	size	was	consistently	smaller	after	treatment.	By	21	days	there	was	no	significant	

difference	between	the	conditions	suggesting	that	aggregation	capacity	was	not	enhanced	and	cell	

behaviour	 in	this	model	was	not	recapitulated.	Directed	differentiation	was	finally	assessed	via	the	

previously	introduced	neurite	outgrowth	method.	Cells	were	treated	with	the	inhibitors	for	8	h	and	

then	allowed	 to	aggregate	 for	21	days	 in	 the	presence	of	 the	 synthetic	 retinoid	EC23,	 after	which	

point	neurite	outgrowth	was	induced	using	PDL/laminin	coated	TCP.	As	demonstrated	in	Figure	5.15,	

neurite	outgrowth	was	again	not	consistent	in	the	2D	condition,	with	large	amounts	of	cell	migration	

away	 from	 the	 aggregate	 body.	 Upon	 treatment	 with	 nucleator	 inhibitors	 neurites	 consistently	

formed,	although	in	the	case	of	CK-666	appeared	stunted	as	well	as	showing	cell	migration.	This	was	

also	the	case	for	SMIFH2,	where	again	neurites	formed	but	appeared	generally	stunted.	Therefore,	

inhibition	of	actin	nucleation	did	not	enhance	cell	pluripotency	or	differentiation	capacity.		
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Figure	 5.14.	 Inhibition	 of	 actin	 nucleation	 in	 2D	 cultured	 cells	 maintains	 cell	 aggregation	 capacity.				

TERA2.cl.SP12	hEC	cells	were	cultured	using	to	confluency,	removed	cultured	in	suspension	for	8	h	in	the	

presence	of	the	actin	nucleator	 inhibitors	CK-666	and	SMIFH2.	A)	Cells	were	then	allowed	to	aggregate	

for	up	to	21	days	before	B)	quantification	of	aggregate	size,	demonstrating	no	significant	enhancement	in	

aggregation.	 Data	 shows	 mean	 +	 SEM,	 total	 n=15-30	 from	 2	 independent	 test	 occasions.	 Statistical	

significance	denoted	P>0.1,	determined	by	one-way	ANOVA	with	Holm-Sidak’s	multiple	comparison	test.	

Scale	bars	represent	500	µm.	
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5.4.1.4 Altered	nucleation	correlates	inversely	with	expression	of	Focal	Adhesion	Kinase	
	

In	 addition	 to	 considering	 the	 actin	 cytoskeleton,	 the	 effects	 this	 may	 have	 upon	

mechanotransduction	as	a	whole	were	evaluated;	in	terms	of	adhesion	molecules	and	then	later	in	

how	the	cytoskeleton	may	be	interacting	with	the	cell	nucleus.	As	a	major	protein	involved	in	focal	

adhesions,	 both	 Focal	 Adhesion	 Kinase	 and	 its	 phosphorylated	 form	 were	 quantified	 using	 super	

resolution	 microscopy	 of	 cells	 after	 8	 h	 adhesion	 and	 either	 conventional	 or	 3D	 priming.	 As	

previously	demonstrated	actin	appeared	more	punctate	staining	for	no	specific	structures	 in	3D	as	

was	the	case	after	conventional	culture.	The	majority	of	positively	stained	points,	likely	to	be	points	

of	focal	adhesion	formation,	were	located	near	the	area	of	each	cell	where	it	was	in	contact	with	the	

sub-stratum	(cover	slip).	This	was	quantified	through	manual	recording	of	positive	points	of	staining,	

normalised	 to	 the	cell	area.	As	 shown	 in	Figure	5.16,	FAK	expression,	 termed	here	as	FAK	positive	

adhesions,	appeared	increased	significantly	after	3D	priming	with	on	average	0.73	and	1.1	adhesions	
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Figure	 5.15.	 Inhibition	 of	 actin	 nucleation	 in	 2D	 cultured	 cells	 does	 not	 significantly	 affect	 cell	

differentiation.	 	 	 TERA2.cl.SP12	 hEC	 cells	were	 cultured	 using	 to	 confluency,	 removed	cultured	 in	

suspension	for	8	h	 in	the	presence	of	the	actin	nucleator	inhibitors	CK-666	and	SMIFH2.	Cells	were	

then	 subject	 to	 a	 neurite	outgrowth	 assay	by	directed	differentiation	 as	 neurospheres	 using	0.01	

µM	 EC23	 followed	 by	 adhesion	 and	 outgrowth	 upon	 PDL/Laminin	 coated	 tissue	 culture	 plastic.	

Immunofluorescence	 staining	 depicts	 TUJ-1	 (green)	 and	 nuclei	 (blue)	 demonstrating	 neurite	

outgrowth	 in	 all	 cases,	 however	more	 consistently	 after	 FH2	 inhibition.	 Scale	 bars	 represent	 500	

µm.	
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per	 µm2,	 respectively.	 This	 difference	 was	 also	 reflected	 in	 the	 numbers	 of	 phosphorylated	 pFAK	

positive	points	recorded;	0.43	and	1.52	per	µm2	respectively,	over	4-fold	on	average.	This	increase	in	

pFAK	 positive	 points	 suggests	 an	 increase	 in	 cell	 adhesion	 to	 the	 underlying	 substrate	 as	

phosphorylation	of	FAK	is	a	direct	result	of	integrin	clustering;	there	is	no	literature	concerning	the	

integrin	subtypes	expressed	in	hEC	cells	and	so	a	more	broad	quantification	was	considered	here.			
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Figure	 5.16.	 Focal	 Adhesions	 are	 altered	 in	 3D.	 	 	 TERA2.cl.SP12	 hEC	 cells	 were	 cultured	 using	 their	
optimised	methods	in	2D	or	3D,	removed	and	allowed	to	adhere	to	PDL-coated	coverslips	for	8	h.	Fixed	

cells	 were	 stained	 for	 the	 F-actin	 cytoskeleton	 (red),	 FAK	 (green)	 and	 nuclei	 (blue).	 A&C)	 Super	

Resolution	micrographs	of	both	2D	and	3D	cultured	cell	populations,	stained	for	the	actin	cytoskeleton	

(red)	FAK	(green,	A),	pFAK	(green,	C)	or	the	cell	nucleus	(blue).	B&D)	Quantification	FAK	(B)	or	pFAK	(D)	

positive	adhesions	reveal	increased	numbers	of	adhesions	 in	3D.	Data	shows	mean	+	SEM,	total	n=18-

29	on	up	to	3	independent	test	occasions.	Statistical	significance	denoted	*P≤0.1,	**P<0.05	determined	

by	two-tailed	unpaired	Student’s	t-test.	Scale	bars	represent	5	µm.	
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5.4.1.5 The	expression	of	microtubules	but	not	intermediate	filaments	is	affected	after	3D	
priming	

	

In	 addition	 to	 an	 in-depth	 investigation	 into	 the	 actin	 cytoskeleton,	 as	 the	 most	 abundant	

component,	 the	 influence	 of	 the	 remaining	 two	 cytoskeletal	 compartments	 could	 not	 be	 ignored,	

that	 of	 microtubules	 and	 IF.	 TERA2.cl.SP12	 cells	 readily	 expressed	 both	 TUJ-1,	 a	 neuronal	

microtubule	 and	 CK8	 an	 IF	 from	 the	 keratin	 family.	 These	 proteins	 are	 both	 expressed	 upon	

differentiation,	which	would	be	expected	to	be	induced	by	culture	at	a	low	density	as	demonstrated	

during	the	adhesion	studies	presented	here.	The	expression	of	these	proteins,	in	addition	to	nestin,	

an	IF	known	as	an	early	marker	of	differentiation,	was	investigated	in	situ,	and	during	adhesion.	This	

was	 hypothesised	 to	 determine	 if	 there	 were	 any	 differences	 between	 2D	 and	 3D	 culture,	 or	

whether	the	observed	changes	in	expression	may	only	be	due	to	an	actin-dependent	mechanism.			

	

Overall,	 the	patterns	of	expression	observed	appeared	consistent	between	 the	situation	 in	culture	

and	 during	 adhesion	 via	 immunostaining	 for	 the	 above	 markers	 (Figure	 5.17).	 All	 three	 markers	

appeared	 expressed	 to	 some	 extent	 during	 2D	 culture,	 which	 was	 to	 be	 expected.	 As	 the	 cells	

differentiated	the	expression	increased	or	decreased,	with	some	underlying	expression	consistently	

present.	Nestin	 expression	 appeared	 greater	 after	 2D	 culture,	 as	 did	 TUJ-1,	which	 appeared	more	

obvious	after	adhesion	(Figure	5.17	K	&	5.17	L).	CK8	appeared	to	be	expressed	during	all	conditions,	

which	may	be	expected	as	a	marker	also	expressed	in	undifferentiated	TERA2.cl.SP12.		

	

It	was	necessary	to	validate	these	observations,	as	especially	in	the	culture	situation	it	is	difficult	to	

interpret	 whole	 mount	 staining	 involving	 a	 polyHIPE,	 due	 to	 the	 potential	 for	 autofluorescence.	

Consequently,	 western	 blotting	 was	 completed	 for	 both	 TUJ-1	 and	 CK8.	 There	 was	 a	 very	 clear	

decrease	 in	 the	 expression	 of	 TUJ-1	 in	 3D	 culture	 (P=0.02),	 which	 was	 suggested	 in	 the	 previous	

immunostaining.	This	vastly	reduced	expression	of	the	microtubule	protein	was	not	reflected	in	the	

IF	protein	(P>0.1),	which	appeared	the	same	between	the	two	conditions	(Figure	5.18).	

	

As	such,	it	could	be	concluded	that	cells	cultured	in	3D	expressed	lower	levels	of	the	differentiation	

marker	 TUJ-1,	 and	 so	 the	 expression	 of	microtubules	was	 decreased	 after	 3D-priming.	 IFs	 on	 the	

other	 hand	 were	 established	 in	 both	 culture	 types	 suggesting	 the	 differences	 between	 the	

functionality	 of	 the	 two	 cell	 types	 may	 not	 be	 driven	 by	 intermediate	 filament	 mediated	

mechanisms.	 It	 is	unknown	whether	the	differences	 in	microtubule	expression	were	causative	or	a	

result	of	the	altered	actin	dynamics	observed	thus	far.		



222	
	

	

	

	

	

	

Nestin 

Hoescht 

In	situ Post	cell	removal	&	8	h	adhesion	to	cover	slips 
2D 3D 3D 2D 

A B C D 

E F G H 

TUJ-1 

Hoescht 

I J K L 

M N O P 

S T 

W X Hoescht 

CK8 Q R 

U V 

Nestin 

Hoescht 

TUJ-1 

Hoescht 

Hoescht 

CK8 



223	
	

	

Figure	 5.18.	 3D-primed	 hEC	 cells	 are	 reduced	 in	 their	 expression	 of	 microtubules	 but	 not	

intermediate	filaments.			TERA2.cl.SP12	hEC	cells	were	cultured	using	their	optimised	methods	in	2D	

or	3D,	and	cellular	lysates	produced.		A)	Western	blotting	for	both	TUJ-1	and	CK8,	microtubule	and	

intermediate	 filament	 markers	 respectively,	 demonstrate	 increased	 expression	 of	 TUJ-1	 in	 2D	

cultured	cells.	B)	This	is	represented	through	quantification	where	expression	is	significantly	lowered	

in	3D,	whereas	intermediate	filament	expression	is	not	affected.	Data	represents	mean	+	SEM,	total	

n=3	 formed	 from	 3	 independent	 test	 occasions.	 Significance	 determined	 by	 two-tailed	 unpaired	

Student’s	t-test,	**	P<0.05.	

	

2D 3D 2D 3D 
N=1 N=2 

2D 3D 
N=3 

TUJ-1 

GAPDH 

CK8 

GAPDH 

2D 3D

0 .0

0 .5

1 .0

1 .5

T U J -1

N
o

rm
a

li
s

e
d

 e
x

p
re

s
s

io
n

(g
re

y
 v

a
lu

e
)

* *

A 

B C 

2D 3D

0 .0

0 .5

1 .0

1 .5

C K 8

N
o

rm
a

li
s

e
d

 e
x

p
re

s
s

io
n

(g
re

y
 v

a
lu

e
)

n s

50	kDa 

75	kDa 

37	kDa 

50	kDa 

37	kDa 

37	kDa 

Figure	 5.17	 (overleaf).	 Characterisation	 of	 alternate	 cytoskeletal	 compartments	 during	 routine	

culture/3D	 priming	 and	 its	 comparison	 to	 the	 situation	 after	 adhesion	 to	 cover	 slips.			

TERA2.cl.SP12	 hEC	 cells	 were	 cultured	 using	 their	 optimised	 methods	 in	 2D	 or	 3D,	 and	 fixed	 or	

subsequently	 removed	 and	 allowed	 to	 adhere	 to	 PDL-coated	 coverslips	 for	 8	 h.	 Fixed	 cells	 were	

stained	 for	 the	 either	 intermediate	 filaments	 (nestin/CK8)	 or	 mictotubules	 (TUJ-1,	 all	 green)	 and	

nuclei	 (blue).	Representative	confocal	micrographs	of	both	2D	and	3D	cultured	cell	populations	for	

(A-H)	nestin	suggests	no	obvious	difference	in	expression	irrespective	of	culture	condition	or	during	

adhesion,	 (I-P)	TUJ-1	suggests	again	no	difference	dependent	upon	culture	condition	and	(Q-X)	CK8	

suggests	 no	 clear	 difference	 via	 immunostaining	 as	 presented	 here.	 Scale	 bars	 represent	 100	 µm	

(left	panel),	50	µm	(right	panel).	
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5.4.1.6 Nuclear	volume	is	also	altered	in	3D-primed	hEC	cells	
	

In	addition	to	a	consideration	of	microfilaments,	microtubules	and	IFs	as	well	as	adhesion	molecules,	

the	final	component	to	consider	in	terms	of	linking	the	cytoskeleton	to	gene	expression	is	that	of	the	

cell	 nucleus.	 An	 observation	 that	 can	 be	 validated	 throughout	 this	 chapter	 is	 that	 of	 nuclear	 size;	

appearing	 consistently	 reduced	 after	 and	 during	 3D	 culture.	 This	was	 also	 reflected	when	 nuclear	

volume	was	quantified	after	both	8	and	24	h;	significantly	reduced	after	adhesion	and	being	cultured	

in	3D	(Figure	5.19).		
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Figure	 5.19.	 Nuclear	 volume	 appears	 reduced	 after	 3D-priming.	 	 TERA2.cl.SP12	 hEC	 cells	 were	

cultured	using	their	optimised	methods	 in	2D	or	3D,	removed	and	allowed	to	adhere	to	PDL	coated	

coverslips	for	8	h	or	24	h	before	fixation.		A)	Nuclear	volume	was	calculated	using	 ImageJ	software,	

after	staining	for	cell	nuclei	 (blue)	with	Hoescht.	B)	This	is	represented	through	quantification	where	

nuclear	 volume	 appears	 reduced	 after	 3D	 priming	 after	 both	 8	 and	 24	 h.	 Data	 represents	mean	 +	

SEM,	total	n=31-72	formed	from	2	independent	test	occasions.	Significance	determined	by	two-tailed	

unpaired	Student’s	t-test,	***P<0.001.	Scale	bars	represent	20	µm.	



225	
	

On	 average,	 nuclear	 volume	 was	 significantly	 reduced	 after	 3D	 priming,	 from	 589	 µm3	 after	

conventional	 culture	 to	 less	 than	half	 the	original	 size	at	243	µm3.	This	was	also	 the	case	after	24	

hours	adhesion;	2D	cultured	cells	reported	a	nuclear	volume	of	on	average	799	µm3	whereas	the	3D	

cultured	counterparts	were	again	approximately	half	at	408	µm3.	

	

This	observation	led	to	the	question	of	what	would	be	causing	this	effect.	The	morphology	of	the	cell	

nucleus	and	subsequently	gene	expression	 is	guided	by	 the	expression	of	nucleoskeleton	proteins,	

namely	 lamins.	 This	 meshwork	 links	 to	 the	 cytoskeleton	 by	 the	 LINC	 complex	 as	 previously	

introduced.	Thus	far	it	had	been	determined	that	cell	shape	had	been	altered	and	this	may	be	due	to	

differential	actin	nucleation.	However	focal	adhesion	marker	expression	was	shown	to	be	increased	

which	would	not	necessarily	be	intuitive	considering	the	previously	stated	observation.	 It	was	then	

shown	that	there	was	reduced	microtubule	expression,	but	not	necessarily	IF	expression.	In	order	to	

tie	these	observations	together	the	final	common	component	that	all	of	these	proteins	act	upon	 is	

the	cell	nucleus.	Lamins	A/C	and	lamin	B	expression	was	investigated,	similarly	to	that	shown	for	the	

alternate	 cytoskeletal	 components;	 both	 in	 culture	 and	 during	 adhesion	 via	 immunostaining	 and	

then	semi-quantitatively	by	western	blotting.		

	

Considering	 lamin	 expression	 during	 culture	 (Figure	 5.20),	 it	 was	 difficult	 to	 determine	 a	 clear	

pattern	 as	 staining	 appeared	 to	 be	 inconsistent	 in	 2D	 and	 positive	 signal	 was	 not	 clear	 in	 3D.	

Nevertheless,	the	same	was	tested	during	adhesion,	with	the	assumption	that	unclear	staining	was	

inherent	with	the	autofluorescence	that	can	occur	in	3D	due	to	the	substrate.	There	appeared	to	be	

one	 obvious	 difference	 between	 the	 culture	 conditions	 during	 adhesion.	 There	 was	 no	 clear	

difference	with	respect	to	lamin	B,	and	at	equal	exposures	lamin	A/C	appeared	much	stronger	after	

3D	culture	when	visualised.	

	

Again,	 this	 observation	 was	 validated	 in	 situ,	 to	 determine	 if	 it	 aligned	 with	 the	 situation	 during	

adhesion,	especially	as	the	whole	mount	immunofluorescence	was	inconclusive	as	to	the	expression	

pattern.	 This	 is	 demonstrated	 in	 Figure	5.20,	 and	 there	was	no	 significant	difference	between	 the	

conditions	when	considering	lamin	B.	As	was	also	the	case	with	the	adhesion	immunofluorescence,	

lamin	A/C,	expression	appeared	increased.	

	

In	summary,	the	nuclei	of	cells	cultured	in	3D	has	been	observed	to	be	altered.	This	is	in	combination	

with	 evidence	 to	 suggest	 an	 altered	 nucleoskeleton	 in	 terms	 of	 lamin	 expression.	 As	 cytoskeletal	

alterations	have	also	been	made	clear	it	is	likely	that	they	are	the	changes	causing	that	observed	for	

the	cell	nuclei.	It	was	also	important	to	consider	this	in	terms	of	capacity	for	gene	expression.	
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Figure	5.20.	Characterisation	of	the	nucleoskeleton	during	routine	culture/priming	and	and	its	

comparison	to	the	situation	during	adhesion.			TERA2.cl.SP12	hEC	cells	were	cultured	using	their	

optimised	methods	in	2D	or	3D,	and	fixed	or	subsequently	removed	and	allowed	to	adhere	to	PDL-

coated	 coverslips	 for	 8	 h.	 Fixed	 cells	 were	 stained	 for	 the	 either	 Lamin	 A/C	 (green)	 or	 Lamin	 B	

(green)	 and	 nuclei	 (blue).	 Representative	 confocal	 micrographs	 of	 both	 2D	 and	 3D	 cultured	 cell	

populations	for	 (A-H)	Lamin	A/C	suggests	no	obvious	difference	in	situ,	however	appears	greater	

during	 adhesion,	 (I-P)	 Lamin	 B	 suggests	 no	 difference	 in	 situ	 and	 a	 possible	 increase	 during	

adhesion	via	 immunostaining	as	presented	here.	Scale	bars	represent	100	µm	(left	panel),	50	µm	

(right	panel).	
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5.4.1.7 3D-primed	hEC	cells	showed	decreased	capacity	for	deformation	that	is	not	coupled	
with	increased	nuclear	stiffness	

	

As	 the	previous	observations	 taken	 together	provided	evidence	 that	nuclei	were	more	compact	 in	

3D,	which	may	have	been	due	to	increased	lamin	A/C	expression,	the	nuclei	were	next	challenged,	to	

determine	 if	 this	 altered	 morphology	 and	 potential	 altered	 nucleoskeleton	 resulted	 in	 nuclei	

becoming	 stiffer.	 This	 was	 completed	 by	 osmotic	 shock,	 whereby	 increasing	 concentrations	 of	

sucrose	would	draw	water	from	the	cells,	and	nuclei,	 resulting	 in	a	measureable	deformation.	This	

process	is	described	in	detail	by	[162].	Cells	were	removed	from	their	respective	environments	and	

allowed	 to	 adhere	 to	 PDL	 coated	 coverslips	 for	 7.5	 h	 before	 exposure	 to	 a	 range	 of	 sucrose	

concentrations	 (0,	40,	80,	160,	320	and	540	mM)	 for	30	min	 followed	by	 fixation,	nuclear	 staining	

and	quantification	of	nuclear	circularity	(Figure	5.22).		

	

2D 3D 2D 3D 
N=1 N=2 

2D 3D 
N=3 

Lamin	A/C 

GAPDH 

GAPDH 

Lamin	B 

A 

A 

B 

2D 3D

0

1

2

3

4

L a m in  A /C

N
o

rm
a

li
s

e
d

 e
x

p
re

s
s

io
n

(g
re

y
 v

a
lu

e
)

n s

C 

150	kDa 

100	kDa 
37	kDa 

37	kDa 

75	kDa 

50	kDa 

2D 3D

0 .0

0 .2

0 .4

0 .6

L a m in  B

R
e

la
ti

v
e

 e
x

p
re

s
s

io
n

n s

Figure	5.21.	3D-primed	hEC	cells	demonstrate	increased	Lamin	A/C	expression.			TERA2.cl.SP12	hEC	

cells	 were	 cultured	 using	 their	 optimised	 methods	 in	 2D	 or	 3D,	 and	 cellular	 lysates	 produced.	 	 A)	

Western	blotting	for	both	Lamin	A/C	and	Lamin	B	nucleoskeleton	markers,	demonstrated	 increased	

expression	 of	 Lamin	 A/C	 (although	 ns)	 in	 3D	 cultured	 cells.	 B)	 This	 is	 represented	 through	

quantification	where	Lamin	A/C	expression	was	increased	in	3D,	and	remained	equal	with	respect	to	

Lamin	 B	 (C).	 Data	 represents	 mean	 +	 SEM,	 total	 n=3	 formed	 from	 3	 independent	 test	 occasions.	

Significance	determined	by	two-tailed	unpaired	Student’s	t-test,	P>0.1.	
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In	general,	 there	was	no	 significant	 change	 recorded	 in	either	nuclear	area	or	 circularity.	This	was	

apart	from	two	concentrations	tested	for	both	populations;	40	mM	and	80	mM	for	the	2D	cells	and	

160	mM	and	320	mM	for	the	3D	cultured	cells.	These	concentrations	showed	visible	differences	in	

nuclear	morphology	after	 imaging	 (Figure	5.22	A)	 in	comparison	 to	control.	Nuclei	appeared	 to	be	

blebbing	and	changing	in	morphology	from	their	regular	more	consistent	appearance	in	the	absence	

of	 sucrose,	 again	 not	 visible	 after	 priming	 in	 3D.	 At	 these	 concentrations,	 nuclear	 circularity	 was	

significantly	 reduced	 from	 0.81	 of	 the	 control	 to	 0.77	 and	 again	 0.77	 at	 40	 mM	 and	 80	 mM,	

respectively.	 This	was	 coupled	with	 no	 significant	 change	 in	 nuclear	 area,	 demonstrating	 that	 the	

effect	of	the	sucrose	was	indeed	nuclear	deformation.	This	effect	was	apparent	at	160	and	320	mM	

after	3D	culture	with	circularity	reducing	from	0.81	to	0.77	for	both	concentrations.	In	other	words,	

cells	cultured	in	3D	were	more	resistant	to	deformation	upon	challenge	through	osmotic	shock.		

	

If	this	was	indeed	the	case,	it	would	be	expected	that	these	nuclei	would	be	stiffer	in	comparison	to	

their	 conventionally	 cultured	 counterparts.	 AFM	 was	 completed	 to	 determine	 this	 through	

quantification	 of	 the	 Young’s	 Modulus.	 Cells	 were	 cultured	 in	 their	 respective	 environments	 and	

allowed	to	adhere	to	coverslips	for	approximately	24	hours,	after	which	point	AFM	was	conducted	in	

aqueous	 conditions	 in	 growth	medium.	 It	was	 possible	 to	map	 the	 cell	 surface	 using	 this	method	

(Figure	5.23),	as	demonstrated	by	the	height	maps	of	the	cells.	Indeed,	as	the	cellular	heights	were	

relatively	 large	as	previously	quantified,	up	to	approximately	20	µm,	 it	was	not	possible	to	capture	

the	whole	cells	using	 this	method	and	as	 such	 the	 tallest	parts	of	 the	cells	were	quantified,	which	

would	presumably	be	that	containing	the	cell	nucleus.		

	

In	fact,	when	the	Young’s	moduli	of	the	cells	were	determined	as	depicted	using	force	maps	(Figure	

5.23	A,	b	&	d),	 the	area	of	 the	cell	nuclei	were	clearly	distinguishable	 from	the	rest	of	 the	cellular	

cytoplasm.	These	areas	were	used	to	quantify	a	nuclear	stiffness	across	3	areas	of	each	nucleus	on	

multiple	 cells	 (Figure	 5.23	 B).	 There	was,	 however,	 no	 significant	 difference	 between	 the	 Young’s	

modulus	of	 cells	either	 cultured	 in	2D	or	3D,	at	486	Pa	and	525	Pa,	 respectively.	 To	note	was	 the	

difference	 in	 stiffness	 between	 the	 nuclear	 area	 and	 cytoplasmic	 regions	 of	 the	 cells	 tested,	 as	

depicted	in	Figure	5.24.	For	example,	after	culture	in	2D,	cytoplasmic	stiffness	was	in	the	order	of	1	

Figure	 5.22	 (overleaf).	 3D-primed	 hEC	 cells	 have	 a	 higher	 resistance	 to	 deformation.			

TERA2.cl.SP12	 hEC	 cells	 were	 cultured	 using	 their	 optimised	 methods	 in	 2D	 or	 3D,	 removed	 and	

allowed	 to	 adhere	 to	 PDL-coated	 coverslips	 for	 8	 h	 before	 30	 minutes	 exposure	 to	 varying	

concentrations	of	 sucrose.	 Fixed	 cells	nuclei	 (blue).	A)	 Representative	 confocal	micrographs	of	both	

2D	and	3D	cultured	cell	populations	to	both	40	mM	and	80	mM	sucrose,	show	increased	deformation	

only	 after	2D	culture.	 B)	Quantification	of	 nuclear	 circularity	and	 area	demonstrates	no	 significant	

alteration	 in	nuclear	area	coupled	with	increased	deformation	through	a	reduction	 in	cell	circularity	

only	 after	2D	priming,	 suggesting	nuclei	may	 be	 stiffer	after	3D	 culture.	Data	 shows	mean	 +	SEM,	

n=50-75,	 on	 3	 independent	 test	 occasions.	 *P<0.1,	 **P<0.05	 determined	 by	 one-way	ANOVA	with	

Holm-Sidak’s	multiple	comparison	test.	Scale	bars	represent	20	µm.		



230	
	

kPa	whereas	nuclear	stiffness	consistently	around	0.4	kPa.	Similarly,	in	3D	cytoplasmic	stiffness	was	

mapped	at	approximately	1.2	kPa	and	nuclear	stiffness	again	at	approximately	0.4	kPa.	 It	could	be	

argued	 that	 alternative	 cytoskeletal	 dynamics	 are	 not	 affecting	 nuclear	 stiffness,	 however,	 are	

affecting	 the	 surrounding	 nucleoskeleton,	 raising	 a	 number	 of	 questions	 of	 how	 this	 could	 be	 the	

case.		

	

Taken	together,	a	number	of	important	observations	have	been	made	during	this	chapter.	In	general	

terms,	 it	 has	 been	 observed	 that	 there	 was	 altered	 cytoskeletal	 dynamics	 in	 3D-primed	

TERA2.cl.SP12	 hEC	 cells,	 and	 this	 appeared	 to	 be	 due	 to	 actin	 nucleation.	 Enhanced	 FAK/pFAK	

expression	was	observed	as	well	as	reduced	microtubule	expression,	however,	is	it	not	clear	whether	

these	 factors	 were	 the	 cause	 or	 as	 a	 result	 of	 altered	 actin	 nucleation.	 These	 cues	 were	 being	

transduced	into	the	nucleoskeleton	by	means	of	increased	lamin	A/C	expression,	however,	this	does	

not	appear	to	affect	nuclear	stiffness,	which	means	it	is	unclear	how	cell	differentiation	capacity	may	

be	enhanced.	This	work	provides	evidence	that	3D	culture	alters	cytoskeletal	dynamics,	allowing	for	

further	investigation	to	tie	these	observations	together	to	link	them	directly	to	gene	expression.	
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Figure	 5.23.	 Nuclear	 stiffness	 is	 not	 affected	 by	 priming	 in	 3D.	 	 	 TERA2.cl.SP12	 hEC	 cells	 were	

cultured	using	their	optimised	methods	 in	2D	or	3D,	removed	and	allowed	to	adhere	to	PDL-coated	

coverslips	 for	 8	 h	 before	 quantification	 of	 nuclei	 stiffness	 via	 Atomic	 Force	 Microscopy.	 A)	

Representative	 atomic	 force	micrographs	of	 both	 cell	 height,	 and	 force	mapping.	Quantification	of	

the	Young’s	Modulus	of	the	nuclear	area	of	both	2D	(B)	and	3D-primed	 (C)	hEC	cells,	suggesting	no	

significant	difference	between	the	conditions	in	this	 instance.	Data	shows	mean	+	SD,	total	n=4	cells	

on	1	independent	test	occasion.	Scale	bars	as	shown	on	micrographs.	
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Figure	5.24.	Stiffness	differs	across	cell	nuclei	 in	TERA2.cl.SP12	hEC	cells.			TERA2.cl.SP12	hEC	cells	
were	 cultured	using	 their	optimised	methods	 in	2D	or	3D,	 removed	and	allowed	 to	adhere	 to	PDL-

coated	 coverslips	 for	8	h	before	quantification	of	nuclear	 stiffness	 via	Atomic	Force	Microscopy.	A)	

Representative	atomic	force	micrographs	of	both	cell	height,	and	force	mapping.	B)	Histogram	of	the	

Young’s	Modulus	of	the	nuclear	area	of	both	2D	and	3D-primed	hEC	cells,	suggesting	nuclei	appear	

less	stiff	towards	the	centre	of	the	nucleus.	Scale	bars	as	shown	on	micrographs.	
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5.5 Discussion	
	

This	chapter	aimed	to	investigate	the	mechanotransduction	of	PSCs	in	the	context	of	their	enhanced	

developmental	 potential	 after	 conditioning,	 or	 priming,	 upon	 the	 altered	 topography	 provided	 by	

Strata.	Previous	work	has	demonstrated	the	altered	adhesion	profile	of	hepatocytes	cultured	either	

using	conventional	methods	or	after	propagation	upon	Strata,	and	the	work	considered	here	uses	a	

number	of	observations	made	as	a	basis,	as	will	be	discussed.	It	is	clear	that	the	field	concerning	the	

mechanotransduction	of	PSCs	is	in	its	infancy;	studies	generally	focus	on	a	single	aspect,	and	do	not	

link	to	cell	function	consistently.	This	study	focussed	upon	the	actin	cytoskeleton,	as	the	main	shape-

forming	 component	 of	 a	 cell.	 Morphology	 was	 quantified	 and	 mechanisms	 behind	 the	 observed	

changes	were	elucidated	at	a	relatively	superficial	level.	Adhesion	was	quantified	in	terms	of	FAK,	as	

a	 link	 to	 previous	 studies	 concerning	 Strata,	 after	 which	 the	 cell	 nucleus	 was	 considered.	 This	

discussion	sets	out	to	determine	if	a	general	mechanism	of	mechanotransduction	can	be	postulated	

as	a	basis	for	the	cell	line	at	hand,	with	the	view	to	further	study	and	whether	this	may	be	applicable	

to	alternate	pluripotent	cell	types.	

	
	
5.5.1 The	actin	cytoskeleton	is	organised	differently	after	3D	priming	
	

To	contribute	to	the	original	hypothesis	of	this	thesis,	that	an	enhanced	cell	structure	would	result	in	

enhanced	 cell	 function,	 it	 was	 necessary	 to	 characterise	 the	 cytoskeletal	 structure	 of	 cells	 after	

conventional	 and	3D	 culture.	 This	was	 considered	 in	 terms	of	 the	 actin	 cytoskeleton,	 both	due	 to	

previous	 work	 being	 completed	 using	 Strata,	 and	 its	 role	 as	 the	main	 determinant	 of	 cell	 shape.	

Whole	 mount	 staining	 of	 cells	 cultured	 in	 both	 conditions	 (Figure	 5.1)	 revealed	 differing	

morphologies,	 in	 that	 3D	 cells	were	more	 tightly	 packed.	 This	 difference	was	maintained	 through	

adhesion,	as	a	method	to	review	cell	morphology	in	greater	resolution	(Figure	5.2).	Cell	height	was	

also	 reduced	 as	 a	 result	 of	 3D	 culture,	 suggesting	 overall	 a	 more	 compact	 cell	 morphology.	 This	

pattern	 remained	 after	 24	 h	 adhesion,	 and	 was	 only	 recovered	 by	 72	 h,	 although	 effects	 on	 cell	

circularity	 were	 still	 evident	 (Figure	 5.6).	 Taken	 together,	 a	 difference	 in	 actin	 organisation	 was	

observed	as	a	result	of	the	3D	topography	provided	by	Strata.	A	key	observation	to	note	 is	that	of	

the	 distribution	 of	 F-actin	 within	 the	 populations.	 After	 conditioning	 in	 2D,	 protruding	 filaments	

formed,	 generally	 distributed	 at	 the	 base	 of	 any	 given	 cell.	 This	 is	 in	 contrast	 to	 a	more	 cortical	

presentation	after	priming	in	3D	around	the	cell	periphery.	

	

Chalut	and	Paluch	[295]	suggest	that	many	cell	shape	changes	are	driven	by	transitions	from	stress-

fibre	dominated	to	cortical	organisations.	The	observation	that	3D-primed	cells	appeared	to	retain	

this	cortical	organisation	raises	a	number	of	interesting	points.	The	review	at	hand	then	goes	on	to	

state	that	the	transition	between	these	states	is	poorly	understood,	poising	the	observations	made	

here	to	be	a	valuable	tool	in	which	to	uncover	such	driving	mechanisms.	A	number	of	early	reports	

highlighted	this	type	of	actin	morphology	in	PSCs.	Paulin	in	1981	showed	the	diffuse	organisation	of	

actin	in	mouse	EC	cells,	with	no	definitive	filament	formation	[278].	Later	in	1989	it	was	documented	
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that	short	actin	fibrils	were	formed	by	F9	EC	cells	[300].	In	2013	a	cortical	presentation	of	actin	was	

demonstrated	in	mESCs	cultured	upon	weakly	adhering	serum,	also	linking	to	enhanced	self-renewal	

[285].	 Demonstrated	 in	 2016	 was	 again	 another	 example	 of	 cortical	 distribution	 of	 actin	 in	 both	

hESCs	 and	 iPSCs,	 with	 clear	 fibre	 formation	 in	 differentiated	 MEFs	 [138].	 Taken	 together	 this	

demonstrates	that	cortical	distributions	of	actin	are	conducive	to	the	pluripotent	state,	developing	

to	fibrous	distributions	upon	differentiation.	Indeed,	this	is	the	observation	made	here,	providing	a	

correlation	 between	 cell	 architecture	 and	 the	 enhancement	 of	 pluripotency	 observed	 after	 3D	

priming	(Chapter	4).	

	

Also	characterised	here	was	the	expression	of	alternate	cytoskeletal	compartments,	namely	IFs	and	

microtubules	 known	 to	 be	 expressed	 in	 the	 cell	 type	 (Figures	 5.17	 and	 5.18).	 There	 was	 a	 clear	

decrease	 in	 the	 expression	 of	 TUJ-1,	 a	 microtubule	 expressed	 upon	 cell	 differentiation,	 after	 3D	

priming,	 with	 no	 clear	 change	 in	 the	 expression	 of	 the	 IF	 CK8.	 In	 general,	 the	 reduction	 of	 such	

proteins	in	any	given	population	would	suggest	a	less	differentiated	phenotype,	in	keeping	with	the	

results	observed	in	the	previous	chapter.		

	

In	1984,	it	was	observed	that	hECs	expressed	keratins	during	pluripotency,	with	vimentin	expression	

increasing	 upon	 differentiation	 [136].	 The	 reverse	was	 seen	 for	mECs,	 suggesting	 that	 a	 range	 of	

filaments	 can	 be	 expressed	 at	 differing	 stages	 of	 pluripotency,	 not	 necessarily	 consistent	 through	

species.	In	2017,	Boraas	et	al.	provided	the	only	side	by	side	comparison	of	a	differentiated	cell	type	

(MEFs)	with	hESCs	and	iPSCs	and	their	expression	of	cytoskeletal	markers	[138].	The	study	assessed	

microtubules,	 IFs	 and	 microfilaments	 through	 gene	 expression	 assays	 and	 immunofluorescence	

techniques.	Actin,	Nestin	and	Vimentin	all	 demonstrated	cortical	 staining	 in	pluripotent	 cell	 types,	

with	 approximate	 equal	 gene	 expression	 of	 tubulin.	 The	 suggestion	 that	 tubulin	 does	 not	 change	

dependent	upon	pluripotent	state	is	in	contrast	to	the	results	presented	here	whereby	a	significant	

reduction	in	TUJ-1	expression	was	observed	after	3D	priming.	However,	with	respect	to	keratins,	CK8	

expression	remained	unchanged,	again	in	contrast	to	pluripotent	state	observed	in	the	study.	

	

Not	considered	here,	however,	 is	the	effect	that	myosin	may	be	playing	upon	the	system.	Myosins	

are	 actin-binding	motor	 proteins,	 known	 to	 contribute	 to	 intracellular	 organisation	 as	well	 as	 cell	

shape	 (reviewed	 by	 [301])	 Cortical	 Actin	 has	 been	 proposed	 to	 drive	 cell	 shape	 through	 tension	

generated	 through	 myosin	 interactions.	 However	 this	 does	 not	 appear	 to	 occur	 exclusively,	 with	

actin	cortex	dynamics	independent	of	myosin	tension	also	being	shown	to	change	architecture	[302].	

Nevertheless,	there	have	been	a	number	of	studies	showing	that	myosin	can	have	an	 impact	upon	

stem	cell	differentiation	and	capacity	 for	self-renewal.	 In	2010	Chen	et	al.	observed	that	 increased	

actin-myosin	 contractility	 lead	 to	 cell	 death	 upon	 dissociation;	 from	 just	 10	 %	 at	 24	 h	 to	

approximately	50	%	with	Blebbistatin	treatment.	Using	this	as	a	basis	there	have	been	two	further	

studies	elucidating	the	role	of	myosin	in	PSCs.	In	2012,	Walker	et	al.	showed	that	inhibition	of	non-

muscle	myosin	II	using	Blebbistatin	allowed	for	increased	viability	of	hPSC	culture	after	formation	of	
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single	cell	suspensions	[304].	This	 is	similar	to	the	widespread	use	of	Y27632	for	the	same	purpose	

upon	hPSC	revival	post-cryopreservation.	Also	demonstrated	was	the	effect	upon	self-renewal	and	

cellular	differentiation	by	both	EB	formation	and	teratoma	assay.	Oct3/4	expression	was	increased	2	

fold	with	10	µM,	and	cells	differentiated	to	form	all	three	germ	layers	in	vivo.	Blebbistatin	treatment	

in	a	2018	study	[305]	has	shown	that	inhibition	of	myosin	action	alters	differentiation	potential.	EB	

formation	 resulted	 in	 reduced	 mesoderm	 marker	 (FLP1)	 expression	 and	 an	 increased	 endoderm	

marker	 expression	 (AFP).	 It	 may	 be	 suggested	 that	 in	 the	 situation	 presented	 here,	 were	 F-actin	

expression	reduced,	myosin	may	also	follow,	perhaps	aiding	 in	the	altered	differentiation	potential	

through	reduced	contractility	of	the	cells.	

	
	
5.5.2 Actin	dynamics	change	after	3D	priming	resulting	in	reduced	actin	nucleation	
	

The	observation	that	actin	appeared	to	present	in	a	cortical	distribution	after	3D	priming	lead	to	the	

investigation	of	actin	dynamics.	As	shown	in	Figure	5.7,	global	actin	expression	levels	did	not	appear	

to	change	comparing	2D	to	3D.	Therefore,	there	were	alterations	in	the	mechanisms	by	which	actin	

is	distributed	within	the	cells.	The	lack	of	diverse	actin	structure	in	3D	led	to	the	hypothesis	that	such	

cells	would	contain	higher	proportions	of	monomeric	actin.	 Indeed,	 this	was	 the	case	 (Figure	5.8);	

approximately	50	%	of	actin	was	monomeric	in	2D	compared	to	80	%	in	3D.		

	

Proportions	 of	 actin	within	 PSCs	 are	 rarely	 cited	 in	 the	 literature,	 however	 there	 are	 examples	 of	

such	measurements	or	observations.	 In	1981,	 it	was	 shown	 that	 the	 inner	cell	mass	presents	with	

diffuse	actin,	whereas	upon	differentiation	“cables”	are	present	[278].	

	

As	actin	 forms	were	altered	after	3D	priming	 it	was	of	 important	to	determine	whether	this	was	a	

result	of	altered	polymerisation	or	initial	actin	nucleation.	As	such,	2D	cultured	cells	were	allowed	to	

adhere	in	the	presence	of	3	agents	commonly	used	to	disrupt	the	actin	cytoskeleton	[281,297,305–

307].	 LB	 is	widely	used	 to	 sequester	monomeric	actin	within	a	 cell,	preventing	polymerisation.	CD	

provides	the	same	outcome,	however	binds	to	the	barbed	end	of	an	actin	filament.	Y27632	is	a	ROCK	

inhibitor	that	destabilises	the	actin	cytoskeleton	in	a	myosin	dependent	manner.	It	was	hypothesised	

that	were	a	specific	mechanism	to	be	involved	in	the	changes	seen	between	2D	and	3D,	then	a	3D	

morphology	could	be	induced	through	small	molecule	treatment.	 In	general	cell	shape	was	altered	

towards	 that	of	 the	3D	 condition	 (Figure	5.9).	However,	 upon	 visualisation	 the	 similarities	did	not	

persist.	This	was	clear	after	super-resolution	microscopy	analysis	of	cell	structure	(Figure	5.10).		

	

A	number	of	studies	have	disrupted	the	actin	cytoskeleton	in	MSCs	with	the	view	to	determine	any	

effects	upon	differentiation.	Upon	treatment	with	CD,	nuclear	shuttling	of	actin	has	been	observed,	

resulting	 in	 cellular	 differentiation	 [308].	 This	 has	 been	 approached	 in	 a	 different	 way	 whereby	

treatment	with	CD	or	Latrunculin	A	was	shown	to	alter	key	cellular	signaling	molecules	such	as	AKT	

and	ERK,	resulting	in	reduced	osteogenic	differentiation	through	diminished	AP	activity	[309].	There	
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are	 very	 few	 studies	 that	 have	 perturbed	 the	 Actin	 cytoskeleton	 of	 PSCs.	 Recently,	 Boraas	 et	 al.	

showed	 both	 inhibition	 of	 polymerisation	 using	 CD	 and	 stabilisation	 using	 Jasplakinide.	 Actin	

stabilisation	 resulted	 in	 enhanced	 mesodermal	 differentiation	 of	 EBs	 through	 increased	 FLK1	

expression	whereas	inhibition	of	polymerisation	promoted	endodermal	differentiation	through	AFP	

expression	[305].	In	relation	to	substrate	mediated	effects,	it	has	been	shown	that	CD	or	LB	treated	

hESCs,	respond	less	to	the	underlying	substrate	[281],	suggesting	a	masking	effect.	It	is	interesting	to	

consider	 this	 context	 as	 opposed	 to	 substrate	 topography	 causing	 the	 effects	 seen,	 alone.	 Finally,	

ROCK	and	Rho	have	also	been	implicated	in	self-renewal	of	PSCs,	and	it	has	been	suggested	that	Rho	

is	required	to	the	maintenance	of	cell-cell	contacts	[310].	

	

As	cell	morphology	was	drastically	altered	by	disruption	of	the	cytoskeleton,	 in	a	manner	removed	

from	 the	 situation	 after	 3D	 culture,	 nucleation	 of	 Actin	 was	 considered	 next.	 There	 are	 various	

reports	 describing	 the	 role	 of	 Formins	 and	 the	 Arp2/3	 complex	 in	 the	 context	 of	 cellular	

differentiation.	 Generally	 it	 appears	 that	 Formin	 mediated	 actin	 nucleation	 is	 required	 for	

subsequent	 Arp2/3	mediated	 nucleation,	 and	 the	 absence	 of	 one	 or	 the	 other	 can	 affect	 lineage	

commitment	 in	MSCs	 [308].	This	 is	 suggested	however,	 to	be	due	to	 resultant	nuclear	shuttling	of	

Actin,	which	 is	not	necessarily	suggested	by	the	results	presented	here.	As	demonstrated	 in	Figure	

5.11	Arp2/3	expression	appeared	reduced	after	3D	culture,	however	Formin	expression	is	retained.	

When	cells	cultured	in	2D	were	exposed	to	agents	to	inhibit	the	respective	action	of	the	proteins,	a	

3D-like	morphology	was	 induced	 (Figure	 12).	 This	 appeared	 to	 be	moreso	 after	 formin	 inhibition,	

suggesting	 that	Formin-mediated	nucleation	may	be	altered	 in	3D,	preceding	Arp2/3	nucleation	as	

evidenced	 in	 MSCs	 above.	 However,	 it	 must	 be	 noted	 that	 CK-666	 incubation	 retained	 a	 more	

“stress-fibre”	 like	 morphology	 whereas	 at	 super-resolution	 it	 is	 clear	 that	 a	 more	 cortical	

presentation	was	apparent	after	SMIFH2	treatment.	That	the	expression	of	FH2	was	not	altered	 in	

3D	 even	 though	 its	 inhibition	 results	 in	 altered	 morphology	 towards	 the	 3D	 condition	 suggests	

regulation	of	its	action	at	another	level.	

	

Of	course,	although	the	evidence	presented	here	implicates	the	FH2	domain	in	3D-primed	hEC	cells,	

the	domain	is	expressed	across	the	Formin	family	of	proteins.	It	is	not	clear	which	protein	this	may	

be	 from	 the	 research	 conducted	here	but	 the	 literature	may	provide	 clues.	 In	2008,	 it	was	 shown	

through	generation	of	mutant	cell	lines	that	mDia2	binds	directly	to	microtubules	both	biochemically	

and	 in	MEFs	 [311].	 The	evidence	 suggested	 stabilisation	of	 the	microtubules;	 as	 FH2	expression	 is	

reduced	 in	 3D	 alongside	 the	 reduction	 in	 microtubule	 expression,	 mDia2	 may	 be	 a	 candidate	

member	of	the	Formin	family	to	test	for	 its	 involvement	 in	the	observations	made	throughout	this	

chapter.	However	 at	 a	 similar	 time	 it	was	 also	 shown	 that	 only	 one	 Formin	 protein,	 Capu,	 bound	

both	actin	and	microtubules	[312],	which	may	explain	the	effects	seen	here.	Although,	a	number	of	

Formins	bind	to	mircotubules,	not	necessarily	exclusively	dependent	upon	actin	[313].	
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This	 argument	 is	 strengthened	 by	 the	 inability	 to	 induce	 a	 3D-primed	 cell	 function,	 ie.	 increased	

pluripotency	marker	 expression,	 enhanced	 cell	 aggregation,	 and	more	 efficient	 neurite	 outgrowth	

upon	 differentiation.	 When	 cells	 were	 exposed	 to	 the	 nucleator	 inhibitors,	 pluripotency	 marker	

expression	 was	 generally	 maintained	 after	 CK-666	 treatment,	 but	 not	 after	 SMIFH2	 treatment	

(Figure	5.13).	Similarly,	after	21	days	cell	aggregation	was	not	enhanced	beyond	that	of	the	control	

(Figure	 5.14),	 and	 neurite	 outgrowth	 was	 not	 clearly	 enhanced	 (Figure	 5.15).	 It	 is	 likely	 that	 the	

effectors	 altered	 in	 this	 system	 lie	 upstream	 of	 Formin-mediated	 nucleation	 and	 would	 require	

further	 investigation.	 However,	 it	must	 be	 noted	 that	 to	 confirm	 this,	 prolonged	 exposure	 to	 the	

inhibitors	would	have	to	be	tested	for	their	effect	on	cell	function.	

	

The	first	aim	of	this	chapter	regarding	how	3D	priming	affects	cytoskeletal	structure,	has	been	met.	

A	clear	difference	in	the	actin	organisation	was	observed,	and	through	this	investigation	appears	to	

be	attributed	to	an	altered	nucleation	of	actin.	Further	study	will	be	required	to	characterise	this	in	

relation	 to	 the	 formation	 of	 the	 alternative	 cytoskeletal	 compartments,	 and	 also	 determine	what	

may	be	controlling	the	altered	nucleation	of	actin	in	3D.		

	

	
5.5.3 Cell	adhesion	appears	enhanced	in	terms	of	adhesion-related	protein	expression	
	

To	 correlate	 observations	 of	 altered	 cell	 adhesion	with	 reduced	 Actin	 nucleation,	 adhesions	were	

investigated	with	relation	to	FAK.	Previous	work	in	3D	has	demonstrated	that	pFAK	is	reduced	in	its	

expression	after	hepatocyte	culture	in	3D	(unpublished),	and	this	may	provide	a	route	to	explain	the	

altered	 cytoskeletal	 dynamics	observed	here.	 It	was	observed	here	 that	 in	 3D	both	 FAK	and	pFAK	

expression	was	increased	after	3D	priming.		

	

The	literature	concerning	adhesion	in	PSCs	dates	back	to	the	1990s;	Volberg	et	al.	showed	that	in	F9	

mouse	EC	 cells,	 vinculin	 (important	 adhesion	protein)	 could	be	 knocked	down	 [145].	 This	 reduced	

cell	spreading,	however	focal	adhesions	were	still	formed,	with	compensation	through	upregulation	

of	 other	 proteins	 known	 to	 link	 integrins	 to	 the	 cytoskeleton	 (e.g.	 Talin).	 This	 suggested	multiple	

mechanisms	of	adhesion	formation	may	be	at	play	in	pluripotent	cell	types.	Translating	this	over	to	

ESCs,	in	2007,	it	was	shown	that	reducing	integrin	expression	reduced	cell	spreading,	maintaining	the	

self-renewal	of	mESCs	[314].	This	has	also	been	shown	elsewhere;	through	culture	of	mESCS	upon	a	

weakly	adhering	substrate	(serum	coating)	[285],	Oct4	and	Nanog	expression	were	maintained	in	the	

absence	of	LIF.	This	was	shown	to	be	through	reduced	cell	spreading.	The	resultant	cell	populations	

differentiated	 as	 shown	 through	 mEB	 formation	 and	 mesodermal	 and	 endodermal	 marker	

expression	 after	 14	 days.	 In	 2016,	 Villa-Diaz	 et	 al.	 demonstrated	 that	 by	 inhibiting	 FAK	 signaling	

through	 perturbation	 of	 integrins	 human	 PSCs	 maintained	 their	 self-renewal	 [148].	 This	 also	

demonstrated	 that	 FAK	 was	 not	 phosphorylated	 in	 hPSCs,	 and	 also	 that	 FAK	 colocalises	 with	

pluripotency	transcription	factors.	Overall	 it	was	suggested	that	Oct4	causes	the	downregulation	of	

FAK	activity	by	causing	nuclear	localisation	of	FAK	in	turn	upregulating	integrin	expression.	The	study	
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demonstrated	 here,	 does	 not	 necessarily	 correlate	 with	 this;	 FAK	 and	 pFAK	 was	 expressed	

throughout	 the	 cellular	 cytoplasm,	 and	 increased	 in	 Oct4	 expression	 was	 also	 observed.	 Taken	

together,	 it	 may	 be	 suggested	 that	 other	 effectors	 such	 as	 vinculin	 and	 talin	 as	 described	 above	

could	mediate	 alternate	 binding	 and	 signaling	 through	 the	 cytoskeleton	 to	 alter	 receptor	 tyrosine	

kinases	such	as	FAK.	

	

There	 has	 been	 evidence	 to	 show	 a	 strengthened	 link	 between	 pluripotency	 transcription	 factors	

and	 FAK,	 to	 drive	 self-renewal	 of	 PSCs	 [287].	 Nanog	 has	 been	 shown	 to	 correlate	 with	 FAK	

expression;	hyaluronic	acid	was	 shown	 to	 induce	 increases	 in	both.	 Silencing	of	Nanog	with	 siRNA	

reversed	 this	 in	 teratocarcinoma	 cells.	 Furthermore,	 the	 proteins	were	 shown	 to	 directly	 interact,	

implicating	Nanog	binding	 in	 the	promoter	 regions	of	FAK.	Consequently,	 in	 teratocarcinoma	cells,	

and	 indeed	 those	 observed	 here,	 increased	 pluripotency	 may	 be	 influencing	 and	 enhancing	 the	

expression	 of	 FAK.	 In	 addition;	 it	 has	 been	 shown	 that	 inhibition	 of	 FAK	 activity	 results	 in	

attachment-dependent	apoptosis	in	hESCs,	requiring	integrin	stabilisation	to	prevent	the	occurrence	

[286].	

	

To	 shed	more	 light	 on	 the	mechanisms	 at	 hand	 it	 would	 be	 of	 great	 interest	 to	 characterise	 the	

integrin	expression	of	TERA2.cl.SP12	cells	cultured	in	2D	and	3D.	Morini	et	al.	showed	in	1997,	that	

integrin	expression	changed	 throughout	differentiation	 (and	dramatic	 cell	 architecture	changes)	of	

F9	 mEC	 cells	 [315].	 β1	 gradually	 decreased	 after	 retinoic	 acid	 exposure,	 whereas	 α6A	 gradually	

increased.	These	integrins	were	shown	to	relocate	from	cell-cell	contacts	to	focal	adhesions	during	

this	 process,	 not	 necessarily	 colocalising	 with	 vinculin.	 α6	 and	 β1	 integrin	 subunits	 have	 been	

implicated	 in	 the	 self-renewal	 of	 mESCs,	 suggesting	 their	 requirement	 for	 self-renewal	 in	 the	

absence	of	LIF	[316].		

	

Alternative	aspects	of	mechanotransduction	have	also	been	linked	to	adhesion,	and	can	be	linked	to	

observations	 from	 this	work.	 In	 2007,	 it	was	 shown	 that	when	 FAK	 is	 phosphorylated,	 the	Arp2/3	

complex	does	not	nucleate	actin	[317].	It	is	interesting	to	postulate	whether	this	may	be	occurring	in	

3D-primed	 hEC	 cells,	 which	 demonstrated	 both	 reduced	 nucleation	 and	 increased	 expression	 of	

pFAK.	However,	also	shown	in	this	study	is	that	when	FAK	is	not	phosphorylated	in	the	cell	type	at	

hand	(MEFs),	Arp2/3	mediated	nucleation	increased	filamentous	actin	formation,	which	is	not	likely	

the	case	in	3D	as	FAK	also	increased	in	its	expression.	Quantifying	the	colocalisation	of	these	proteins	

would	be	able	to	elucidate	any	possible	interaction	between	the	two.	
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5.5.4 Nuclei	increase	in	their	expression	of	key	nucleoskeletal	proteins	after	3D	priming	
	

To	draw	 together	 the	observations	made	during	adhesion,	 through	 the	actin	 cytoskeleton	 to	gene	

expression,	 attempts	 were	 made	 to	 correlate	 the	 status	 of	 the	 cell	 nuclei	 after	 both	 2D	 and	 3D	

culture.	Nuclear	volume	was	vastly	reduced	after	3D-priming	(Figure	5.19),	suggesting	a	compaction	

of	 the	nuclei.	As	 a	 result,	 nucleoskeletal	markers	were	 characterised	 and	demonstrated	enhanced	

expression	 of	 lamin	 A/C	 (Figure	 5.20	 and	 5.21).	 It	 is	 known	 that	 lamin	 A/C	 expression	 is	 affected	

during	differentiation,	and	generally	 it	 is	accepted	that	 there	are	 increases	 in	 its	expression	during	

this	 time	[16].	However	 there	has	been	dispute	 [139],	and	 is	not	exclusively	 the	case.	When	 lamin	

A/C	was	knocked	out	of	mESCs,	self-renewal	and	cell	differentiation	capacity	was	maintained	[318].	

Oct4	expression	was	maintained	and	teratomas	formed	from	knockout	lines	presented	with	all	three	

germ	layers.	Amendola	et	al.	addressed	this	from	the	perspective	of	chromatin	interations	with	the	

nuclear	lamina	[53].	Overall,	it	was	suggested	again	that	lamins	are	not	required	for	gene	activation	

or	silencing	in	the	nucleus	of	mESCs.	This	suggests	some	amount	of	redundancy	in	the	expression	of	

lamins,	however	this	may	be	appearing	due	to	the	up	regulation	of	remaining	isoforms	or	alternate	

lamins.	 Super-resolution	 microscopy	 revealed	 that	 in	 differentiated	 cells,	 a	 reduction	 in	 lamin	 A	

resulted	 in	 upregulation	 of	 remaining	 lamins	 by	 approximately	 20	 %	 [319].	 It	 is,	 therefore,	 not	

conclusive	whether	 lamin	status	can	be	 linked	to	pluripotency,	however	 it	can	still	provide	 insights	

into	the	mechanics	of	the	given	system.	

	
	
5.5.5 Nuclear	stiffness	is	not	affected	by	3D	priming	of	PSCs	
	

To	 determine	 if	 the	 altered	 lamin	 expression	 translated	 to	 physically	 stiffer	 nuclei,	 cells	 were	

challenged	with	sucrose	to	force	nuclear	deformation	(Figure	5.22).	In	general,	it	was	apparent	that	

cells	cultured	 in	3D	presented	with	nuclei	 less	susceptible	to	deformation.	However,	when	nuclear	

stiffness	was	 quantified	 using	 AFM	 (Figures	 5.23	 and	 5.24),	 there	were	 no	 discernible	 differences	

seen	between	the	cell	types.	There	are	few	studies	assessing	the	stiffness	or	deformability	of	PSCs;	

Pajerowski	 et	 al.	 in	 2007	 demonstrated	 elegantly	 the	 increased	malleability	 of	 ESC	 nuclei	 using	 a	

series	 of	 microaspiration	 experiments	 [141].	 This	 suggested	 the	 reduced	 stiffness	 of	 ESCs	 in	

comparison	 to	 their	 differentiated	 derivatives.	 Later	 research	 has	 validated	 this	 postulation,	 also	

providing	 a	 quantitative	 figure	 for	 ESC	 stiffness	 [320].	 Softer	 cells	 enriched	 for	 a	 pluripotent	 cell	

phenotype	providing	a	young’s	modulus	of	approximately	3	kPa,	which	in	comparison	to	the	EC	cell	

measured	here,	the	value	appears	high.	However	experimental	conditions	are	not	matched	and	the	

type	 of	 cantilever	 is	 a	 key	 factor	 in	 this,	 being	 spherical	 instead	 of	 quadratic,	 suggested	 in	 the	

literature	to	be	more	effective	for	cellular	measurements	[321–323].	

	

That	 3D-primed	 cells	were	 less	 amenable	 to	 deformation	 suggests	 that	 differentiation	potential	 is	

not	dependent	upon	the	stiffness	of	the	nuclei,	and	it	would	be	interesting	to	determine	if	the	same	

effect	 may	 be	 true	 in	 ES	 cells.	 An	 interesting	 observation	 to	 note,	 is	 the	 apparent	 decrease	 in	

measured	 Young’s	modulus	 in	 the	 nuclear	 area	 of	 any	 given	 cell	 in	 comparison	 to	 the	 cytoplasm.	
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There	 is	 some	 evidence	 of	 this	 effect	 in	 cellular	 nuclei	 in	 vitro	 [324].	 It	 has	 been	 shown	 that	 the	

cytoplasm	 of	 a	 number	 of	 commonly	 used	 cell	 lines	 is	more	 elastic	 that	 the	 nuclei,	 implying	 that	

those	areas	may	be	stiffer	and	softer,	respectively.	

	

In	 considering	 the	 second	 aim	 of	 this	 chapter,	 effects	 upon	 the	 actin	 cytoskeleton	 have	 been	

correlated	to	a	number	of	changes	in	both	adhesion	and	in	the	nuclei	of	3D-primed	cells.	This	could	

create	a	broad	correlative	description	of	the	mechanotransduction	after	3D	priming	as	described	in	

Table	5.1.	Throughout	this	discussion,	there	are	a	number	of	routes	by	which	the	observations	made	

here	 could	 be	 linked,	 the	 most	 promising	 of	 which	 to	 investigate	 would	 be	 the	 involvement	 of	

adhesion	signaling	molecules	and	their	relation	to	actin	nucleation.	

	

Table	 5.1.	 Summary	 of	 main	 findings	 from	 the	 investigation	 of	 the	 mechanotransduction	 of	

TERA2.cl.SP12	hEC	cells.		

Component	of	
mechanotransduction	

	
Protein	of	interest	

After	3D	
priming	

(compared	
to	2D)	

Speculative	mechanism	of	
action	

	
Adhesion	

FAK	 ↑	 Increased	 localisation	 of	
nucleators	 with	 FAK	
preventing	cell	spreading	pFAK	 ↑	

	
	
Cytoskeletal	
architecture	

F-actin	 ↓	 As	 a	 result	 of	 reduced	
nucleation	 through	
increased	 FAK	 expression	
and	nucleator	localisation	G-actin	 ↑	

CK8	 -	 Microtubule	 expression	may	
be	related	to	Formin	activity	TUJ-1	 ↓	

	
Actin	nucleation	

Arp2/3	 ↓	 Nucleators	 linked	 to	 a	
number	of	cellular	effectors	Formins	 -	

	
Nucleoskeleton	

Lamin	A/C	 ↑	 Altered	 link	 between	
cytoskeleton	and	nucleus		Lamin	B	 -	

Differentiation	potential	 										↑	
	

There	are,	of	course,	a	number	of	emerging	themes	that	have	not	been	experimentally	investigated	

here,	that	are	relevant	to	consider	in	the	context	of	this	work.	

	

YAP	&	TAZ	as	a	 theme	 in	mechanotransduction	has	been	 researched	 in	 increasing	depth	 in	 recent	

years	 (see	 [325,326]	 for	 reviews).	 Dupont	 et	 al.	 showed	 that	 the	 proteins	 were	 regulated	 by	 cell	

shape	and	stress	 fibre	 formation	 through	altered	substrate	 stiffness,	 to	control	gene	expression	 in	

MSCs	[327].	This	also	suggested	a	mechanism	dependent	upon	Rho	activity.	The	observation	here,	

that	ROCK	inhibition,	as	a	downstream	effector	of	Rho,	has	little	effect	upon	cell	spreading	in	hECs	

suggests	that	this	mechanism	may	not	be	a	key	determinant	of	cell	shape	induced	gene	expression.	

Although,	in	contrast,	evidence	is	emerging	that	signaling	through	YAP	may	be	required	for	ESC	self-

renewal	[328].	Upon	Visudyne	treatment	to	inhibit	YAP	activity,	“stem-like”	cells	exhibited	reduced	

self-renewal	shown	through	the	reduced	expression	of	Oct4,	Sox2,	and	Nanog,	via	qPCR.	
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Another	 mechanism	 that	 has	 gained	 momentum	 through	 which	 actin	 dynamics	 can	 alter	 gene	

expression	is	that	of	Serum	Response	Factor	(SRF,	for	reviews	see	[329,330]).	When	knocked-out	of	

ESCs,	cell	spreading	and	adhesion	have	been	reported	to	reduce	[331].	This	was	observed	alongside	

a	 decrease	 in	 F-actin	 and	 increase	 in	 G-actin,	 directly	 suggesting	 the	 transcription	 factor	 as	 an	

important	determinant	of	cell	fate	through	the	actin	cytoskeleton.	Also	linked	to	SRF	expression	was	

focal	 adhesion	 protein	 expression;	 such	 as	 FAK.	 This	 increased	 in	 expression	 upon	 SRF	 activation	

alongside	 stress	 fibre	 formation.	Such	an	observation	cannot	be	validated	here,	as	FAK	expression	

appeared	 to	 increase	 independent	 of	 stress	 fibre	 formation.	 The	 reduction	 of	 SRF	 has	 also	 been	

linked	to	the	inhibition	of	epidermal	stem	cell	differentiation.	A	key	observation	here	was	also	that	

of	altered	G/F-actin	ratios,	suggesting	clear	involvement	in	changes	to	cell	architecture	[332].	Finally,	

Ikeda	et	al.	 very	 recently	 recorded	 the	effect	of	 reprogramming	 to	a	pluripotent	phenotype	 in	 the	

context	 of	 determining	 genes	 that	maintain	 cell	 identity.	 Down	 regulation	 of	 the	 actin	 gene	 Actb	

using	 shRNA	 and	 independent	 upregulation	 of	 SRF	 both	 appeared	 to	 enhance	 reprogramming	 of	

neural	progenitors	to	an	ES	phenotype	[333].	This	evidence	further	shows	the	implications	of	SRF	in	

actin	dynamics	and	pluripotency.	

	

Finally,	 a	 topic	of	 increasing	 focus	 in	 the	 field	 is	 that	of	nuclear	Actin	and	 its	 effects	upon	 cellular	

gene	 expression.	 Sen	 et	 al.	 showed	 that	 disruption	 of	 the	 actin	 cytoskeleton	 can	 affect	

differentiation	 through	nuclear	 actin	 shuttling	 in	MSCs	 [308].	 In	 fact,	 it	was	 suggested	 that	during	

nuclear	 transfer	 of	 somatic	 nuclei	 into	 oocytes	 as	 a	 reprogramming	 approach,	 nuclear	

polymerisation	was	 required	 [334].	 This	 links	 to	 gene	expression	and	was	also	 implicated	 in	2013,	

where	nuclear	actin	was	shown	to	link	with	both	SRF	and	formin-mediated	nucleation	of	actin	[335].	

Diact	 was	 shown	 to	 be	 nuclear	 in	 localisation	 and	 to	 nucleate	 actin	 in	 the	 nucleus	 to	 cause	 SRF	

activation,	as	 in	the	cytosol.	However,	 to	note	here,	 is	 that	clear	evidence	of	nuclear	actin	has	not	

been	presented,	and	were	it	to	form	outside	of	adhesion	conditions,	further	study	would	be	required	

to	determine	any	implications	it	may	have	upon	3D	priming	and	control	of	gene	expression.	
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5.6 Conclusions	
	

This	 chapter	 aimed	 to	 investigate	 how	 the	 process	 of	 3D	 priming	 upon	 Alvetex®	 Strata	may	 alter	

cytoskeletal	 structure,	 and	 to	 determine	 how	 this	may	 link	 to	 altered	 gene	 expression	 through	 a	

broad	description	of	mechanotransduction.		

	

Considering	the	first	aim,	this	has	been	achieved.	The	architecture	of	the	cells	was	characterised	in	

terms	of	 actin;	 resulting	 in	marked	 changes	 after	 3D	priming	during	 culture,	 and	during	 adhesion,	

used	 for	 more	 in	 depth	 mechanistic	 study.	 This	 led	 to	 the	 discovery	 of	 altered	 actin	 nucleation	

between	the	cell	populations,	suggesting	that	to	enhance	differentiation	potential,	 increased	levels	

of	F-actin	provide	an	advantage.	Nucleation	of	actin	has	not	been	previously	 reported	 to	be	a	key	

determinant	of	differentiation	potential.	To	inhibit	nucleation	of	actin	through	future	experiments	to	

show	 enhanced	 differentiation	 potential	 would	 provide	 convincing	 evidence	 of	 its	 function.	 In	

relation	 to	 the	 second	 aim,	 to	 determine	 how	 gene	 expression	 may	 be	 altered	 through	

mechanotransduction,	this	has	been	partially	achieved	as	is	feasible	from	a	broad	perspective.		

	

With	 reference	 to	 the	 hypotheses	 made	 at	 the	 beginning	 of	 this	 chapter;	 the	 presented	 data	

supports	that	primed	PSCs	comprise	a	“less	developed”	actin	cytoskeleton.	Cells	adhere	to	a	 lesser	

extent	after	 the	growth	period	when	 transferred	back	 to	 flat	 substrates.	 Finally,	nuclear	dynamics	

appear	altered	after	3D	priming	using	Strata.	

	

In	conclusion,	this	investigation	has	broadly	characterised	a	number	of	important	factors	concerning	

mechanotransduction	 in	TERA2.cl.SP12	EC	cells.	 It	has	used	the	differential	effects	of	culture	 in	2D	

and	 3D	 to	 outline	 a	 number	 of	 key	 components	 that	 may	 contribute	 to	 the	 enhanced	 gene	

expression	achieved	in	3D.	It	remains	to	be	investigated	in	the	next	chapter	whether	this	process	as	

a	whole	can	be	applied	to	the	culture	of	ESCs.	
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6 Application	of	an	enhanced	structure-function	relationship	to	the	culture	and	
utilisation	of	alternate	pluripotent	cell	populations	

	
6.1 Introduction	
	

The	overarching	aim	of	this	thesis	was	to	develop	novel	methods	for	the	culture	of	PSCs,	that	would	

be	easily	adoptable	and	result	 in	their	enhanced	differentiation	potential.	This	has	been	conducted	

through	 an	 investigation	 into	 the	 effect	 of	 substrate	 topography	upon	PSC	 growth,	 leading	 to	 the	

conclusion	 that	a	mixed	 topography	supported	 the	growth	of	PSCs	 for	enhanced	differentiation.	 It	

was	shown	that	PSCs	needed	only	one	extended	exposure	to	the	topographic	cues	to	enhance	cell	

differentiation,	previously	 thought	to	require	serial	conditioning.	This	 response	was	then	shown	to	

be	 due	 to	 altered	 mechanotransduction,	 albeit	 requiring	 further	 investigation	 to	 align	 the	

mechanisms	 in	more	detail.	Nevertheless,	applying	this	knowledge	to	the	culture	of	true	ESCs	may	

allow	for	an	avenue	of	research	whereby	differentiation	capacity	could	be	enhanced.	Coupled	with	

this,	the	literature	is	saturated	with	attempts	to	incrementally	improve	the	culture	of	PSCs	towards	

high	 yielding	 xeno-free	 conditions.	 To	 first	 understand	 the	 response	 of	 the	 cells	 to	 their	 in	 vitro	

environment	is	crucial	to	achieving	this.		

	

	
6.1.1 Transitioning	from	the	use	of	embryonal	carcinoma	cells	to	embryonic	stem	cells	
	

Throughout	 this	 work,	 EC	 cells	 have	 been	 used	 as	 a	 model	 PSC	 line.	 The	 literature	 has	 been	

evaluated	 taking	 together	 PSCs	 as	 a	whole	 (i.e.	 EC,	 hES,	mES	 cells),	 however	 differences	must	 be	

appreciated.	It	is	widely	appreciated,	and	has	been	demonstrated	in	this	thesis,	that	EC	cells	conform	

to	the	pluripotent	cell	phenotype	through	their	similarity	 in	morphology	and	expression	of	the	key	

pluripotency	 transcription	 factors	Oct4,	 Sox2	and	Nanog.	 They	differentiate	 into	 tissues	of	 3	 germ	

layers	when	 subject	 to	a	 teratoma	assay	and	 for	 these	 reasons	are	 considered	PSCs,	with	a	major	

advantage	of	their	ease	of	culture	and	cost-effective	growth	conditions	in	vitro.	

	

It	has	been	suggested	that	EC	cells	are	so	close	in	phenotype	to	ES	cells,	that	they	can	be	used	as	a	

reference	line	by	which	to	compare	the	cell	types.	Both	2102Ep	and	NTERA2	EC	lines	were	directly	

compared	 to	 a	 number	 of	 hES	 lines	 and	 showed	 great	 similarity	 in	 gene	 expression,	 Alkaline	

Phosphatase	 (AP)	activity,	 cell	 surface	marker	expression	and	even	miRNA	expression	 [336].	There	

were	however	some	gene	expression	differences	of	more	early	differentiation	markers	in	EC	cells.	In	

addition,	perturbation	of	Oct4	Sox2	and	Nanog	in	EC	cells	revealed	a	dependency	upon	FGF	signaling	

[337],	which	is	long-known	to	be	vital	for	ES	self-renewal.	This	poises	EC	cells	to	be	a	strong	model	

for	the	investigation	of	the	molecular	mechanisms	underlying	pluripotency.	This	can	also	be	the	case	

between	2D	and	3D	modes	of	cell	culture.	The	main	body	of	research	in	the	field	focusses	upon	cell	

differentiation	however,	 the	scope	of	 the	approach	presented	here,	as	proven	 in	Chapter	4	allows	

for	 direct	 comparison	 on	 how	 dimensionality	 can	 affect	 pluripotency	 and	may	 also	 allow	 for	 the	

cross-comparison	between	cell	types.	
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There	 are	 however	 a	 number	 of	 factors	 to	 consider	 where	 the	 cell	 types	 diverge,	 and	 there	 is	 a	

growing	body	of	evidence	to	suggest	this	is	most	obvious	in	the	regulation	of	cell	metabolism.	When	

H9	hESCs	were	compared	with	NTERA2	hECs,	differences	were	 found	 in	a	number	of	metabolites;	

including	 higher	 EC	 expression	 of	 GABA	 and	 reduced	 expression	 of	 some	 unsaturated	 fatty	 acids	

[338].	 More	 striking	 was	 the	 increase	 in	 the	 expression	 of	 Krebs	 cycle	 components	 suggesting	

increased	metabolism	through	oxidative	phosphorylation,	the	lack	of	which	is	usually	characteristic	

of	ESCs.	More	recently	a	similar	approach	has	been	conducted	on	a	more	targeted	scale,	to	that	of	

only	 the	 cell	 mitochondria,	 to	 compare	 2102Ep	 and	 H9,	 EC	 and	 ES	 cells	 respectively	 [339].	

Nevertheless,	similar	results	to	that	obtained	above	were	observed.	EC	cells	relied	more	on	oxidative	

phosphorylation,	with	altered	utilisation	of	mitochondrial	respiratory	chain	complexes.	This	was	with	

less	expression	of	glycolysis	initiating	enzymes	such	as	hexokinase	(approximately	half	in	ECs).	These	

data,	coupled	with	the	propensity	for	EC	cells	to	differentiate	down	specific	lineages	is	suggested	to	

be	an	avenue	of	research	in	which	to	pursue	these	differences	between	cell	types	further.	

	

Taken	together,	these	ideas	suggest	that	ESCs	may	behave	differently	in	conventional	culture,	and	it	

is	factors	such	as	these	that	are	likely,	and	have	been	proven	here	to	be	altered	when	dimensionality	

is	taken	into	account	in	the	context	of	the	culture	substrate.	Previous	research	has	shown	that	it	 is	

possible	to	passage	H9	and	RC-10	hESCs	upon	Alvetex®	Strata,	with	similar	results	to	that	recorded	

for	TERA2.cl.SP12	hECs	[194].	 Increased	expression	of	the	cell	surface	marker	SSEA-3	was	recorded	

from	 approximately	 10	%	 to	 70	%	 after	 6	 passages	 upon	 Strata.	 It	 is	 hypothesised	 that	 it	 will	 be	

possible	to	culture	mouse	ESCs	by	adapting	the	priming	approach	presented	here.	

	

	
6.1.2 The	need	for	exogenous	modulation	to	maintain	self-renewal	capacity	
	

The	 in	vitro	cell	culture	environment	 is	 inherently	artificial.	Over	more	than	two	decades,	research	

has	culminated	in	a	set	of	methods	by	which	the	dynamic	state	of	pluripotency	can	be	“suspended”.	

This	state	is	fleeting	 in	vivo	and	in	using	conventional	culture	methods	on	2D	surfaces	a	reasonably	

large	amount	of	exogenous	control	 is	 required	 for	 continual	 culture.	 Fibroblast	 feeder-layers	were	

first	 utilised	 for	 the	derivation	of	 both	human	and	mouse	ESCs	 [119,340],	 quickly	 replaced	by	 the	

“gold-standard”	 substrate	 coating	 Matrigel,	 of	 unknown	 composition	 and	 derived	 from	 animal	

sources.	 As	 the	 potential	 for	 PSCs	 to	 be	 used	 in	 the	 clinic	 became	 close	 to	 reality,	 developments	

quickly	 aimed	 to	 remove	 all	 xenogenous	 influence	 upon	 the	 cells,	 to	 remove	 the	 potential	 for	

adverse	effects	upon	implantation.	In	doing	so,	molecules	secreted	by	the	fibroblasts	was	used	as	a	

basis.	 hESC,	 culture	 generally	 requires	 the	 coating	 of	 the	 2D	 substrate	 with	 ECM	molecules	 (e.g.	

vitronectin/laminin)	 and	 this	 is	 the	 same	 for	 mESCs	 that	 require	 gelatin	 coating	 to	 self-renew.	

Indeed,	Laminin	appears	to	be	an	ideal	candidate	for	this	and	there	is	a	wealth	of	research	detailing	

its	 synthesis	 for	 this	 purpose	 [341–344].	 Beyond	 this,	 groups	 have	 demonstrated	 the	 synthesis	 of	

other	ECM	molecules,	such	as	vitronectin	[131,345].	
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Focus	next	 turned	 to	a	wide	 range	of	 synthetic	polymer	coatings,	 to	 chemically	define	 the	growth	

environment,	reviewed	in	detail	by	[346].	In	2010,	this	was	made	applicable	to	the	long-term	culture	

of	 human	 PSCs	 demonstrating	 complete	 differentiation	 as	 well	 as	 maintenance	 of	 pluripotency,	

however	still	requiring	MEF-conditioned	growth	medium	[347].	At	a	similar	time,	synthetic	acrylate	

was	 also	 shown	 to	 have	 the	 same	 effect	 [348],	 a	 material	 often	 used	 in	 3D	 culture	 constructs.	

However,	 again	 confounding	 these	 results	was	 the	necessity	 for	MEF-conditioned	growth	medium	

and	 the	 use	 of	 serum	 to	 coat	 the	 synthetic	 surfaces.	 In	 some	 cases,	 the	 removal	 of	 serum	 from	

growth	medium	resulted	in	no	adhesion	to	the	novel	substrates	[349].	Avoiding	this,	Brafman	et	al.	

[188]	 showed	 similar	 conclusions;	 that	 synthetic	 polymers	 could	 support	 the	 self-renewal	 of	 PSCs	

providing	tuneable	materials	upon	which	a	number	of	3D	culture	method	developments	could	then	

be	 based.	 Since	 this	 time,	 various	 studies	 have	 been	 conducted	 outlining	 various	 polymers	 and	

peptides	that	may	be	suitable	for	this	use	[130,350,351].	

	

Serum	 is	 a	major	 confounding	 factor	 in	 the	 potential	 use	 of	 hPSCs	 in	 the	 clinic,	 due	 to	 its	 largely	

unknown	composition.	Knockout	serum	replacements	are	becoming	more	widely	utilised,	the	most	

well-known	 of	 which	 is	 contained	 within	 mTeSR1™	 (Stem	 Cell	 Technologies)	 growth	 medium.	

However,	 in	 the	advent	of	 replacing	 feeder	 layers	and	serum	 in	PSC	cultures,	 came	the	use	of	 the	

well-known	2i	(2	inhibitor)	method	of	mESC	culture,	and	FGF	for	hPSC	culture,	soluble	in	the	growth	

medium.	 This	 is	 based	 upon,	 similarly	 to	 synthetic	 coating	 of	 substrates,	 the	 replacement	 of	

molecules	that	feeder	fibroblasts	may	have	been	secreting	and	consist	of	MAPK	and	GSK3	pathway	

inhibition	for	human	ESCs,	and	LIF	supplementation	for	mESCs.	There	have	been	many	attempts	to	

find	small	molecules	that	have	the	same	effect	as	those	stated	above	in	the	context	of	increasing	cell	

yield	whilst	 removing	any	xenogenic	effects	upon	 the	cells	 from	feeder	cells	or	 sera	 in	 the	growth	

medium	[352–354].	However,	the	inclusion	of	molecules	such	as	these	still	appears	to	be	necessary	

for	culture	even	upon	the	more	complex	and	intentionally	designed	coatings	described	above.	

	

There	is	some	evidence	to	show	that	the	culture	of	ESCs	in	by	altering	substrate	geometry	negates	

the	need	for	this	level	of	control.	Saha	et	al.	[355],	bridged	the	gap	between	the	concept	of	coating	

2D	surfaces	that	has	been	used	 in	the	culture	of	SCs	 for	a	number	of	years	with	altering	substrate	

geometry.	Polystyrene	substrates	were	treated	with	targeted	UV/ozone	to	control	cell	adhesion,	and	

showed	maintenance	of	pluripotency	and	differentiation	to	all	three	germ	layers.	However,	this	still	

required	 the	 coating	 of	 the	 growth	 substrate	 with	 vitronectin	 and	 culture	 with	 growth	 serum.	

Similarly,	 2D	 culture	 converted	 to	 3D	 using	 the	 same	 coatings	 has	 also	 been	 demonstrated	 using	

ECM	molecules	such	as	laminin	and	vitronectin	[356].	In	a	similar	argument,	bioreactor	culture	as	a	

3D	model	has	been	widely	researched	however	as	Want	et	al.	summarised	[357],	MEF-conditioned	

medium	was	overwhelmingly	used	in	the	majority	of	studies	considered,	which	needs	to	be	avoided	

for	use	in	the	clinic.	3D	culture	approaches	have	since	been	developed,	including	polymer	hydrogels,	

performing	 to	 the	 level	 of	 Matrigel	 in	 terms	 of	 pluripotency	 marker	 expression	 [358,359],	 and	
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fibrous	 scaffolds	 have	 shown	 promise	 in	 the	 absence	 of	 serum	 utilising	 the	 chemically	 defined	

mTeSR™	 growth	 medium	 instead	 of	 MEF-conditioned	 media,	 again	 performing	 to	 the	 level	 of	

Matrigel	[226,360].		

	

It	 is	 interesting	 to	 postulate	 and	 hypothesise	 that	 control	 of	 the	microenvironment	 alone	may	 be	

able	to	remove	the	dependency	of	the	cells	upon	exogenous	controls	such	as	those	described	here.	

Testing	this	using	the	more	affordable	model	of	mouse	ESCs,	will	be	the	approach	taken	here,	as	a	

potential	proof	of	the	concept	in	true	embryonic	cells.	

	

	
6.1.3 Directing	the	differentiation	of	ESCs	and	pluripotency	testing	
	

Methods	 to	 test	 the	differentiation	 capacity	 and	pluripotency	 of	 PSCs	 are	 extremely	wide	 ranging	

and	 it	 is	 something	 of	 a	 concern	 when	 considering	 cells	 for	 transplantation	 in	 the	 context	 of	

regenerative	medicine.	 It	 is	widely	accepted	 that	cells	must	conform	to	 the	correct	morphology	 in	

culture,	that	they	must	express	key	pluripotency	markers	(Oct4,	Sox2	and	Nanog)	and	that	they	must	

be	able	to	differentiate	 into	tissues	comprising	all	 three	germ	layers.	The	 latter	point	 is	one	that	 is	

inconsistently	appreciated	throughout	the	literature,	with	a	mix	of	simple	monolayer	differentiation,	

or	more	 complex	 embryoid	 body	 formation,	 both	 spontaneous	 and	 directed.	 The	 “gold	 standard”	

differentiation	 of	 putative	 PSCs	 in	 vivo	 in	 the	 formation	 of	 differentiated	 tumours	 through	 a	

teratoma	assay,	is	the	least	consistently	conducted	part	of	this	process.	Concerns	have	been	voiced	

for	a	number	of	years;	calling	for	change	in	the	utilisation	of	this	so	called	“standard”	method	[361].	

In	 the	2015	 review	on	 the	 subject	by	Asprer	&	 Lakshmipathy	 [362],	 it	was	demonstrated	 that	 the	

assay	 is	subject	to	many	 inconsistencies	due	to	both	scarce	conductance	and	varying	experimental	

parameters	(e.g.	injection	size,	cell	numbers	etc.).	The	2015	International	Stem	Cell	Banking	Initiative	

highlighted	 this	 [363];	 that	 the	 teratoma	 assay	 is	 not	 consistently	 used	 and	 that	 methods	 vary	

between	laboratories,	and	overall	that	there	is	still	no	consensus	on	stringent	differentiation	tests	to	

apply	to	candidate	PSCs.		

	

At	 the	 time	 of	 writing,	 the	 International	 Stem	 Cell	 Initiative	 attempted	 to	 address	 this	 very	 issue	

[364],	suggesting	a	framework	by	which	researchers	should	be	able	to	decide	the	tests	needed	for	

their	 biological	 question.	 The	 foundations	 of	 this	 framework	 agree	with	 the	 general	 consensus	 of	

completed	studies;	pluripotency	marker	expression	is	required	in	the	first	instance.	This	then	moves	

to	differentiation	of	cells	firstly	 in	culture.	However	then	suggested	in	the	differentiation	of	cells	 in	

vivo,	 again	 with	 the	 requirement	 of	 a	 teratoma	 assay.	 Of	 note,	 is	 the	 suggestion	 that	 in	 vitro	

differentiation	 models	 are	 now	 sufficient	 to	 determine	 the	 differentiation	 capacity	 of	 candidate	

PSCs,	 suggesting	 in	 contrary	 to	 the	 framework	presented.	 Furthermore,	 the	 inconsistencies	 of	 the	

assay	 are	 also	 perpetuated	 in	 this	 work;	 with	 varying	 animal	 strain	 and	 starting	 cell	 population	

numbers.	 The	 proposed	 framework	 also	 suggests	 if	 the	 ultimate	 aim	 of	 the	 research	 is	 the	

implantation	 of	 cells	 into	 humans,	 then	 a	 more	 stringent	 assessment	 is	 required,	 in	 the	 form	 of	
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malignancy	 testing	 through	 teratoma	 assays.	 The	 notion	 that	 the	 teratoma	 assay	 can	 be	 used	 to	

assess	 tumorigenicity,	 is	 important,	however	 its	use	 in	 this	manner	must	be	questioned	with	huge	

sources	of	genetic	 information	at	hand,	as	detailed	in	the	framework	itself.	Can	genetic	data	alone	

be	 a	 sufficient	 predictor	 of	 malignant	 potential?	 It	 must	 be	 argued,	 therefore,	 whether	 such	 a	

framework	provides	any	clarification	with	regards	to	in	vivo	studies.		

	

It	is	interesting	to	postulate	that	the	fact	that	the	teratoma	assay	remains	in	the	framework	suggests	

there	is	still	no	better	 in	vitro	alternative.	However,	the	necessity	for	such	an	experiment	has	been	

called	 into	question	 in	 the	 first	place	 [266].	Taken	together,	 there	 is	a	 real	need	 for	an	alternative	

approach;	to	avoid	method	variation,	resulting	dubious	conclusions	and	above	all	to	reduce	the	use	

of	animals.	Shown	previously	and	within	this	thesis	has	been	the	concept	of	a	“Tissue	Disc”	model.	

That	 is,	 allowing	 PSCs	 to	 aggregate	 and	 then	 supporting	 their	 differentiation	 through	 subsequent	

culture	upon	Alvetex®	Polaris	as	a	physical	support	 [194,267],	as	a	replacement	for	 in	vivo	studies.	

This	process	 is	 to	be	be	tested	with	the	use	of	both	2D	and	3D	cultured	mESCs	hypothesising	that	

both	 approaches	 will	 yield	 the	 same	 results	 to	 suggest	 the	 model	 as	 a	 true	 alternative	 test	 of	

differentiation	potential.		

	

	
6.1.4 Technology	development	and	the	need	for	scalable	processes	
	

As	 culture	 conditions	 for	 clinical	 grade	 PSCs	 are	 developed,	 there	 becomes	 a	 need	 to	 scale	 and	

develop	 the	 technologies	 further	 to	 provide	 reproducible	 and	 robust	 approaches	 applicable	 to	

multiple	 types	of	 ESC.	 It	 has	been	 suggested,	 as	 stated	above	 that	 synthetic	 surfaces	 could	mimic	

signaling	 cascades	 that	maintain	 pluripotency,	 and	 that	 conditions	 for	 PSC	 growth	 should	 depend	

upon	 the	 application.	 Feeder	 culture	 is	 said	 to	 be	 sufficient	 for	 routine	 maintenance,	 however	

feeder-free	conditions	are	desired,	being	a	necessity	for	clinical	use	alongside	xeno-free	approaches	

[211].	

	

The	 scale-up	 of	 culture	 processes	 is	 required	 to	 yield	 suitable	 cell	 numbers	 for	 differentiation	

protocols.	Bioreactors	are	an	attractive	approach	for	this	by	use	of	suspension	culture	as	previously	

introduced	and	there	 is	general	agreement	that	this	may	be	the	best	approach	for	gaining	the	cell	

numbers	needed	in	the	clinic	[2].	However	methods	such	as	these	do	not	come	without	challenge;	

difficulties	 in	monitoring	growth	rate	and	controlling	size	of	aggregates	cause	some	concern	[365].	

Biomaterials	have	also	been	taken	into	serious	consideration	for	the	application	of	scalable	culture	

conditions	for	PSCs.	It	has	been	suggested	that	a	main	advantage	of	culture	upon	biomaterials	is	the	

limitation	of	oxygen	gradients	causing	necrotic	cores,	and	that	a	minimisation	of	routine	passaging	

using	these	approaches	would	provide	more	value	through	reduced	cell	manipulation	[133].	There	is	

also	 evidence	 to	 show	 that	 these	 approaches	 may	 also	 be	 scalable	 to	 the	 numbers	 required	 for	

clinical	use.	Hydrogel	scaffolds	provide	just	one	route	towards	this	aim;	alginate	tubes	surrounded	by	

growth	medium	have	been	shown	to	form	dense	cell	neural	stem	cell	clusters	protected	from	fluid	
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force	and	necrosis	in	the	centre	of	the	construct,	with	potentially	clinically	relevant	yields	[366].	It	is	

feasible	to	suggest	that	alternative	scaffold	techniques	could	be	adopted	to	scale-up	procedures.	

	

In	producing	scalable	methods	for	PSC	culture,	a	further	route	of	standardisation	is	that	of	scaffold	

functionalisation.	This	would	take	one	step	out	of	the	culture	process	in	order	to	reduce	user	error	

and	 variations	 between	 batches.	 There	 is	 a	 wealth	 of	 data	 documenting	 the	 functionalisation	 of	

scaffolds	 for	 the	 purposes	 of	 differentiation	 across	 a	 range	 of	 target	 tissue	 lineages	 [367–370].	

However	 very	 little	 of	 this	 concerns	 the	 maintenance	 of	 pluripotency.	 Zonca	 et	 al.	 reviewed	 the	

topic,	concluding	that	there	was	scope	to	use	chemical	modification	of	biomaterials	to	enhance	PSC	

growth	[371].	As	early	as	2008,	FGF-2	modification	of	nanofibers	showed	enhanced	proliferation	of	

hESCs	 [372].	 Collagen	 functionalisation	 also	 of	 nanofibers	 demonstrated	 enhanced	 cell	 growth	 of	

PSCs	through	maintained	pluripotency	and	differentiation	into	three	germ	layers	through	a	teratoma	

assay	[373].	As	such,	there	is	great	scope	to	enhance	the	 in	vitro	culture	conditions	of	biomaterials	

through	modification	or	functionalisation	with	bioactive	molecules.	

	

In	 summary,	 a	 number	 of	 valuable	 avenues	 of	 research	 have	 been	 identified	 with	 regards	 to	

application	of	3D	culture	to	ESCs.	It	is	hypothesised	that	culture	will	be	possible	upon	the	substrate	

and	may	negate	the	need	for	exogenous	control	of	the	culture	environment	beyond	topography.	It	

will	 enable	 demonstration	 that	 there	 is	 an	 alternative	 approach	 to	 the	 teratoma	 assay,	 by	 the	

utilisation	of	 the	two	cell	 types.	Overall	 it	 is	hypothesised	that	 this	method	of	growth	may	also	be	

able	to	determine	the	mechanotransduction	of	ESCs	in	more	detail	than	has	currently	been	possible.	
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6.2 Hypotheses	and	aims	
	

This	 final	 chapter	 aims	 to	 apply	 the	 knowledge	 gained	 from	 the	 previous	 three	 chapters	 to	

determine	 if	 the	 same	 effects	 can	 be	 observed	 using	 a	 true	 pluripotent	 cell	 type.	 The	 previous	

chapters	 have	 determined	 that	 substrate	 topography	 plays	 an	 important	 role	 in	 enabling	 the	

continued	 self-renewal	 of	 PSCs.	 This	 was	 translated	 into	 a	 protocol	 for	 the	 enhanced	 function	 of	

TERA2.cl.SP12	human	EC	cells.	 It	 is	hypothesised	firstly	that	it	will	be	possible	to	culture	ESCs	upon	

Strata	and	that	this	will	enhance	differentiation	potential.	In	hECs	this	was	subsequently	linked	to	a	

number	 of	 altered	 effectors	 crucial	 for	 mechanotransduction.	 It	 is	 also	 hypothesised	 that	 when	

applied	to	ESCs,	 this	process	will	alter	cell	architecture.	Overall	 technological	advancements	of	 the	

process	 for	 up-scaling	 cell	 yields	 are	 then	 hypothesised	 to	 be	 possible,	 for	 subsequent	

differentiation.	All	 together	this	would	enable	 further	understanding	of	 the	molecular	mechanisms	

governing	 pluripotency	 and	 differentiation	 to	 be	 elucidated.	 This	 chapter,	 accordingly,	 aims	 to	

answer	the	following	biological	questions:	

	

• Can	an	altered	substrate	topography	support	the	maintenance	of	ESCs?	

• If	possible,	does	this	result	in	an	altered	cell	structure	and	differentiation	potential?	

• Can	this	technology	be	developed	for	further	adoption?	

	

	
6.3 Objectives	
	

• Adapt	the	protocol	optimised	for	the	culture	of	hEC	cells	for	the	culture	of	ESCs.	

• Characterise	the	morphology	and	stem	cell	phenotype	of	the	resultant	cell	populations.	

• Direct	 the	 differentiation	 of	 the	 resultant	 cells	 to	 determine	 if	 differentiation	 capacity	 is	

affected.	

• Explore	 avenues	 to	 develop	 the	 technology	 beyond	 the	 current	 format	 in	 the	 context	 of	

easy	adoption	of	the	process.	
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6.4 Results	
	
6.4.1 Application	of	the	Alvetex®	Strata	3D	priming	protocol	to	the	culture	of	mouse	ESCs	
	
6.4.1.1 It	is	possible	to	adapt	the	previously	optimised	protocol	for	the	culture	of	CGR8	mESCs	
	

Through	the	previous	three	chapters	presented	here,	a	method	for	the	3D	priming	of	PSCs	has	been	

developed.	The	EC	cell	line,	TERA2.cl.SP12,	was	optimised	for	culture	upon	Alvetex®	Strata.	This	has	

been	 evidenced	 to	 enhance	 cell	 differentiation,	 through	 enhanced	 cell	 aggregation	 and	 increased	

expression	of	differentiation	markers	through	a	number	of	directed	protocols.	This	appeared	to	be	

through	 altered	 mechanotransduction,	 via	 reduced	 actin	 nucleation,	 increased	 nucleoskeletal	

marker	and	increased	adhesion	protein	expression.	This	as	such	has	also	provided	a	route	to	study	

the	mechanotransduction	of	PSCs	 in	3D.	Overall,	a	protocol	has	been	developed	 for	 the	enhanced	

function	of	PSCs,	using	EC	cells.	By	definition,	this	cell	 line	is	not	truly	pluripotent,	and	this	chapter	

looks	towards	applying	the	knowledge	discovered	in	the	previous	three	chapters	in	order	to	culture	

embryonic	stem	cells.		

	

	
6.4.1.2 Culture	of	mESCs	in	3D	affect	cell	growth	and	maintain	phenotype	
	

A	summary	of	the	3D	priming	protocol	upon	Alvetex®	Strata	is	displayed	in	Figure	6.1	A.	The	protocol	

adopted	here	 is	 the	same	as	previously	optimised	 in	 its	basis,	altering	 in	the	size	of	 the	 insert,	 the	

number	 of	 cells	 seeded	 and	 the	 culture	 duration.	mES	 cells,	 indeed	 ES	 cells	 in	 general	 are	widely	

accepted	to	grow	relatively	quickly,	although	requiring	longer	between	passages	and	lower	seeding	

densities	 to	maintain	 self-renewal	 in	 conventional	 culture.	 It	 was	 proposed	 to	 test	 the	 culture	 of	

CGR8	mESCs	at	 the	same	density	used	with	the	previous	cell	 line,	using	a	smaller	Alvetex®	surface	

area	(12	well	format	as	opposed	to	6	well)	and	a	halved	culture	duration	of	5	days.	This	would	allow	

for	 an	 easily	 adaptable	 protocol	 hypothesised	 to	 yield	 cells	 of	 enhanced	 function	 in	 a	 reasonably	

short	time	period.		

	

The	protocol	was	first	used	with	all	combinations	in	the	presence	or	absence	of	both	gelatin	coating	

of	the	substrate	and	soluble	LIF	 in	the	growth	medium	(Figure	6.1	B	&	C),	usually	both	required	to	

maintain	self-renewal	capacity	of	CGR8	mESCs.	After	5	days	 in	culture	cell	yields	and	viability	were	

measured	 using	 Trypan	 Blue	 exclusion.	 In	 general,	 conditions	 retaining	 LIF	 produced	 higher	 yields	

and	 viabilities.	 These	 are	 herewith	 termed	 +G+L	 (with	 gelatin	 coating,	 with	 soluble	 LIF)	 and	 -G+L	

(without	gelatin	coating,	with	soluble	LIF),	and	gained	yields	of	2.21	million	(+G+L)	and	2.61	million	

cells	with	viabilities	of	89	%	and	81	%,	respectively.	When	LIF	was	not	present	in	the	growth	medium	

both	yields	and	viability	were	reduced.	+G-L	and	-G-L	resulted	in	yields	and	viabilities	of	1.26	million,	

1.17	million	and	77	%	and	74	%,	respectively.	As	a	result,	 it	was	possible	to	culture	CGR8	mESCs	in	

both	the	presence	and	absence	of	LIF	in	3D,	resulting	in	relatively	high	cell	viability	with	consistent	

cell	 expansion.	 This	was	 also	 shown	 in	 conventional	 2D	 conditions,	 to	 determine	 that	 any	 further	
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effects	seen	were	likely	due	to	substrate	topography	(Figure	6.2).	In	the	presence	of	both	gelatin	and	

LIF	 (Figure	6.2	A	&	6.2	B),	 cells	 formed	colonies	 that	were	 tightly	packed	with	cells	 that	are	highly	

refractive	with	 high	 cytoplasm:nuclear	 ratio,	 typical	 of	 high	 quality	 pluripotent	 stem	 cell	 cultures.	

With	the	removal	of	gelatin	(Figure	6.2	C-D),	cells	appeared	to	pack	more	tightly	with	some	evidence	

of	cell	death.	When	LIF	was	removed	(Figure	6.2	E-H),	cultures	became	heterogeneous,	with	some	

cells	stretching	across	the	growth	substrate,	indicative	of	cell	differentiation.	Consistent	with	general	

knowledge,	the	highest	quality	cultures	of	mESCs	was	gained,	based	on	morphology,	by	the	coating	

of	the	growth	substrate	with	gelatin,	with	growth	medium	containing	LIF.	
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Figure	 6.1.	 3D	 priming	 can	 be	 adapted	 for	 the	 culture	 of	 the	 mouse	 embryonic	 cell	 line,	 CGR8,	

resulting	 in	cell	expansion	possible	 in	the	absence	of	gelatin.	 	 	Adjustment	of	the	priming	protocol	

was	completed	to	enable	the	culture	of	mES	cells.	(A)	Cells	were	removed	from	culture	using	trypsin,	

seeded	onto	Strata	with	or	without	gelatin	at	a	density	of	 0.5	million	 cells/well,	 and	cultured	 for	5	

days	with	daily	media	replenishment.	Cells	could	then	be	removed	as	previously	outlined	for	further	

analysis.	 (B	&	 C)	 Conditions	were	 tested	 in	both	 the	presence	and	absence	of	both	gelatin	and	LIF.	

This	resulted	 in	 cell	yields	that	were	approximately	4-fold	of	that	seeded	 in	the	presence	of	LIF	and	

approximately	 2-fold	 in	 its	 absence.	 Cell	 viability	was	 recorded	 to	 be	 over	 70	 %	 in	 all	 cases.	 Data	

represents	mean	+	SEM,	total	n=3	performed	on	3	independent	test	occasions.		
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Figure	 6.2.	 Cells	 cannot	 be	 maintained	 in	 conditions	 without	 gelatin	 or	 LIF	 in	 2D.	 	 	 Cells	 were	

cultured	 according	 to	 their	 optimised	 protocol	 in	 the	 presence	 or	 absence	 of	 gelatin	 or	 LIF,	 to	

confluency.	When	cultured	with	gelatin	and	LIF,	CGR8	mES	cells	for	tightly	packed	colonies	consisting	

of	 highly	 refractive	 cells	 with	 a	 high	 cytoplasm:nucleus	 ratio.	 In	 the	 absence	 of	 gelatin,	 colonies	

remain	 tightly	packed,	however	 cells	appear	 to	be	much	higher	 in	 confluency,	with	evidence	of	 cell	

death.	 Conditions	 in	 the	 absence	 of	 LIF	 suggest	 differentiation	with	 inconsistent	 cell	 morphologies	

and	altered	nucleus:cytoplasm	ratio.	Scale	bars	represent	100	µm.	
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These	cell	morphologies	were	then	directly	compared	through	the	use	of	neutral	red	staining,	H&E	

staining	and	TUNEL	staining	 (for	 cell	death)	and	 this	 is	demonstrated	 in	Figure	6.3.	Phase	contrast	

microscopy	of	the	equivalent	conditions	in	2D	are	demonstrated	(Figure	6.3	A-D)	and	consistent	with	

the	 previous	 observations	 (Figure	 6.2).	 To	 compare	 cell	 morphology	 as	 directly	 as	 possible	 (with	

equal	culture	times),	neutral	red	staining	was	completed	upon	cells	cultured	in	3D	(Figure	6.3	E-H).	In	

the	absence	of	LIF,	cells	spread	across	the	substrate	and	appeared	inconsistent,	as	was	the	case	 in	

after	 conventional	 2D	 culture).	 However,	 in	 the	 presence	 of	 LIF,	 both	 with	 and	 without	 gelatin	

coating,	 a	 clear	 colony	 formation	 was	 observed.	 In	 the	 absence	 of	 gelatin,	 the	 colony	 edges	

appeared	more	distinct	and	both	conditions	appeared	to	have	tightly	packed	multi-layer	cell	growth.	

This	was	in	contrast	to	the	situation	in	the	absence	of	gelatin	in	3D,	where	cells	appeared	to	cover	

the	 substrate	 more	 readily,	 appearing	 inconsistent.	 H&E	 staining	 of	 sectioned	 samples	 was	 then	

utilised	to	determine	this	morphology	in	more	detail	(Figure	6.3	I-L).	Consistent	with	the	neutral	red	

staining,	conditions	in	the	absence	of	LIF	showed	cells	spreading	across	the	substrate	surface,	in	fact	

with	some	cell	penetration,	suggesting	cell	differentiation.	In	the	conditions	containing	LIF,	colonies	

formed	which	appeared	domed	in	nature	and	tightly	packed,	more	conducive	of	a	high-quality	ES	cell	

culture.	Finally,	cell	death	was	assessed	through	TUNEL	staining	(Figure	6.3	M-P),	as	a	validation	of	

the	previously	quantified	viability	measurements	and	to	also	determine	any	patterns	in	areas	of	cell	

death.	 There	 appeared	 to	 be	 evidence	 of	 some	 cell	 death	 throughout	 the	 colonies	 of	 the	mESCs	

cultured	 in	3D	 in	 the	presence	of	LIF,	but	 this	did	not	appear	 isolated	to	specific	areas,	 suggesting	

normal	levels	of	cell	death	inherent	in	any	cell	culture.	In	the	conditions	in	the	absence	of	LIF	there	

was	increased	evidence	of	cell	death,	especially	in	the	cells	that	had	penetrated	into	the	substrate,	

which	validated	the	lower	viability	recorded	previously.	These	observations	suggested	that	culture	in	

the	absence	of	LIF	was	not	conducive	to	maintenance	of	cells	and	potentially	their	pluripotency,	and	

as	such	were	not	considered	further	for	these	purposes.		

	

Considered	next	was	the	population	doubling	times	of	cells	cultured	in	both	2D	and	3D	(Figure	6.4).	

Cells	 were	 cultured	 according	 to	 their	 optimised	 protocols	 and	 removed	 daily	 and	 counted	 via	

Trypan	 Blue	 exclusion.	 In	 general,	 cells	 cultured	 in	 3D	 were	 reduced	 in	 growth	 in	 comparison	 to	

conventional	 culture.	 This	 was	 more	 pronounced	 after	 culture	 in	 3D	 in	 the	 absence	 of	 gelatin.	

Reaching	 on	 average	 3.69	 million	 (2D),	 2.16	 million	 (3D	 +	 G)	 and	 2.69	 million	 cells	 (3D	 –	 G),	

population	doubling	times	were	calculated	as	11.5	h,	13.2	h	and	21.3	h,	respectively	and	cell	growth	

was	slowed	throughout	the	priming	process	in	3D.	
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A B C D Figure	6.3.	Characterising	 the	growth	of	PSCs	 lines	

cultured	 upon	 Strata.	 Various	 methods	 can	 be	

employed	to	assess	cell	growth	upon	Strata.			(A-D)	

Phase	 contrast	 micrographs	 show	 cells	 cultured	

upon	 conventional	 (2D)	 tissue	 culture	 plastic.	 CGR8	

mES	 cells	 cultures	 on	 Strata	 maintain	 their	 colony	

morphology,	 however	 conditions	 in	 the	 absence	 of	

LIF	 (G	&	H)	are	more	diffuse	in	comparison	to	those	

in	its	presence	(E	&	F).		(I-L)	Haematoxylin	and	Eosin	

staining	 of	 PSCs	 cultured	 on	 Strata	 (4	 %	 PFA	 fixed	

and	paraffin	wax	embedded	sections).	CGR8	cells	 in	

conditions	containing	LIF	(I	&	J)	demonstrate	domed	

colony	formation.	Conditions	in	the	absence	of	LIF	(K	

&	 L)	 show	 diffuse	 cell	 layers,	 suggesting	

differentiation	 and/or	 cell	 death.	 (M-P)	 TUNEL	

staining	as	a	marker	of	 cell	 death.	CGR8	cells	 show	

greater	cell	death	in	conditions	in	the	absence	of	LIF	

(O	&	P)	in	comparison	to	those	in	its	presence	(M	&	

N).	Scale	bars	represent	100	µm.		
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Figure	6.4.	The	growth	profile	of	CGR8	mESCs	is	altered	after	culture	upon	Strata.			CGR8	mES	cells	

were	cultured	upon	Strata	for	5	days	before	being	removed	and	(A)	counted	via	trypan	blue	exclusion	

assay.	 (B)	 Population	 doubling	 time	 was	 calculated	 during	 the	 exponential	 growth	 phase	 via	 the	

following	 equation;	 PDL=	 T	 Ln2	 /	 Ln2	 (Xe/Xb)	 where	 T	 =	 Time	 (h),	 Xe	 =	 end	 cell	 number,	 Xb	 =	

beginning	cell	number,	calculated	between	48	and	96	h.	Data	represent	mean	+	SEM,	total	n=9	from	

3	independent	test	occcasions.		
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6.4.1.3 Cell	architecture	is	altered	after	3D-priming	of	CGR8	cells	
	

To	determine	if	similarities	between	priming	EC	cells	continued	with	that	of	ES	cells,	cell	morphology	

was	 assessed	 in	 a	 similar	 manner	 to	 that	 described	 in	 Chapter	 5.	 Cells	 were	 cultured	 in	 their	

respective	conditions,	removed,	and	allowed	to	adhere	to	cover	slips	for	11	h.	Samples	were	stained	

for	 the	 F-actin	 cytoskeleton	 and	 then	 morphology	 parameters	 calculated	 and	 structure	 assessed	

through	super-resolution	and	confocal	microscopy.	Considering	 the	morphology	of	 the	cells,	 those	

cultured	 in	2D	(Figure	6.5	A,	a)	appeared	heterogeneous,	with	some	having	divided,	others	spread	

across	 the	 substrate	 and	 others	 rounded.	 In	 the	 presence	 of	 gelatin	 in	 3D	 culture,	 cells	 appeared	

similar,	 although	 the	 proportion	 of	 those	 that	were	 rounded	was	 higher	 (Figure	 6.5,	 A,	 b).	 In	 the	

absence	of	 gelatin	 in	3D,	 cells	 appeared	mainly	 rounded,	 although	no	 clear	differences	 in	 cell	 size	

could	be	seen	 (Figure	6.5	A,	c).	This	was	 reflected	 in	 the	quantification	of	cell	area,	circularity	and	

height	 (Figure	6.5	B-D).	Cell	area	was	reduced	 in	both	3D	conditions,	however,	 this	difference	was	

only	 significant	 in	 the	 presence	 of	 gelatin	 (P=0.078),	 reducing	 on	 average	 from	 116	 µm2	 after	 2D	

culture	to	89	µm2	and	105	µm2	after	3D	culture	in	the	presence	and	absence	of	gelatin,	respectively.	

Cell	 circularity	was	quantified	 to	be	 insignificantly	different	between	 the	 three	 conditions	 and	 cell	

height	 appeared	 reduced	 in	 3D,	 although	 again	 not	 significantly.	 Overall	 this	 suggests	 that	 cell	

spreading	and	cell	height	may	be	subtly	altered	in	3D	in	the	direction	observed	with	hEC	cells.	When	

considering	 the	 structure	 of	 the	 F-actin	 cytoskeleton	 at	 higher	 resolution	 (Figure	 6.5	 E),	 further	

parallels	 to	 that	observed	with	hEC	cells	 could	be	drawn.	After	2D	culture,	 clear	 filamentous	actin	

formation	 was	 evident,	 however	 a	 more	 cortical	 actin	 staining	 was	 more	 prevalent	 in	 the	 3D	

conditions.	These	data	provide	evidence	that	the	structure	of	mESCs	may	be	altered	after	3D	priming	

upon	Strata.		

	 	

Figure	 6.5	 (overleaf).	 Cell	 shape	may	 be	 altered	 after	 3D	 priming.	 	 	 CGR8	mESCs	 were	 cultured	

according	to	their	optimised	protocols	in	both	2D	and	3D	before	removal	and	adhesion	to	PDL-coated	

coverslips	 for	 11	 hours.	 (A,	 a-c)	 After	 fixation	 in	 4	 %	 PFA,	 cells	 were	 stained	 using	 Phalloidin	 to	

observe	 the	 F-actin	 cytoskeleton	 with	 cell	 nuclei	 (DAPI).	 (B	 &	 C)	 Quantification	 of	 cell	 area	 and	

circularity	 ratio	 suggests	 no	 significant	 differences	 in	 cell	 morphology	 although	 correlations	 are	

evident.	 (D)	 Super-resolution	 micrographs,	 however,	 reveal	 clear	 actin	 fibre	 formation	 after	 2D	

culture,	which	 is	not	evident	after	3D	priming	which	presents	with	a	more	cortical	staining	pattern.	

Data	 represent	mean	+	SEM,	 total	n=42-45	 (cell	 height),	n=41-60	 (cell	 area	and	circularity)	 formed	

from	3	 independent	 test	occasions.	 Significance	 tested	 through	one-way	ANOVA	with	Holm-Sidak’s	

multiple	comparison	test,	P<0.1.	Scale	bars	represent	20	µm	(A)	&	5	µm	(D).	
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6.4.2 Investigating	the	function	of	3D-primed	mESCs	in	vitro	and	in	vivo	
	
6.4.2.1 Pluripotency	marker	expression	of	mESCs	is	maintained	after	priming	in	3D	
	

To	determine	whether	mESCs	cultured	in	3D	maintained	their	stem	cell	phenotype,	immunostaining	

was	conducted	for	the	pluripotency	markers	Oct4,	Sox2	and	Nanog.	AP	staining	was	then	conducted	

to	 validate	 these	 observations.	 In	 general,	 expression	 of	 all	 three	 markers	 was	 evident	 in	 all	

conditions	 (Figure	6.6	A).	The	staining	 in	 some	conditions	was	perhaps	weaker	 than	expected;	 the	

distribution	of	Oct4	 in	2D	cultured	cells	appeared	stronger	 towards	 the	periphery	of	colonies,	also	

the	case	with	Sox2	after	culture	in	3D	with	gelatin	coating.	Overall,	there	was	evidence	of	expression	

suggesting	 maintenance	 of	 pluripotency.	 AP	 activity	 was	 evident	 after	 2D	 culture	 (Figure	 6.6	 B),	

confirming	 initial	 culture	 quality.	 Staining	 was	 also	 positive	 in	 both	 3D	 conditions,	 and	 appeared	

stronger	 after	 culture	 in	 3D	 without	 gelatin.	 As	 such,	 the	 evidence	 suggested	 maintenance	 of	

pluripotency.	

	

To	 validate	 these	 observations,	 flow	 cytometry	 was	 performed	 to	 quantify	 the	 expression	 of	 the	

same	pluripotency	markers;	Oct4,	Sox2	and	Nanog	(Figure	6.7).	Overall,	expression	was	maintained	

approximately	at	70	%.	This	was	also	reflected	when	comparing	conventional	culture	to	3D-priming	

upon	Strata.	Cells	cultured	in	2D	showed	75	%	positive	expression	of	Oct	4,	and	conditions	in	3D	with	

and	without	 gelatin	 demonstrated	 81	%	 and	 72	%	 respectively.	 For	 Sox2,	 positive	 expression	was	

calculated	 at	 71	 %,	 67	 %,	 and	 78	 %	 respectively.	 Finally,	 cells	 positively	 expressing	 Nanog	 were	

recorded	 at	 82	%,	 75	%,	 and	 78	%,	 respectively.	 These	 results	 confirmed	 the	 observations	 shown	

through	 immunostaining	 and	 AP	 staining,	 in	 that	 cell	 pluripotency	 was	maintained	 after	 both	 3D	

priming	protocols,	and	even	in	the	absence	of	gelatin,	once	cells	had	been	cultured	in	3D.		
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Figure	 6.6.	 Characterising	 the	 expression	 of	 pluripotency	markers	 in	mESCs	 primed	 upon	 Strata.			

CGR8	mES	cells	were	cultured	upon	Strata	according	to	their	optimised	protocol	and	fixed	in	4	%	PFA	

before	immunostaining.	(A)	In	all	cases,	cells	express	key	markers	of	pluripotency	(green);	Oct4,	Sox2	

and	Nanog	(Nuclear	Hoescht-33342	staining	 inset).	(B)	AP	staining	of	3D-primed	(b,	c)	CGR8	cells	in	

the	presence	of	LIF	in	comparison	to	2D	cultured	(a)	cells	cultured	upon	gelatin	with	LIF,	show	purple	

colonies	indicating	pluripotency	and	self-renewal	capacity	of	the	cells.	Scale	bars	represent	50	µm.	
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Figure	6.7.	Quantification	of	the	expression	of	pluripotency	markers	in	CGR8	mESCs	cultured	upon	

Strata.	 	 	 CGR8	 mES	 cells	 were	 cultured	 upon	 Strata	 according	 to	 their	 optimised	 protocol	 and	

removed	 before	 performing	 Flow	 Cytometry.	 (A)	 Pluripotency	marker	 expression	 appears	 generally	

maintained	 with	 respect	 to	 Oct4,	 Sox2	 and	 Nanog.	 (B)	 Representative	 histograms	 from	 Flow	

Cytometry	suggest	pure	populations	of	pluripotency	marker-expressing	cells.	Data	represents	mean	+	

SEM,	total	n=1-9	across	3	independent	test	occasions.	
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6.4.2.2 Cell	aggregation	is	enhanced	after	3D	priming,	with	evidence	of	enhanced	spontaneous	
differentiation	

	

To	determine	the	effects	of	3D	priming	upon	spontaneous	differentiation,	cells	were	cultured	in	their	

optimised	environments,	 removed,	and	allowed	to	 form	EBs.	 Internal	structure	was	then	observed	

alongside	 differentiation	marker	 expression,	 and	 EB	 size	 quantified	 (Figure	 6.8).	 EBs	 formed	 from	

CGR8	mESCs	are	shown	in	Figure	6.8	A,	a-f.	EBs	were	compact	and	showed	evidence	of	differentiated	

structure	formation	(i.e.	lack	of	homogeneity).	When	stained	for	the	differentiation	markers	GATA4	

and	Nestin,	expression	was	evident	in	all	cases.	Gata4	appeared	more	highly	expressed	after	culture	

in	3D	 in	 the	absence	of	gelatin.	Nestin	expression	appeared	consistent	between	conditions.	These	

results	 suggested	 that	 spontaneous	 differentiation	 of	 all	 three	 cell	 types	 had	 occurred.	 Cell	

aggregation	 was	 quantified,	 as	 carried	 out	 for	 the	 hEC	 line	 TERA2.cl.SP12,	 as	 a	 proxy	 of	 cell-cell	

contact	formation,	again	hypothesising	that	cell	aggregation	would	be	greater	after	3D	priming.	As	

demonstrated	in	Figure	6.8	B,	EB	area	was	measured	to	be	greater	after	culture	in	3D	in	the	absence	

of	gelatin	coating,	and	significantly	so	(P=0.15).	To	determine	if	cell-cell	contacts	may	be	responsible	

for	this	behaviour,	immunostaining	was	performed	for	E-Cadherin	upon	cells	cultured	in	either	2D	or	

3D	(Figure	6.9).	Staining	demonstrated	a	maintenance	of	expression,	although	with	no	clear	pattern	

between	 the	 conditions.	Overall,	 these	 results	 suggested	 that	 cell	 differentiation	was	enhanced	 in	

3D.	To	determine	if	this	was	the	case	when	differentiation	was	directed	with	morphogens,	cells	were	

differentiated	in	both	monolayer	culture	and	EBs.	
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Figure	 6.8.	 Differentiation	 of	 CGR8	mESCs	 appears	 enhanced	 after	 priming	 in	 3D.	 	 	 CGR8	mESCs	

were	 cultured	 according	 to	 their	 optimized	protocol	 for	5	 days	before	 removal	 and	 seeding	 in	 low-

adherence	conditions	to	form	embryoid	bodies.	 (A,	a-c)	H&E	staining	for	the	resultant	mEBs	after	a	

total	 of	 7	 days	 differentiation	 confirms	 the	 presence	 of	 differentiated	 structures	 (phase	 contrast	

micrographs	are	shown	in	(A,	d-f)).	Immunostaining	for	the	early	differentiation	marker	GATA4	(A,	g-

i)	 suggests	 enhanced	 differentiation	 through	 increased	 staining	 intensity	 after	 culture	 in	 3D	 in	 the	

absence	 of	 gelatin	 coating.	 Staining	 for	 the	 neuronal	 differentiation	 marker	 TUJ-1	 confirms	

spontaneous	differentiation	in	all	tested	conditions.	(B)	Quantification	of	mEB	size	suggests	enhanced	

cell	aggregation	after	priming	in	3D	in	the	absence	of	gelatin	(P<0.1).	Data	represents	mean	+	SEM,	

total	n=45	performed	across	3	independent	test	occasions.	Statistical	significance	denoted	*P=0.1	as	

determined	by	one-way	ANOVA	with	Holm-Sidak’s	multiple	comparison	test.	Scale	bars	represent	10	

µm	(A,	g-l),	100	µm	(A,	a-c),	500	µm	(A,	d-f).	

b 
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Figure	6.9.	E-Cadherin	expression	is	maintained	after	3D	priming	upon	Strata.			CGR8	mESCs	

were	cultured	according	to	their	optimised	protocols	and	fixed	in	4	%	PFA	before	processing	for	

immunostaining.	 Staining	 for	 the	 cell-cell	 contact	 marker,	 E-Cadherin	 (green)	 confirmed	

expression	was	maintained	after	all	three	culture	conditions.	Scale	bars	represent	50	µm.	
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6.4.2.3 3D-primed	mESCs	can	be	directed	in	their	differentiation	in	both	2D	and	3D	models	
	
The	differentiation	of	both	conventionally	 cultured	and	3D-primed	CGR8	mESCs	was	directed	with	

the	 following	 morphogens;	 BMP-4,	 Activin	 A	 and	 EC23	 to	 drive	 endodermal,	 mesodermal	 and	

ectodermal	 differentiation,	 respectively.	 This	was	 completed	 first	 in	monolayer	 culture	where	 the	

expected	differentiated	cell	 lineages	can	be	anticipated.	Considering	the	general	appearance	of	the	

resultant	 cell	 populations	 as	 observed	 via	 phase	 contrast	 microscopy,	 a	 number	 of	 observations	

could	be	made	(Figure	6.10).		

	

After	treatment	with	Activin	A,	cells	cultured	in	both	2D	and	3D	deviated	from	their	pluripotent	cell	

morphology	 (high	 nuclear:cytoplasm	 ratio).	 This	 was	 clear	 in	 the	 case	 of	 the	 2D	 and	 3D	 in	 the	

absence	of	gelatin	samples.	In	the	presence	of	gelatin	there	was	some	evidence	of	cells	retaining	a	

pluripotent	morphology	 (Figure	 6.10	 B).	When	 cells	were	 differentiated	 using	 BMP-4,	 again	 there	

appeared	 to	 be	 the	 formation	 of	 differentiated	 cells	 after	 culture	 in	 all	 conditions.	 With	 this	

morphogen	the	response	appeared	varied.	2D	cells	appeared	to	respond	by	forming	tightly	packed	

areas	from	which	differentiated	progeny	radiated	(Figure	6.10	D).	After	culture	in	3D,	cells	appeared	

more	spread	and	heterogeneous	in	morphology,	suggesting	a	potentially	enhanced	response	to	the	

morphogen.	After	incubation	with	EC23,	cells	demonstrated	an	altered	response.	Cells	cultured	in	2D	

appeared	differentiated,	spreading	across	the	substrate	and	remaining	viable.	Those	cultured	in	3D	

were	no	longer	adhered	or	viable,	suggesting	heightened	sensitivity	to	the	molecule.	

	

Cells	 were	 then	 subject	 to	 differentiation	 using	 the	 same	 morphogens	 in	 a	 3D	 mode	 of	

differentiation;	 EB	 formation.	 Cells	 responded	 with	 similar	 appearance	 morphologically	 for	 each	

agent	tested	(Figure	6.11).	After	Activin	A	treatment,	EBs	were	tightly	packed	with	some	evidence	of	

primitive	 lumen	 formation.	 This	 was	 also	 the	 case	 after	 treatment	 with	 BMP4,	 and	 after	 EC23	

treatment,	 responses	 were	 evident	 for	 both	 2D	 and	 3D	 cultured	 mESCs	 with	 neural	 rosette	

formation.	 This	 only	 provided	 morphological	 measurese	 of	 differentiation	 and	 as	 such	

immunostaining	was	conducted	for	common	expected	markers	of	differentiation.		

	

Immunostaining	for	the	mesodermal	germ	layer	marker,	SMA,	in	Activin	A	treated	cultures	revealed	

expression	in	both	2D	and	3D	differentiation	modes	(Figure	6.12).	After	2D	culture,	cell	distribution	

appeared	more	homogeneous,	with	the	majority	of	cells	expression	SMA.	After	3D	priming,	distinct	

areas	 of	 higher	 cell	 density	 formed,	which	 appeared	 higher	 in	 expression.	When	 translated	 to	 EB	

culture,	 SMA	 was	 expressed	 throughout	 EBs	 formed	 from	 2D	 cultured	 cells	 apparently	

homogeneously	throughout	the	structure.	After	3D	culture,	staining	appeared	more	discrete;	higher	

in	 expression	 towards	 the	periphery	 in	 those	 cultured	 in	 3D	with	 gelatin.	 In	 those	 cultured	 in	 the	

absence	 of	 gelatin,	 a	 SMA	 positive	 population	 of	 cells	 surrounded	 the	 edge	 of	 the	 EB,	 suggesting	

heightened	organisation	after	3D	culture.	
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Considering	 directed	 differentiation	 as	 a	 result	 of	 BMP-4	 exposure,	 samples	were	 stained	 for	 the	

early	 endodermal	 marker	 GATA4	 (Figure	 6.13).	 During	 monolayer	 culture,	 expression	 appeared	

greater	in	areas	of	high	cell	concentration,	evident	within	the	2D	and	3D	(in	the	presence	of	gelatin)-

primed	cells.	In	the	absence	of	gelatin,	the	majority	of	cells	appeared	to	express	GATA4,	suggesting	

increased	expression.	After	EB	formation	there	was	a	clear	reduction	in	GATA4	expression	after	2D	

culture	when	compared	to	cells	cultured	in	3D.	This	suggests	greater	expression	of	early	endoderm	

formation	using	this	approach.	

	

Finally,	neuronal	differentiation	was	 induced	using	 the	synthetic	 retinoid,	EC23.	Cells	were	stained	

for	 the	 pan-neuronal	marker,	 TUJ-1	 (Figure	 6.14).	 Here	 the	 reverse	was	 true;	 cells	 cultured	 in	 2D	

appeared	 to	 show	 increased	expression	of	TUJ-1	whereas	 those	cultured	 in	3D	appearing	 to	 show	

less	 intense	 staining.	 Consequently,	 culture	 in	 3D	 may	 prime	 cells	 for	 preferential	 differentiation	

towards	alternative	lineages,	in	the	presence	of	morphogens.		

	

3D	+	Gelatin 3D	-	Gelatin 2D 

Activin	A 

BMP-4 

EC23 No	cells	remaining	adhered 

A 

D 
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B 

E 

C 

F 

Figure	6.10.	Directed	differentiation	of	2D/3D-primed	CGR8	in	monolayer	culture.			CGR8	mES	cells	

were	maintained	conventionally	or	primed	 in	3D	before	being	transferred	back	to	2D	culture	at	low	

density	 in	the	absence	of	substrate	coating.	Cells	were	cultured	 in	the	presence	of	3	morphogens	to	

drive	differentiation;	Activin	A,	BMP-4	and	EC23.	Phase	contrast	micrographs	reveal	differentiation	in	

all	cases,	apart	from	3D-primed	cells	differentiated	using	EC23.	Scale	bars	represent	100	µm.	
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Figure	6.11.	Directed	differentiation	of	2D/3D-primed	CGR8	in	a	3D	culture	model.			CGR8	cells	were	

maintained	conventionally	or	primed	in	3D	before	allowing	to	aggregate	to	for	embryoid	bodies.	EBs	

were	cultured	for	7	days	 in	the	presence	of	morphogens	 (Activin	A,	BMP-4	or	EC23)	before	fixation	

and	 processing	 for	 histology.	 H&E	 staining	 reveals	 complex	 structure	 formation	 in	 all	 cases,	 in	

addition	to	the	successful	differentiation	of	3D-primed	cells	using	EC23.	Scale	bars	represent	200	µm.	
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Figure	6.12.	Directed	mesodermal	differentiation	driven	by	Activin-A	is	altered	 in	both	monolayer	

and	embryoid	body	differentiation	after	3D	priming.	 	 	 CGR8	mES	cells	were	 cultured	 according	 to	

their	optimised	protocols,	removed	and	seeded	to	tissue	culture	plastic,	or	allowed	to	form	embryoid	

bodies	 in	 the	 presence	 of	 Activin-A.	 Immunostaining	 for	 the	 differentiation	 marker	 SMA	 reveals	

evidence	of	directed	differentiation	in	all	cases.	There	is	evidence	to	show	differential	distribution	of	

staining	after	culture	in	3D	in	the	absence	of	gelatin.	Scale	bars	represent	50	µm.	
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Figure	6.13.	Directed	endodermal	differentiation	driven	by	BMP-4	is	altered	 in	both	monolayer	

and	embryoid	body	differentiation	after	3D	priming.			CGR8	mES	cells	were	cultured	according	to	

their	 optimised	 protocols,	 removed	 and	 seeded	 to	 tissue	 culture	 plastic,	 or	 allowed	 to	 form	

embryoid	bodies	in	the	presence	of	BMP-4.	Immunostaining	for	the	differentiation	marker	GATA4	

reveals	 evidence	 of	 directed	 differentiation	 in	 all	 cases.	 There	 is	 evidence	 to	 show	 enhanced	

staining	intensity	after	culture	in	3D	in	the	presence	of	gelatin.	Scale	bars	represent	50	µm.	
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6.4.2.4 mESCs	can	be	cultured	as	“Tissue	Discs”;	an	alternative	approach	to	the	teratoma	assay	
	

To	 confirm	 the	 tri-lineage	 differentiation	 of	 candidate	 PSCs,	 teratoma	 assays	 are	 used	 as	 a	 gold	

standard	 experimental	 procedure.	 Cells	 are	 injected	 into	 immunodeficient	 mice	 and	 so	 called	

teratomas	form	containing	spontaneously	differentiated	tissue	from	all	three	germ	layers.	Recently	

there	has	been	a	drive	towards	replacing	this	method,	which	may	be	possible	through	the	use	of	3D	

supports	to	provide	longevity	to	traditional	EB	culture.	This	approach	has	been	previously	introduced	

elsewhere	[267],	and	as	such	was	used	here	to	test	the	pluripotency	of	the	cell	types	at	hand	with	

the	view	to	compare	conclusions	when	also	repeated	using	the	true	teratoma	assay.	

	

The	 experimental	 approach	 is	 outlined	 in	 Figure	 6.15;	 cells	 are	 cultured	 in	 their	 respective	

conditions,	 removed	 and	 allowed	 to	 form	 EBs	 for	 7	 days	 before	 a	 further	 14	 days	 culture	 upon	

Alvetex®	 Polaris	 as	 a	 3D	 support	 for	 cell	 differentiation.	 The	 resultant	 tissue	 discs	 can	 be	 seen	 in	

Figure	6.15	B;	embryoid	bodies	spread	out	across	 the	substrate	 to	 form	tissue	discs	after	all	 three	

culture	conditions.		

	

Tissue	 discs	 were	 subsequently	 processed	 for	 histology	 (Figure	 6.16).	 H&E	 staining	 revealed	 the	

general	structures	formed,	in	all	cases	consisting	of	large	cavities	lined	by	epithelia.	In	general,	those	

cultured	 in	 3D	 appeared	 more	 compact	 in	 morphology.	 When	 stained	 using	 Masson’s	 trichrome	

(Figure	 6.16	 D-F),	 the	 more	 compact	 areas	 of	 cell	 growth	 appeared	 to	 be	 keratin-rich	 (red),	 in	

contrast	 to	 that	of	 the	2D	cultured	cells	demonstrating	more	collagen	 formation	 (blue)	with	 some	

evidence	of	keratin-containing	structures.	

3D	-	Gelatin 3D	+Gelatin 2D 

A B C TUJ-1	DAPI 

EC23 

Figure	 6.14.	 Directed	 ectodermal	 differentiation	 driven	 by	 EC23	 is	 altered	 in	 embryoid	 body	

differentiation	 after	 3D	 priming.	 	 CGR8	 mES	 cells	 were	 cultured	 according	 to	 their	 optimised	

protocols,	removed	and	allowed	to	form	embryoid	bodies	in	the	presence	of	EC23.	Immunostaining	

for	 the	 differentiation	 marker	 TUJ-1	 reveals	 evidence	 of	 directed	 differentiation	 in	 all	 cases.	

Sensitivity	 to	 differentiation	 using	 this	 morphogen	 may	 be	 reduced	 after	 3D	 priming.	 Scale	 bars	

represent	50	µm.	
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Tissue	discs	formed	from	all	 three	culture	conditions	were	then	stained	for	general	markers	of	the	

tree	 germ	 layers;	 E-Cadherin	 (endoderm),	 SMA	 (mesoderm)	 and	 TUJ-1	 (ectoderm).	 Overall,	 there	

was	 evidence	 of	 staining	 for	 all	 three	markers	 in	 each	 condition	 tested	 (Figure	 6.17).	 E-Cadherin	

expression	 appeared	 more	 established	 in	 organisation	 after	 2D	 culture,	 consistent	 with	 the	

morphologies	observed	from	the	histological	staining;	a	clear	polarised	epithelium	was	visible.	SMA	

expression	appeared	more	organised	after	3D	culture	in	the	absence	of	gelatin,	forming	long	fibrils,	

whereas	 in	 the	 alternative	 conditions	 showed	 more	 widespread	 and	 less	 structure	 specific	

localisation.	TUJ-1	expression	was	evident	again	 for	each	condition,	appearing	 in	 larger	areas	after	

culture	in	3D	without	gelatin.	Taken	together	this	confirms	the	expression	of	markers	from	all	three	

germ	layers	during	in	vitro	culture	and	suggests	possible	bias	towards	specific	lineages	after	culture	

in	 2D	or	 3D.	 To	 validate	 these	 results	 and	 confirm	maintenance	of	 differentiation	potential	 in	 the	

gold	standard	model,	a	teratoma	assay	was	next	performed.	

	

	

	

	

	 	

7	Days 
14	Days	upon	Alvetex®	Polaris 

Tissue	Disc	Formation 

A 

B 
2D 3D	+	Gelatin 3D	+	Gelatin 

Figure	6.15.	The	effect	of	cell	priming	CGR8	mES	cells	upon	the	formation	of	 tissue	discs	 in	vitro.	

CGR8	 mES	 cells	 were	 cultured	 according	 to	 their	 optimised	 protocols	 and	 transferred	 to	 low	

adherence	 Petri	 dishes.	 	 Aggregates	 were	 then	 cultured	 upon	 Alvetex®	 Polaris	 for	 14	 days	 before	

fixation	and	processing.	A)	Schematic	of	tissue	disc	formation.	B)	Crystal	 violet	stained	Tissue	discs;	

photographs	show	larger	disc	formation	after	culture.	
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Figure	6.16.	Characterisation	of	tissue	discs	formed	from	primed	and	conventionally	cultured	CGR8	

mESCs.		CGR8	mES	cells	were	cultured	according	to	their	optimised	protocols	and	transferred	to	low	

adherence	 Petri	 dishes.	 Aggregates	 were	 then	 cultured	 upon	 Alvetex®	 Polaris	 for	 7	 days	 before	

fixation	and	processing.	(A-C)	H&E	staining	reveals	complex	structure	formation	in	all	conditions,	with	

large	 cavities.	 (D-F)	Masson’s	 trichrome	 staining	 suggests	 enhanced	 ECM	 secretion	 (blue	 staining)	

after	2D	culture,	with	mainly	keratin	production	(red	staining)	after	3D	priming.	Scale	bars	represent	

100	µm.	
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6.4.2.5 3D-primed	mESCs	differentiate	into	cells	of	all	three	germ	layers	after	in	vivo	

transplantation	
	

To	 confirm	 that	 cells	 cultured	 in	 both	 conventional	 and	 the	 3D	methods	 developed	here	 retained	

their	differentiation	potential,	 cell	 suspensions	were	 injected	 into	NOD	SCID	mice	and	cultured	 for	

approximately	4	weeks.	 This	 also	 served	as	 a	direct	 comparison	of	 cell	 differentiation	potential	 as	

tested	using	the	“Tissue	Disc”	model	previously	detailed.	Teratomas	were	assessed	for	the	formation	

of	tissues	of	each	embryonic	germ	layer.	Examples	of	resultant	teratomas	are	shown	in	Figure	6.18.	

All	are	 formed	of	 tightly	packed	cells	organised	 into	diverse	structures	reminiscent	of	a	number	of	

tissue	types.		

ECAD	DAPI A SMA	DAPI TUJ-1	DAPI 

2D
 

3D
	+
	G
el
at
in

 
3D

	-	
Ge

la
tin

 

B 

C 

D 

E 

F 

G 

H 

I 

Figure	6.17.	Markers	of	all	 three	germ	 layers	are	expressed	after	3D	priming	of	mESCs.	 	 CGR8	mES	

cells	 were	 cultured	 according	 to	 their	 optimised	 protocols	 and	 transferred	 to	 low	 adherence	 Petri	

dishes.	Aggregates	were	then	cultured	upon	Alvetex®	Polaris	for	7	days	before	fixation	and	processing.	

Immunostaining	 was	 conducted	 for	 markers	 of	 Endoderm	 (ECAD,	 A-C),	 Mesoderm	 (SMA,	 D-F)	 and	

Ectoderm	(TUJ-1,	G-I),	with	positive	staining	evident	after	all	culture	methods.	Scale	bars	represent	50	

µm.	
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Figure	 6.18.	 Teratoma	 formation	 is	 possible	 after	 3D	 priming	 protocols.	 	 CGR8	 mES	 cells	 were	

cultured	 according	 to	 their	 optimised	 protocols	 and	 then	 injected	 subcutaneously	 into	 NOD	 SCID	

mice.	Tumours	were	allowed	to	form	before	fixation	in	10	%	Formalin	and	subsequent	processing	for	

H&E	staining.	Tumours	were	formed	from	cells	cultured	 in	2D	 (A),	3D	 in	the	presence	of	gelatin	 (B)	

and	in	the	absence	of	gelatin	(C).	Complex	structure	formation	is	evident	in	all	three	conditions.	Scale	

bars	represent	1	mm.	
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In	 addition	 to	 resultant	 tissue	morphology	 a	 number	 of	 additional	 parameters	were	 recorded	 for	

comparison	between	 the	cell	 types	 (Figure	6.19).	Teratoma	size	was	 recorded	by	measurement	of	

the	longest	length	of	the	tumour	(Figure	6.19	A).	On	average,	teratomas	formed	from	cells	cultured	

in	3D	without	gelatin	were	larger	than	2D	and	3D	with	gelatin-cultured	counterparts	(13.7	mm,	11.2	

mm	and	9.84	mm,	 respectively).	This	was	 in	agreement	with	 the	quantification	of	cell	aggregation	

during	in	vitro	differentiation	where	the	EBs	were	significantly	larger	after	culture	in	3D	with	gelatin.	

	

The	success	rate	of	teratoma	formation	was	recorded	(Figure	6.19	C).	Out	of	a	total	of	20	possible	

tumours,	19	formed,	with	one	animal	being	culled	prior	to	the	experimental	end	point	due	to	loss	of	

weight.	This	animal	was	injected	with	cells	cultured	in	3D	without	gelatin;	75	%	of	these	tumours	did	

form,	suggesting	other	confounding	reasons	for	lack	of	tumour	growth	in	this	case.	Teratoma	assay	

duration	was	recorded	(Figure	6.19	D).	All	2D	cultured	samples	were	excised	on	the	same	day	after	

18	 days	 in	 culture.	 The	 3D	 cell	 populations	 took	 on	 average	 19	 days	 before	 excising;	 these	 time	

points	are	extremely	similar	and	so	it	can	be	concluded	that	there	was	no	difference	in	the	time	by	

which	the	assay	was	undertaken.	

	

Histological	 analysis	 of	 both	 2D	 and	 3D	 cultured	 cell	 teratomas	 revealed	 the	 formation	 of	 a	wide	

range	of	differentiated	structures	(Figure	6.20).	Cavities	formed	in	all	cases,	lined	by	differing	types	

of	epitlelial	cells,	along	with	evidence	in	the	3D	cultured	teratomas	of	skin	formation	as	well	as	bone	

and	 neuroepithelium.	 To	 provide	 evidence	 to	 the	 differentiation	 of	 the	 cells	 beyond	morphology	

Masson’s	 Trichrome	 staining	 was	 conducted	 to	 highlight	 keratin	 rich	 areas	 red,	 areas	 containing	

cartilage	or	bone	blue,	and	collagen	deposition	also	blue.	This	is	demonstrated	in	Figure	6.20,	where	

the	distinct	staining	for	all	 three	types	of	tissue	were	observed.	Taken	together	this	provides	good	

evidence	of	the	capabilities	of	complex	differentiation	of	CGR8	mESCs	after	both	conventional	and	

3D	culture	in	the	presence	and	absence	of	gelatin.	

	

To	characterise	this	 further,	 immunostaining	was	carried	out	upon	teratomas	formed	from	2D	and	

3D	 cultured	 cells.	 The	 previously	 introduced	 markers	 were	 used;	 E-Cadherin	 (endoderm),	 SMA	

(mesoderm)	 and	 TUJ-1	 (ectoderm),	 as	 shown	 in	 Figure	 6.21.	 Expression	 of	 all	 three	markers	 was	

present	in	teratomas	formed	from	both	2D	and	3D	cultured	cells.	There	were,	however,	differences	

in	the	amounts	of	positive	staining	gained	from	each	condition.	In	comparison	to	2D	cultured	cells,	

the	 expression	 of	 all	 three	 markers	 appeared	 more	 extensive	 after	 3D	 culture.	 This	 was	 more	

obvious	 after	 culture	 in	 3D	 in	 the	 presence	 of	 gelatin,	 with	 larger	 areas	 of	 both	 SMA	 and	 TUJ-1	

staining.	 After	 culture	 in	 3D	 in	 the	 absence	 of	 gelatin,	 intensity	 of	 neural	 staining	 was	 increased	

further,	 with	 less	 distinct	 areas	 of	 SMA	 staining.	 There	 was	 no	 evidence	 of	 Oct4	 staining	 in	 all	

samples	 (data	 not	 shown),	 suggesting	 complete	 differentiation	 of	 all	 of	 the	 cells	 forming	 the	

teratomas.	When	compared	 to	 the	 formation	of	 tissue	discs	 (Figure	6.17)	 there	were	a	number	of	

similarities	 between	 the	 results.	Overall,	 both	experiments	demonstrated	 the	 formation	of	 tissues	
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using	all	three	tested	differentiation	markers.	As	teratoma	assays	are	qualitative	in	their	analysis,	in	

that	expression	is	observed	or	not,	the	two	methods	have	gleaned	the	same	conclusion.		
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Figure	 6.19.	 Teratoma	 size,	 success	 rate,	 and	 duration	 after	 conventional	 culture	 or	 3D	 priming.			

CGR8	 mES	 cells	 were	 cultured	 according	 to	 their	 optimised	 protocols	 and	 then	 injected	

subcutaneously	into	NOD	SCID	mice.	Tumours	were	allowed	to	form	before	fixation	in	10	%	Formalin	

and	subsequent	processing	for	histological	staining.	 (A)	Maximum	teratoma	diameter	was	recorded	

for	each	retrieved	tumour,	resulting	in	a	trend	whereby	3D	–	gelatin	produced	 larger	teratomas.	 (B)	

Success	 rate	 appeared	 reduced	 after	 culture	 in	 3D	 in	 the	 presence	 of	 gelatin,	 and	 (C)	 final	 assay	

duration	trended	towards	being	 longer	after	3D	culture.	Data	represents	 line	at	mean	±	range	with	

points	representing	individual	data	points.	Total	n=4	injections	per	condition	on	1	test	occasion.	

	



276	
	

	

A 

B 

C 

D 

E 

F 

G 

H 

I 

3D	+	Gelatin 3D	-	Gelatin 

J 

K 

L 

M 

N 

O 

2D 

H&
E 

M
as
so
n’
s	T

ric
hr
om

e 

Figure	6.20.	Histological	characterisation	of	teratomas	formed	from	both	2D	and	3D	cultured	CGR8	

mESCs.	 	 CGR8	 mES	 cells	 were	 cultured	 according	 to	 their	 optimised	 protocols	 and	 then	 injected	

subcutaneously	into	NOD	SCID	mice.	Tumours	were	allowed	to	form	before	fixation	in	10	%	Formalin	

and	 subsequent	 processing	 for	 histological	 staining.	 (A-I)	 H&E	 staining	 reveals	 the	 formation	 of	

varying	structured	after	both	conventional	culture	and	3D	priming.	(J-O)	Masson’s	trichrome	staining	

confirms	 positive	 staining	 for	 significant	 varying	 ECM	 deposition,	 Keratin-rich	 probable	 muscle-

containing	structures,	as	well	as	probable	cartilage	and	bone.	Scale	bars	represent	200	µm.	
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6.4.3 Development	of	3D	technology	for	the	culture	of	PSCs	
	
6.4.3.1 	It	is	possible	to	conjugate	bioactive	molecules	to	Alvetex®	to	economise	the	culture	of	

PSCs	
	

The	research	shown	thus	 far	demonstrated	that	CGR8	mESCs	could	be	cultured	 in	3D,	maintaining	

their	pluripotency	marker	expression	and	demonstrating	some	evidence	of	enhanced	differentiation	

potential.	 Importantly,	 this	 has	 been	 possible	 in	 the	 absence	 of	 gelatin	 substrate	 coating,	 usually	

required	for	continued	self-renewal	of	mESCs.	As	this	was	not	required	for	their	culture	the	prospect	

of	economising	the	process	further	was	explored.	This	was	through	the	conjugation	of	LIF	to	the	3D	

substrate	 to	 provide	 a	 single	 scaffold	 to	 maintain	 mESC	 pluripotency	 and	 enhance	 cell	

differentiation.	 Human	 LIF	 was	 conjugated	 to	 Alvetex®	 Strata	 using	 the	 proprietary	 OrlaSURF	

platform	(Orla	Protein	Technologies	Ltd.),	that	orientates	proteins	precisely,	as	opposed	to	random	

deposition,	 to	 increase	 bioactivity	 (Figure	 6.22).	 Initially,	 cell	 morphology	 was	 assessed	 by	 both	

neutral	red	and	histological	staining	(Figures	6.23	&	6.24).		

	

Neutral	red	staining	revealed	that	cells	could	be	cultured	upon	LIF-conjugated	Strata	in	the	absence	

of	soluble	LIF	in	the	growth	medium	and	gelatin	coating	of	the	substrate.	A	range	of	concentrations	

were	 tested	 of	 their	 activity	 and	 revealed	 differing	 cell	 population	morphologies	 (Figure	 6.23).	 At	

lower	magnification,	colony	 formation	was	evident	at	all	 tested	concentrations.	Colonies	appeared	

more	 diffuse,	 comparable	 to	 that	 shown	 in	 the	 presence	 of	 gelatin	 and	 soluble	 LIF.	 At	 higher	

Figure	 6.21	 (overleaf).	 There	 is	 evidence	 of	 tri-lineage	 differentiation	 of	 teratomas	 formed	 from	

both	2D	and	3D	cultured	mESCs.		CGR8	mES	cells	were	cultured	according	to	their	optimised	protocols	

and	then	injected	subcutaneously	into	NOD	SCID	mice.	Tumours	were	allowed	to	form	before	fixation	

in	10	%	Formalin	and	subsequent	processing	for	histological	staining.	Immunostaining	was	conducted	

for	markers	of	Endoderm	 (ECAD,	A,	G,	M),	Mesoderm	 (SMA,	C,	 I,	O)	and	Ectoderm	 (TUJ-1,	E,	 K,	Q),	

with	positive	staining	(green)	evident	after	all	culture	methods	(nuclei	stained	using	DAPI,	blue).	Scale	

bars	represent	50	µm.	

OrlaSURF	protein	conjugation 3D	culture		 
no	soluble	LIF	in	growth	medium 

Figure	 6.22.	 Schematic	 demonstrating	 OrlaSURF	 protein	 conjugation	 technology	 for	 the	

conjugation	 of	 hLIF	 (ORLA180,	 black	 ovals)	 to	 the	 surface	 of	 Alvetex®	 Strata,	 allowing	 the	

controlled	orientation	of	proteins	to	any	given	substrate.	
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magnification	 it	was	 clear	 that	 at	both	 the	10	µM	and	100	µM	concentrations,	 cell	 differentiation	

may	be	occurring	with	highly	spread	cells	 located	between	colonies.	With	 the	1	µM	concentration	

there	 was	 also	 evidence	 of	 cell	 differentiation	 through	 less	 compact	 areas	 within	 colonies.	 To	

visualise	 this	 in	 further	 detail	 histological	 staining	 was	 completed	 upon	 wax	 embedded	 cultures	

(Figure	6.24).	As	previously	shown,	cultures	containing	soluble	LIF	formed	colonies	that	were	domed,	

moreso	 in	 the	 absence	 of	 gelatin	 coating,	 and	 interspersed	 with	 more	 flattened	 colonies	 in	 its	

presence.	All	conditions	with	LIF	conjugation	resulted	in	cells	spreading	across	the	substrate	surface,	

with	evidence	of	cell	penetration	 in	all	cases.	With	 increased	concentration,	cells	appeared	to	take	

on	an	epithelial	morphology,	to	suggest	cell	differentiation.	Cell	death	was	assessed	by	way	of	TUNEL	

staining	(Figure	6.24	C,	F,	 I,	L,	O),	 in	the	cases	of	conjugated	substrates	suggesting	cell	death	upon	

penetration,	and	in	the	control	conditions,	interspersed	cell	death	as	previously	shown.	
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Figure	6.23.	Characterising	the	growth	of	PSCs	lines	cultured	upon	ORLA180	conjugated	Strata.		CGR8	

mESCs	 were	 cultured	 using	 control	 conditions	 (Strata	 +/-	 gelatin	 with	 soluble	 LIF	 in	 the	 growth	

medium),	or	upon	ORLA180	conjugated	Strata	 (with	no	 soluble	 LIF	 in	 the	growth	medium)	at	 varying	

concentrations	 for	 5	 days	 at	 a	 seeding	 density	 of	 0.5	 M	 cells/well	 and	 daily	 media	 replenishment.	

Samples	 were	 stained	 using	 Neutral	 Red	 to	 assess	 cell	 morphology	 and	 distribution.	 Scale	 bars	

represent	200	µm.	
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Figure	 6.24.	 Characterising	 the	 growth	 of	 PSCs	 lines	 cultured	 upon	 ORLA180	 conjugated	 Strata.			

CGR8	mESCs	were	cultured	using	control	conditions	(Strata	+/-	gelatin	with	soluble	LIF	in	the	growth	

medium),	or	upon	ORLA180	conjugated	Strata	(with	no	soluble	LIF	in	the	growth	medium)	at	varying	

concentrations	 for	 5	 days	 at	 a	 seeding	 density	 of	 0.5	M	 cells/well	 and	 daily	 media	 replenishment.	

Samples	were	 fixed	using	4	%	PFA,	embedded	 in	wax,	 sectioned	and	 then	 stained	using	H&E.	 Scale	

bars	represent	50	µm.	
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To	 confirm	 that	 cell	 pluripotency	was	 affected	 by	 the	 conjugation	 of	 LIF	 to	 the	 surface	 of	 Strata,	

immunostaining	 was	 conducted	 for	 the	 pluripotency	 marker	 Oct4	 (Figure	 6.25).	 In	 the	 control	

conditions	(3D	in	the	absence	or	presence	of	gelatin	coating),	there	was	evidence	of	Oct4	expression,	

as	 shown	 previously	 in	 this	 chapter.	 When	 considering	 cells	 cultured	 upon	 the	 LIF-conjugated	

substrates,	 expression	 appeared	 significantly	 reduced.	 There	 was	 some	 evidence	 of	 nuclear	

localisation	of	the	transcription	factor	at	1	µM	with	no	clear	staining	at	the	intermediate	10	µM	and	

inconsistent	staining	between	cells	at	the	highest	concentration.	As	a	result,	it	was	shown	that	cells	

could	be	maintained	upon	LIF-conjugated	Strata,	although	concentrations	of	the	protein	would	have	

to	be	altered	to	determine	if	it	was	possible	to	maintain	pluripotency.	

	

	

	

	

	

A B 

C D E 

DAPI		Oct4 DAPI		TU+G+LNEL 
+G+L 

-G+L 

1	µM	ORLA180 10	µM	ORLA180 100	µM	ORLA180 

Figure	 6.25.	 Pluripotency	 marker	 expression	 appears	 reduced	 after	 culture	 upon	 ORLA180-

conjugated	 Strata.	 	 CGR8	 mESCs	 were	 cultured	 using	 control	 conditions	 (Strata	 +/-	 gelatin	 with	

soluble	 LIF	 in	 the	 growth	medium),	or	 upon	ORLA180	conjugated	Strata	 (with	no	 soluble	 LIF	 in	 the	

growth	medium)	at	 varying	 concentrations	 for	5	days	at	a	 seeding	density	of	0.5	M	cells/well	and	

daily	media	replenishment.	Samples	were	fixed	using	4	%	PFA,	embedded	in	wax,	sectioned	and	then	

immunostained	 for	 the	pluripotency	marker	Oct4	 (green)	and	nuclei	 (blue).	 Scale	bars	 represent	50	

µm.	
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A	number	of	concentrations,	ranging	lower	than	initially	tested	were	screened	in	a	conventional	2D	

format	(Figure	6.26),	from	1	nM	to	100	pM,	including	a	further	non-sense	control	sequence	termed	

FLAG.	 Considering	 the	 culture	 conditions,	 cells	 cultured	 in	 the	 presence	 of	 gelatin	 and	 soluble	 LIF	

formed	 tightly	 packed	 colonies	 of	 highly	 refractive	 cells,	 all	 expressing	 Oct4.	 In	 the	 absence	 of	

gelatin,	morphology	was	more	variable	with	clear	differentiation	visible	at	 colony	peripheries,	and	

Oct4	expression	was	only	observed	in	the	more	central	colony	regions.	When	LIF	was	conjugated	to	

the	 substrate	 instead	 of	 solubilising	 in	 the	 growth	medium,	 cells	 appeared	 to	 still	 adhere	 to	 the	

substrate.	 At	 the	 highest	 tested	 concentration	 of	 1	 nM,	 cell	morphology	 appeared	 less	 consistent	

with	some	extremely	tightly	packed	areas,	and	some	more	spread	cells	indicative	of	differentiation.	

Indeed,	in	the	less	packed	areas,	Oct4	expression	was	reduced	and	in	the	more	tightly	packed	areas	

Oct4	expression	was	high.	As	concentration	was	reduced	to	10	pM	cells	appeared	less	tightly	packed,	

suggesting	reduced	growth	in	comparison	to	the	higher	concentration.	Cells	appeared	rounded	and	

distinguishable	 through	being	 refractive	with	 a	high	 cytoplasm	 to	nuclear	 ratio	 across	 the	 culture,	

and	were	smaller	 in	size	than	their	2D	cultured	counterparts.	Oct4	expression	appeared	 in	general	

reduced	 in	 comparison	 to	 1	 mM	 ORLA180,	 appearing	 more	 consistent	 with	 the	 control	 2D	

phenotype.	Finally,	 incubation	with	100	pM	ORLA180	conjugated	to	the	culture	surface	resulted	 in	

again	slower	cell	growth	with	 the	 formation	of	 tightly	packed	and	refractive	cells.	Oct4	expression	

was	observed	 to	be	 lower	 in	 intensity	 again	 towards	 that	of	 the	 control	 condition.	 Suprisingly	 the	

FLAG	protein	appeared	to	cause	large	amounts	of	cell	growth,	resulting	in	cells	that	were	extremely	

tightly	packed,	and	demonstrated	relatively	and	extremely	high	Oct4	expression.	Taken	together	this	

suggests	 that	 lower	 concentrations	 of	 the	 protein	 may	 be	 able	 to	 retain	 pluripotency	 marker	

expression.	

	

	
6.4.3.2 The	scaling-up	of	the	priming	process	using	Alvetex®	Strata	may	be	possible	to	increase	

cell	yields		
	

In	combination	with	the	above	technological	development	of	the	3D	priming	process	using	Alvetex®	

Strata,	a	further	step	was	taken	to	highlight	the	versatility	of	the	material,	in	its	ability	to	scale	from	

individual	inserts	to	full	sheets	for	potential	scale-up	of	the	process.	In	order	to	scale	up	the	priming	

process,	 an	 approach	was	 tested	 that	 negated	 the	 use	 of	 specially	 designed	 inserts.	 Conventional	

Petri	 dishes	 were	 used	 with	 Alvetex®	 cut	 to	 size	 at	 the	 bottom	 of	 the	 dish,	 weighed	 down	 by	

fabricated	glass	 rings	 to	hold	 the	substrate	 in	place	 throughout	 the	culture	period	 (Figure	6.27	A).	

Culture	 conditions	were	 kept	 consistent	 to	 the	optimised	 conditions,	 scaling	up	 for	media	 volume	

and	cell	seeding	densities.	

	

This	 approach	was	 first	 tested	with	 TERA2.cl.SP12	 hEC	 cells,	 and	 culture	was	 demonstrated	 to	 be	

possible	 (Figure	 6.27	 B).	 Neutral	 red	 staining	 revealed	 cell	 growth	 across	 the	 substrate,	 with	

individual	 cells	difficult	 to	distinguish,	 consistent	with	 results	gained	 from	 the	6	well	 insert	 format	

previously	 shown.	When	 analysed	 histologically,	 cells	 formed	 layers	 on	 top	 of	 the	 substrate	 with	
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minimal	cell	invasion,	as	previously	recorded.	Oct	4	expression	was	investigated	to	confirm	that	cells	

remained	pluripotent,	and	indeed	this	was	the	case.	Those	that	had	penetrated	the	substrate	were	

Oct4	negative	 (Figure	6.27	B,	e	&	 f,	arrowhead),	consistent	with	previous	observations	using	the	6	

well	format.	This	holds	great	promise	that	the	process	could	be	easily	scaled	up	for	the	cultivation	of	

PSCs	for	the	required	differentiation	protocols.		

	

The	potential	ability	for	scale-up	was	finally	also	testes	with	CGR8	mESCs,	and	histological	analysis	is	

displayed	 in	 Figure	 6.27	 C.	 For	 both	 conditions	 cell	 growth	 was	 evident,	 and	 reminiscent	 of	 the	

behaviours	 observed	 using	 the	 12	 well	 insert	 format.	 Those	 cultured	 in	 the	 presence	 of	 gelatin	

spread	more	across	 the	 surface	of	 the	 substrate	whereas	 those	 cultured	 in	 the	absence	of	gelatin	

formed	more	discrete	 colonies.	 The	 growth	did	not	 appear	 to	be	of	 the	quality	 gained	during	 the	

optimised	 well	 insert	 format	 and	 as	 such	 would	 require	 further	 optimisation	 to	 determine	 its	

possible	use	for	scale-up	purposes.	
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Figure	6.26.	The	growth	of	CGR8	mES	cells	 cultured	upon	2D	ORLA180	conjugated	Tissue	Culture	

Plastic.	 	 CGR8	 mESCs	 were	 cultured	 using	 conventional	 (+gelatin)	 conditions,	 in	 the	 absence	 of	

Gelatin	(to	cause	differentiation),	or	in	the	presence	of	varying	concentrations	of	ORLA180	(or	FLAG).	

In	2D	ORLA180	coating	appears	to	cause	an	increase	in	cell	proliferation,	even	with	the	FLAG	protein,	

which	would	be	expected	to	behave	similarly	to	the	condition	without	gelatin.	Scale	bars	represent		

50	µm.	
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Figure	6.27	(overleaf).	Morphological	analysis	of	T2SP12	cells	cultured	using	the	scaled	up	priming	

protocol.		Strata	is	placed	at	the	bottom	of	a	90	mm	Petri	dish	weighed	down	at	the	perimeter	using	

a	glass	ring.	(A&B)	Whole	mount	neutral	red	staining	demonstrates	formation	of	dense	cell	growth.	

(C&D)	 After	 NR	 staining,	 fixation,	 processing	 and	 mounting,	 it	 is	 clear	 that	 cells	 are	 forming	 as	

multiple	layers	tightly	packed.	(E&F)	H&E	staining	allows	a	clearer	view	of	individual	cells	confirming	

tightly	packed	cell	growth,	as	would	be	expected	in	3D.	Scale	bars	represent	50	µm.	
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6.5 Discussion	
	

The	 final	 chapter	 of	 this	 thesis	 aimed	 to	 bring	 together	 the	 knowledge	 gained	 from	 the	 previous	

three	chapters’	and	apply	it	to	the	culture	of	a	more	physiologically	relevant	cell	type.	Explored	was	

the	 effect	 of	 substrate	 topography	 upon	 the	 growth	 of	 an	 EC	 cell	 line.	 This	 demonstrated	 that	 a	

mixed	growth	topography	supported	cells	for	an	enhanced	differentiation	potential,	validating	that	

shown	in	the	literature,	whilst	a	nano-topography	supported	the	spontaneous	differentiation	of	the	

cell	type.	This	response	was	shown	to	be	due	to	altered	cellular	mechanotransduction,	importantly	

cytoskeletal	 architecture,	 all	 of	which	was	 hypothesised	 to	 be	 translatable	 to	 true	 embryonic	 cell	

populations.	It	was	shown	here	that	the	culture	of	the	mouse	ESC	line,	CGR8,	was	possible	upon	the	

mixed-topography	provided	by	 Strata.	 Cell	 differentiation	was	 shown	 to	be	altered	by	 this	 culture	

environment,	similar	to	that	shown	for	the	EC	 line.	Furthermore,	this	technology	showed	potential	

to	be	adaptable	for	scale-up	procedures	and	functionalisation	to	stream-line	and	reduce	any	possible	

variability	in	the	culture	process.		

	
	
6.5.1 It	is	possible	to	prime	CGR8	mESCs	upon	Strata	with	reduced	exogenous	chemical	control	
	

The	culture	protocol	optimised	and	described	in	Chapter	4,	was	adapted	for	use	with	mESCs	taking	

into	account	their	enhanced	growth	rate	and	predicted	greater	susceptibility	to	physical	cues	in	the	

microenvironment.	 This	 process	 is	 displayed	 in	 Figure	 6.1	 and	 was	 adapted	 in	 terms	 of	 seeding	

density	 and	 culture	 time	 based	 upon	 the	 growth	 of	 cells	 in	 conventional	 conditions.	 This	 culture	

process	 resulted	 in	 highest	 yields	 from	 conditions	 containing	 LIF,	 with	 reduced	 cell	 numbers	

retrieved	from	conditions	in	its	absence.	This	is	understandable	since	LIF	is	generally	required	for	the	

self-renewal	 of	 mESCs,	 suggesting	 cell	 differentiation,	 which	 was	 to	 some	 extent	 confirmed	 after	

histological	analysis	 (Figure	6.3).	Cells	appeared	spread	and	penetrated	 into	 the	scaffold.	 It	 can	be	

concluded	that	using	this	system	does	not	negate	the	need	for	some	chemical	control	over	the	cells	

to	maintain	 their	 self-renewal.	 This	 is	 not	 unsurprising	when	 considering	 the	 literature.	 There	 are	

two	main	methods	of	mES	cell	culture;	the	2i	method	(MAPK	and	GS3K	inhibition	using	PD0325901	

and	CHIR99021,	respectively	[374]),	and	culture	with	FBS	and	LIF,	both	either	upon	feeder	layers	or	

with	 the	 coating	 of	 gelatin.	 Culture	 in	 the	 absence	 of	 LIF	 has	 been	 demonstrated	 in	 some	 of	 the	

literature.	 This	 has	 been	 achieved	 through	 reduced	 cell	 spreading	 through	 substrates	 classed	 as	

weakly	adhesive	[375].	

	

This	was	not	 the	case	when	considering	the	exogenous	control	provided	by	substrate	coating	with	

gelatin,	its	use	as	an	animal	derived	product	a	disadvantage	for	culture	in	defined	conditions.	It	was	

possible	using	this	system	to	culture	mESCs	 in	the	absence	of	gelatin	maintaining	pluripotency	and	

differentiation	 in	 a	 comparable	 manner	 to	 culture	 in	 its	 presence.	 Studies	 have	 shown	 that	 the	

interaction	 of	 mESCs	 in	 the	 context	 of	 gelatin	 coating	 is	 not	 with	 gelatin	 itself,	 but	 through	

Fibronectin	secreted	by	the	cells	 (required	for	pluripotency	maintenance)	 [376].	This	was	also	true	

with	 the	 possibility	 of	 LIF	 replacement	 in	 the	 absence	 of	 gelatin	 through	 stimulation	 of	 specific	
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Integrin	subtypes	[377].	Galuppo	et	al.	demonstrated	the	culture	of	mESCs	in	3D	electrospun	PLGA	

scaffolds	In	the	absence	of	gelatin	[250],	resulting	in	maintenance	of	pluripotency	marker	expression	

(although	differentiation	was	not	assessed).	Collagen	porous	scaffolds	have	been	shown	to	support	

differentiation	 through	 all	 three	 germ	 layers	 in	 the	 absence	 of	 gelatin	 [378].	 This	 validated	 the	

observation	made	here,	that	gelatin	is	not	required	for	culture,	or	in	fact	other	ECM-related	protein	

coatings	when	culture	is	adapted	to	3D.	

	

As	with	the	culture	of	hEC	cells,	population	doubling	times	of	cells	cultured	 in	3D	(in	the	presence	

and	 absence	 of	 gelatin)	 was	 reduced.	 There	 is	 evidence	 of	 reduced	 populations	 doublings	 when	

mESCs	 are	 cultured	 in	 suspension	 or	 upon	 feeder	 layers	 as	 opposed	 to	 gelatin	 [379].	 This	 also	

translates	to	3D,	where	reduced	cell	growth	has	been	demonstrated	in	electrospun	scaffolds	[250].	

There	is	evidence	to	show	the	converse;	electrospun	PCL	scaffolds	demonstrated	enhanced	growth	

after	5	days	growth	dependent	upon	fibre	alignment	[380].	

	

A	 number	 of	 studies	 have	 demonstrated	 how	 colony	 morphology	 of	 ESCs	 can	 impact	 cell	

plutipotency	and	differentiation.	It	is	widely	accepted	that	a	domed	colony	morphology	represents	a	

state	of	naïve	pluripotency	whereas	 flat	colonies	 represent	a	primed	state,	 “less”	pluripotent	 than	

the	 former	 [381,382].	 Here,	 results	 show	 that	 domed	 colonies	 were	 formed	 in	 3D	 culture	 in	 the	

presence	and	absence	of	gelatin,	when	culture	using	conventional	conditions	resulted	in	monolayer	

growth.	 This	 observation	 can	 be	 validated	within	 the	 literature.	 hiPSCs	 cultured	 upon	 electrospun	

scaffolds	demonstrated	a	domed	colony	morphology.	This	was	in	fact	demonstrated	to	be	a	result	of	

stiffness,	with	increases	in	stiffness	resulting	in	a	greater	degree	of	colony	sphericity	[221].	Culture	of	

mESCs	upon	silica	microspheres	also	demonstrates	a	shift	in	colony	morphology,	from	flat	upon	glass	

to	 domed	 upon	 the	 alternative	 substrate;	 with	 heights	 of	 approximately	 15	 µm	 and	 70	 µm	

respectively	 [383].	Finally,	culture	of	mESCs	on	a	mixed	topography	surface	also	resulted	 in	colony	

formation	 that	was	more	circular	when	quantified	 in	 comparison	 to	 the	control	 feeder-dependent	

condition,	resulting	 in	enhanced	pluripotency	marker	expression	[175].	Although	not	quantified	(as	

the	 control	 condition	 is	monolayer	 forming	 in	 this	 instance)	 circularity	 of	 colonies	was	 inherently	

increased	in	this	system,	providing	further	evidence	of	the	favourable	growth	conditions.	

	

There	are	a	number	of	concepts	that	may	help	decipher	the	altered	response	of	3D	cultured	mESCs	

presented	here,	 relating	 to	 the	 colony	growth	of	mESCs	 in	 general.	One	 favoured	proposal	 is	 that	

cells	 residing	 on	 a	 colony	 edge	 are	 the	 drivers	 of	 differentiation	 [384].	 This	 has	 been	 modelled	

through	BMP-4	treatment	whereby	after	3	days,	cell	morphology	at	the	hESC	colony	periphery	was	

stretched	out	and	flattened.	This	band	width	increased	with	exposure	time,	and	was	not	affected	by	

altering	substrate	stiffness	in	the	presence	of	the	morphogens.	As	a	result,	increased	differentiation	

efficiency	 was	 achieved	 with	 smaller	 colony	 sizes	 through	 reduced	 seeding	 density.	 This	 was	

reinforced	 in	a	 recent	paper	 from	 the	 Ivaska	group	 [385].	 The	proposal	of	 an	 “actin	 fence”	within	

each	hPSC	colony	suggested	edge	driving	forces	maintain	pluripotency.	In	the	study	presented	here	
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there	was	a	difference	in	cell	growth	between	2D	and	3D	conditions,	with	3D	growth	being	primarily	

colonies	(Figure	6.3),	as	opposed	to	monolayers	formed	during	conventional	culture.		

	

	
6.5.2 Cell	structure	is	altered	as	a	result	of	the	priming	process	
	

There	was	some	evidence	 that	mESC	structure	may	be	altered	after	culture	on	Strata	 (Figure	6.5).	

Cell	 area	 appeared	 reduced	 after	 3D	 culture,	 and	 there	 was	 evidence	 of	 a	 less	 developed	 actin	

cytoskeleton	as	shown	with	hEC	cells.	As	a	result,	cell	shape	is	likely	driving	the	changes	seen	here	to	

alter	cell	differentiation,	especially	 in	the	 in	vitro	models	presented	here.	The	 literature	provides	a	

relatively	strong	argument	that	integrin	signaling	drives	cell	shape	changes	to	control	differentiation	

in	 mESCs,	 but	 the	 resultant	 signaling	 cascades	 are	 less	 clear.	 Studies	 forcing	 the	 expression	 of	

integrins	in	mESCs	have	provided	strong	evidence	for	this;	culture	upon	RGD-conjugated	beads	has	

resulted	 in	 reduced	 Oct3/4	 expression	 suggesting	 this	 drives	 differentiation	 [386].	 Similarly,	

overexpression	of	integrins	and	related	focal	adhesion	proteins	by	magnesium	treatment	correlated	

with	 reduced	 expression	 of	 Oct4	 and	Nanog	with	 upregulation	 of	 differentiation	markers	 such	 as	

Nestin	 and	 GATA4	 [387].	 This	 was	 also	 found	 by	 induction	 of	 integrin	 signaling	 through	 FAK	

phosphorylation	with	Laminin	and	Fibronectin	substrate	coatings	[314],	alongside	a	comprehensive	

analysis	 of	 all	 subtypes	 expressed	 by	 mESCs.	 Evidence	 also	 suggests	 that	 some	 level	 of	 integrin	

expression	 is	 required	 for	 self-renewal,	 presenting	 the	 importance	 of	 integrin	 subtypes	 to	 cell	

function.	 In	 mESCs,	 α6β1	 integrin	 subtypes	 appear	 to	 be	 vital	 during	 pluripotency,	 and	

differentiation	through	removal	of	LIF	 [316]	or	reprogramming	 into	hPSCs	[148]	resulted	 in	altered	

subtype	expression.	Indeed,	integrins	appeared	vital	for	normal	embryogenesis	in	mice	[388].	

	

Taken	together,	it	is	likely	that	integrin	activation	controls	pluripotency	through	cytoskeletal	tension	

in	a	manner	dependent	on	its	spatial	activation.	Studies	discussed	above	forcing	the	global	increase	

in	 integrin	 activation	 resulted	 in	 differentiation	 whereas	 those	 controlling	 its	 expression	 more	

discretely	 were	 likely	 to	 enhance	 pluripotency.	 As	 colony	 formation	 is	 observed	 in	 the	 model	

presented	here,	 alongside	 reduced	 cell	 spreading	 it	 could	be	hypothesised	 that	 the	mechanism	at	

play	 here	 is	 that	 of	 the	 latter,	 warranting	 further	 investigation.	 This	would	 be	 in	 agreement	with	

increased	expression	of	adhesion-related	proteins	observed	with	hEC	cells	in	the	previous	chapter.	

	

	
6.5.3 3D-primed	mESCs	maintain	cell	phenotype	and	function	
	

When	quantified,	and	visualised,	pluripotency	marker	expression	appeared	maintained	after	priming	

in	 3D	 upon	 Strata	with	 AP	 activity	 across	 the	 conditions	 (Figures	 6.6	 &	 6.7).	 The	maintenance	 of	

pluripotency	 has	 been	 discussed	 in	 Chapter	 3	 in	 the	 context	 of	 growth	 in	 3D.	 Jaggy	 et	 al.	

demonstrated	this	with	mESCs;	that	a	mixed	micro-nano	topography	supported	self-renewal	[175],	

an	 important	 demonstration	 agreeing	with	 the	 results	 presented	 here	 in	 both	 hEC	 and	mES	 cells.	

There	 are	 various	 alternative	 examples	 incorporating	 3D	 culture	 for	 the	 enhancement	 or	
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maintenance	 of	 pluripotency,	 each	 with	 their	 individual	 advantages	 and	 disadvantages	

[377,378,380,389,390].	Taken	 together	 this	demonstrates	 further	 the	 relevance	of	utilising	 surface	

topography	to	maintain	pluripotency	in	the	absence	of	conventional	coatings.	

	

It	 is	 hypothesised	 that	 cells	 cultured	 in	3D	will	 increase	 in	 their	 functionality	due	 to	 greater	 inter-

cellular	 connectivity	and	 this	 is	no	exception	when	considering	PSCs.	The	 literature	 is	mixed	when	

considering	the	dependency	of	ESCs	upon	cell-cell	contacts	and	it	is	widely	accepted	that	signaling	is	

likely	mediated	by	E-Cadherin	 (reviewed	by	 [391]).	 Some	evidence	does	 show	a	dependency	upon	

the	protein’s	expression	[243,392],	whereas	some	suggest	otherwise	[393,394].	Shown	here	was	the	

maintenance	of	E-Cadherin	expression	in	3D	culture	(Figure	6.9)	in	addition	to	enhanced	aggregation	

(Figure	 6.8)	 and	 a	 domed	 colony	 morphology	 (Figure	 6.3).	 This	 suggests	 the	 maintenance	 of	 a	

pluripotent	 state	 conducive	 to	 maintained	 (at	 least)	 differentiation	 capacity.	 To	 test	 this	 further,	

spontaneously	formed	mEBs	were	immunostained	for	markers	of	differentiation	(Figure	6.8);	GATA4	

(mesendoderm)	and	nestin	(ectoderm).	In	this	case,	there	was	clear	higher	intensity	staining	for	both	

markers	after	culture	in	3D	in	the	absence	of	gelatin.	There	is	a	growing	body	of	evidence	to	show	

the	maintained	differentiation	capacity	of	mESCs	using	3D	culture.	Cells	cultured	on	collagen,	PLGA	

and	chitosan	3D	scaffolds	maintained	expression	of	TUJ-1,	SMA	and	GATA-4	after	 spontaneous	EB	

formation	and	demonstrated	differentiation	after	conducting	a	teratoma	assay	[395].	Those	cultures	

upon	 chitosan	demonstrated	greater	expression	of	 SMA,	and	 those	 cultured	upon	PLGA	appeared	

greater	in	their	TUJ-1	expression.	Encapsulation	of	mESCs	in	dextran	has	also	been	shown	to	affect	

spontaneous	differentiation;	with	up	to	7-fold	expression	in	differentiated	cell	populations,	towards	

osteogenic	and	chondrogenic	lineages	[396].		

	

The	 directed	 differentiation	 of	 mESCs	 was	 next	 assessed	 through	 the	 use	 of	 three	 morphogens;	

EC23,	 BMP-4	 and	 Activin-A.	 The	 morphogens	 selected	 have	 been	 known	 to	 induce	 in	 vitro	

differentiation	into	ectodermal	[397],	endodermal	[398,399]	and	mesodermal	[400,401]	derivatives	

respectively,	 thereby	 assessing	 if	 differentiation	 can	 be	 directed	 towards	 all	 three	 germ	 layers	 in	

vitro.	This	was	tested	in	both	2D	and	3D	differentiation	conditions	(Figures	6.10-6.14),	hypothesising	

differential	 responses	 in	 monolayer	 differentiation	 and	 enhanced	 differentiation	 upon	 induced	

differentiation	in	a	3D	model.	Considering	2D	differentiation	initially	(Figure	6.10),	cells	responded	to	

all	 morphogens	 deviating	 from	 their	 characteristic	 PSC	 morphology	 towards	 more	 spread	

presentations.	 This	 was	 not	 the	 case	 after	 3D	 culture	 and	 directed	 differentiation	 using	 EC23,	

whereby	 cells	were	 not	 viable	 after	 the	 culture	 period.	 This	was	 not	 the	 case	 after	 culture	 in	 3D,	

whereby	cells	remained	viable	for	the	culture	period	differentiating	in	a	comparable	manner	to	the	

control	 culture	 condition	 (Figure	 6.11).	 Distinct	 structure	 formation	 was	 evident	 after	 both	

spontaneous	 and	 directed	 differentiation	 as	 EBs.	 This	 suggests	 that	 the	 capacity	 for	 ectodermal	

differentiation	 after	 3D-priming	 was	 still	 present,	 but	 sensitivity	 to	 the	 morphogens’	 control	 was	

greater	during	monolayer	differentiation.	Overall	it	appeared	that	responses	to	morphogens	may	be	

heightened	 after	 3D	 culture	when	 cells	were	 subject	 to	 a	 subsequent	 3D	 differentiation	 protocol.	
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Further,	 3D	 conditions	 from	 the	 analysis	 conducted	 here	 may	 show	 bias	 towards	 mesodermal	

lineages	whereas	2D	cultured	cells	may	show	the	same	for	ectodermal	lineages.		

	

There	 is	 evidence	 to	 support	 these	 observations;	 mESCs	 cultured	 conventionally	 or	 using	 porous	

collagen	scaffolds	performed	differently	when	subject	to	a	directed	osteogenesis	protocol	[222].	Half	

of	the	8	tested	differentiation	markers	were	significantly	increased	in	their	expression	post-exposure	

to	 the	 3D	 environment.	 Similarly	 culture	 of	 mESCs	 upon	 synthetic	 hydrogels	 resulted	 in	 the	

preferential	 expression	 of	 endoderm-related	 expression	 markers	 in	 comparison	 to	 conventional	

culture	 [157].	 Importantly,	 both	 examples	 (just	 two	 of	 a	 range)	 described	 here	 still	 maintain	 the	

expression	of	markers	of	all	three	germ	layers.	This	may	provide	evidence	for	using	altered	physical	

cues	to	culture	or	derive	PSCs	dependent	upon	the	desired	lineage	for	further	use.		

	

Activins	 and	 BMPs	 are	 major	 regulators	 driving	 ESC	 differentiation	 through	 various	 lineages	

(reviewed	in	[402,403]).	As	such,	their	action	in	studies	directing	differentiation	can	be	confounding,	

often	overlapping	in	target	cell	types	[404–407]	when	controlled	in	such	a	global	manner,	making	it	

possible	 that	 differentiation	 through	 other	 signaling	 routes	 could	 be	 active	 in	 2D	 or	 3D	 cultures.	

Furthermore,	 the	 observation	 that	 sensitivity	 to	 a	 driver	 of	 ectodermal	 differentiation	 (EC23)	was	

increased	 during	monolayer	 differentiation	 but	 reduced	 after	mEB	 formation	 does	 not	 determine	

whether	2D	or	3D	culture	may	be	more	favourable.	To	investigate	the	differentiation	potential	of	3D-

primed	mESCs	 further,	 focus	was	 turned	to	spontaneous	differentiation	 for	extended	time	periods	

both	in	vitro	and	in	vivo.		

	

	
6.5.4 Pluripotency	testing	of	2D	and	3D	cultured	mESCs	was	possible	by	using	an	in	vitro	Tissue	

Disc	approach	and	comparable	to	that	obtainable	in	vivo	
	

It	has	been	shown	that	3D-primed	mESCs	were	capable	of	spontaneously	differentiating.	To	confirm	

their	 pluripotent	 status,	 spontaneous	 differentiation	 to	 all	 three	 germ	 layers	 was	 required.	 As	

introduced	in	the	literature	review	to	this	chapter,	there	is	a	great	need	for	an	in	vitro	alternative	to	

the	 teratoma	 assay.	 The	 approach	 implemented	 here	 was	 originally	 conceived	 with	 EBs	 being	

supported	by	Scaffold	and	Strata	 [194],	as	opposed	to	Polaris.	The	approach	was	 tested	with	both	

RC-6	and	RC-10	hESCs	and	resulted	in	the	formation	of	tissues	from	all	three	germ	layers.	The	use	of	

Scaffold	 resulted	 in	differentiated	cell	populations;	 these	were	more	highly	organised	upon	Strata.	

This	 was	 developed	 further	 through	 the	 use	 of	 Polaris	 as	 a	 non-penetrable	 support	 [267],	 also	

enabling	 directed	 differentiation,	 if	 required.	 Overall	 the	 system	 is	 a	 simple	 and	 effective	 way	 to	

assess	spontaneous	differentiation	capacity	in	vitro.		

	

Cells	 cultured	 both	 conventionally	 and	 in	 3D	 were	 subject	 to	 the	 in	 vitro	 Tissue	 Disc	 mode	 of	

differentiation	(Figures	6.15-6.17).	Cells	were	cultured	in	2D	or	3D,	as	EBs	for	7	days	and	transferred	

to	Polaris	for	a	further	14	days	resulting	in	flattened	discs	containing	differentiated	tissues	confirmed	



293	
	

to	 originate	 all	 three	 germ	 layers.	 All	 Tissue	 Discs	 formed	 appeared	 to	 show	 some	 degree	 of	

cavitation,	 clear	 from	 the	 cross	 sections	 used	 for	 histological	 staining	 (Figure	 6.16).	 This	 has	 been	

reported	in	the	literature	when	considering	EB	formation	in	the	context	of	heightened	physiological	

relevance,	 i.e.	embryo	 formation	 [408,409].	This	 is	unlikely	 the	case	here	due	to	 the	nature	of	 the	

surrounding	structures.	

		

There	are	studies,	few	in	number,	to	show	similar	approaches,	albeit	not	in	the	context	of	teratoma	

replacement.	 It	has	been	 shown	 that	EBs	 cultured	on	various	ECM-based	 scaffolds	differentiate	 in	

response	 to	 exogenous	 treatment	 by	 retinoic	 acid	 and	 sonic	 hedgehog	 [410],	 although	 significant	

Oct4	positive	populations	remained	dependent	upon	the	culture	substrate.	It	is	unclear	if	untreated	

versions	 of	 these	 constructs	may	produce	 similar	 results	 to	 that	 demonstrated	here.	 Similarly	 EBs	

cultured	 on	 2D	 porous	 inserts	 provided	 evidence	 that	 support	 of	 the	 developing	 tissues	 can	 be	

enhanced	[411].	The	approach	presented	here	provides	a	direct	comparison	between	culture	types,	

in	a	manner	that	is	simple	and	analogous	to	analyse	in	comparison	to	the	teratoma	assay,	crucially	

avoiding	the	use	of	animals	and	reducing	the	expenditure	in	terms	of	time	and	money.	

	

To	validate	these	observations,	and	to	provide	evidence	to	support	the	implementation	of	a	method	

such	as	this	for	pluripotency	testing,	cells	were	also	subject	to	a	teratoma	assay.	Consistent	with	the	

observations	 described	 above,	 teratomas	 were	 formed	 for	 all	 conditions	 tested	 with	 an	 almost	

complete	success	rate	(one	animal	was	culled	due	to	weight	 loss).	The	resultant	teratomas	formed	

complex	tissue	structures	(Figure	18)	and	were	at	the	limit	of	the	experiment	exceedingly	quickly	(all	

between	 18	 and	 21	 days,	 Figure	 19).	 As	 a	 result,	 it	 is	 difficult	 to	 interpret	 whether	 3D	 culture	

conditions	provided	any	measurable	advantage	in	terms	of	speed	at	which	tissues	could	form	as	all	

conditions	 tested	 were	 relatively	 equal.	 Similarly,	 final	 sizes	 of	 teratomas	 formed	 were	 relatively	

equal	 (Figure	 6.19),	 however,	 there	was	 a	 trend	when	 cell	 aggregation	was	 quantified,	 in	 that	 3D	

culture	in	the	absence	of	gelatin	formed	slightly	larger	teratomas	on	average.	There	was	no	evidence	

to	suggest	that	CGR8	mESCs	preferentially	differentiated	to	any	lineages	when	cultured	 in	vivo	and	

this	was	reflected	in	the	similarity	of	tissue	structures	formed	when	comparing	2D	and	3D	cultured	

populations.	Importantly	the	detection	of	tissues	formed	from	all	three	germ	layers	was	detected	for	

all	culture	conditions	(Figures	6.20	and	6.21).	Concerning	the	staining	intensity,	there	appeared	to	be	

greater	 expression	 in	 the	 3D	 conditions	 when	 imaged	 at	 equal	 exposures,	 and	 the	 presence	 of	

neuroepithelia	 (TUJ-1	 positively	 stained)	 appeared	 greater	 after	 3D	 culture,	 in	 contrast	 to	 that	

observed	 during	 directed	 differentiation	 in	 vitro.	 SMA	 appeared	 to	 be	 more	 developed	 after	 3D	

culture	with	gelatin.	Quantification	of	 this	 through	PCR,	or	other	methods	 (as	 suggested	by	 [364])	

would	be	necessary	to	determine	this	with	more	impact.	There	have	been	a	number	of	studies	over	

the	 past	 few	 years	 that	 have	 conducted	 teratoma	 assays	 to	 determine	 differentiation	 capacity	 of	

conventionally	cultured	PSCs	in	contrast	to	3D	cultured	ones	of	various	methods	[128,396,412,413].	

Overall,	 there	 is	 evidence	 to	 support	 the	 formation	 of	 complex	 tissues	 from	 such	 models,	 in	

comparable	manner	to	that	presented	here.	
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6.5.5 This	technology	can	be	developed	in	terms	of	both	scale,	and	scaffold	functionalisation	
	

In	the	introduction	to	this	chapter,	it	was	reasoned	that	it	would	be	advantageous	to	overcome	the	

exogenous	 control	 over	 PSCs	 to	maintain	 them	 in	 a	 self-renewing	 state.	 This	would	 allow	 for	 the	

reduction	in	cost,	and	importantly	xenogenic	factors	hampering	use	of	cell	populations	in	the	clinic.	

Further,	there	is	a	need	for	the	scale-up	of	such	processes	in	a	reproducible	manner,	avoiding	batch	

variability	towards	the	yields	required.	The	concluding	experiments	presented	in	this	chapter	aimed	

to	show	the	potential	for	technology	development	and	scale	up	according	to	these	needs.	

	

Strata	was	 functionalised	with	recombinant	human	LIF	 to	 replace	 its	action	usually	 required	 in	 the	

growth	 medium,	 not	 able	 to	 be	 negated	 by	 3D	 culture	 alone.	 Growth	 was	 possible	 upon	 these	

substrates	(Figures	6.22-6.24),	however,	the	initial	concentrations	tested	appeared	conducive	to	cell	

differentiation,	 through	 morphology	 assessment	 and	 down	 regulation	 of	 Oct4	 expression.	 Lower	

concentrations	were	therefore	tested	using	the	same	protocol	scaled	back	to	2D	culture,	to	provide	

evidence	 that	 cells	 could	 be	 cultured	 in	 the	 first	 instance	 using	 this	 approach	 (Figure	 6.25).	 As	 a	

result	 of	 this	 concentration,	 cells	 adhered	 to	 the	 substrate	 and	expressed	Oct4	 to	 levels	 equalling	

and	exceeding	the	control	conditions.	This	showed	that	with	LIF-conjugation,	gelatin	coating	may	not	

be	required	in	conventional	conditions.	Of	note,	the	greatest	expression	of	Oct4	in	terms	of	intensity	

was	recorded	using	the	FLAG	protein,	the	reasons	of	which	have	not	been	elucidated.		

	

Scaffold	functionalisation	has	almost	entirely	been	considered	in	the	context	of	cell	differentiation	or	

enhancement	of	somatic	cell	 function	(reviewed	by	[414]).	There	are	studies	that	may	validate	the	

results	seen	here	to	some	extent.	Considering	hPSCs,	FGF	functionalisation	of	a	nanofibrous	scaffold,	

resulted	in	the	enhanced	activity	in	comparison	to	that	soluble	in	the	growth	medium	[372],	which	

appears	to	be	the	case	here	with	LIF	and	mESC	culture.	Klim	et	al.	showed	in	2010	that	this	approach	

can	 be	 further	 developed	 for	 the	maintenance	 of	 pluripotency	 during	 cell	 culture	 [415]	 with	 the	

identification	of	a	number	of	GAGs	that	could	be	incorporated	into	3D	technology	for	this	purpose.	

	

Finally,	both	cell	lines	cultured	in	3D	within	this	research	were	tested	for	their	amenability	to	scaling	

up	the	substrate	size	from	that	of	6/12	well	inserts	to	90	mm	Petri	dishes.	The	format	was	simple	in	

its	 design,	 simply	 placing	 the	 growth	 substrate	 at	 the	 bottom	 of	 the	 dish,	 weighted	 to	 keep	 it	 in	

position.	 Culture	 was	 possible	 considering	 both	 cell	 lines,	 with	 TERA2.cl.SP12	 appearing	

morphologically	very	similar	to	the	situation	at	the	smaller	6	well	scale	as	well	as	maintaining	Oct4	

expression.	 Considering	 the	 mES	 cell	 line,	 although	 culture	 was	 possible,	 morphology	 appeared	

much	more	 compact.	 It	 can	 be	 speculated,	 that	 the	 CGR8	 line	 is	 more	 sensitive	 to	 the	 potential	

reduction	in	growth	medium	provided	using	this	format;	a	parameter	not	possible	to	increase	using	

this	pilot	approach.	 It	 is	known	that	ESCs	are	more	sensitive	to	fluctuations	 in	media	quality	[187],	

likely	 the	 cause	 of	 the	 effect	 observed	 here.	 The	 fact	 that	 cells	were	 retained	 on	 the	 substrate	 is	
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hopeful.	To	test	the	method	again	with	an	increased	vessel	size	to	account	for	the	increased	media	

consumption	of	the	mESCs	in	comparison	to	the	hECs	may	make	effective	culture	possible.		

	

Considering	 the	 literature,	 there	 is	 no	 real	 comparison	 to	 this	 approach	with	 all	 current	 scaffold-

based	 technologies	 standing	 at	 the	 well	 insert	 size	 range.	 As	 previously	 stated	 the	 majority	 of	

methods	 that	have	been	 shown	 to	be	amenable	 to	 scaling	up	 involve	bioreactors,	whereby	vessel	

size	allow	for	increased	media	volume	[159,160,357,416,417],	and	this	approach	has	become	hugely	

popular	 within	 the	 field.	 A	 recent	 review	 from	 Kropp	 et	 al.	 reflects	 this	 summarising	 both	

microcarrier	 and	 aggregate	 based	 approaches	 for	 several	 different	 types	 of	 bioreactor,	 suggesting	

adhesion-based	 approaches	 are	 not	 truly	 effective	 for	 this	 purpose	 and	 be	 classed	 as	 “scale-out”	

rather	than	“scale-up”.	It	remains	to	be	seen	whether	these	types	of	approaches	can	be	used	on	the	

same	scale	as	current	bioreactor	methods.	
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6.6 Conclusions	
	

This	chapter	aimed	to	apply	the	conclusions	gained	from	the	culture	of	human	EC	cells	to	that	of	a	

true	embryonic	stem	cell	population.	This	was	to	be	completed	using	mouse	ESCs	with	the	view	to	

provide	proof-of	 concept	 for	 the	 culture	of	human	ESCs.	 The	3D-priming	protocol	optimised	using	

hEC	 cells	 was	 adapted	 for	 the	 culture	 of	 CGR8	 mESCs,	 and	 then	 cell	 growth,	 phenotype	 and	

differentiation	 capacity	 assessed	 both	 in	 vitro	 and	 in	 vivo.	 The	 process	 was	 indeed	 possible	 with	

mESCs,	 and	 culture	 was	 in	 fact	 able	 to	 proceed	 without	 gelatin,	 usually	 required	 to	 provide	

exogenous	control	of	self-renewal	in	2D.	Differentiation	capacity	of	the	cells	was	shown	both	in	vitro	

and	in	vivo.	This	showed	some	subtle	differences	in	cell	response	that	require	further	investigation;	

some	 increased	 sensitivity	 to	 morphogens	 was	 observed,	 nonetheless	 differentiation	 capacity	

enabled	 in	 the	 absence	 of	 gelatin.	 The	 resultant	 cell	 populations	were	 then	 subject	 to	 an	 in	 vitro	

alternative	to	the	teratoma	assay,	to	prove	that	a	“Tissue	Disc”	model	could	gain	comparable	results	

to	 that	 of	 the	 in	 vivo	 alternative.	 Spontaneous	 differentiation	 into	 all	 three	 germ	 layers	 was	

demonstrated,	 providing	 clear	 evidence	 that	 this	 approach	 has	 great	 value	 within	 pluripotency	

testing	of	 candidate	PSCs.	 Finally,	potential	developments	 to	 this	 technology	were	explored	 in	 the	

functionalisation	of	the	scaffolds	with	LIF,	and	through	the	scaling-up	of	the	process	to	yield	higher	

cell	 numbers	 for	 future	 use.	 Conjugation	 of	 LIF	 to	 the	 surface	 of	 Strata	 was	 possible	 and	 cell	

adhesion	was	observed.	Optimisation	of	 the	concentration	exposed	to	 the	cells	would	be	required	

for	 routine	 use,	 as	 the	 functional	 protein	 on	 the	 surface	 of	 the	 scaffold	 appeared	 to	 be	 more	

bioactive	 that	 its	 soluble	 counterpart.	 In	 terms	 of	 increasing	 the	 scale	 of	 the	 protocols	 presented	

here,	great	promise	was	shown	with	maintenance	of	growth	and	pluripotency	with	hEC	cells.	Further	

development	 would	 be	 required	 for	 the	 culture	 of	 ESCs,	 which	 appeared	 to	 be	 more	 sensitive	

assumed	to	be	due	to	the	decreased	media	availability	inherent	in	the	proposed	protocol.	Mannello	

and	 Tonti	 [418]	 suggested	 that	 there	 is	 still	 no	 clear	 way	 forward	 for	 a	 single	method	 to	 culture	

clinical-grade	PSCs.	Instead	it	needs	to	be	of	utmost	importance	to	remove	xeno	effects	from	culture	

conditions.	Especially	the	importance	of	ESC	derivation	is	stated,	that	methods	that	can	avoid	xeno	

use	 to	 isolate	 new	 lines	 will	 be	 a	 valuable	 tool	 for	 clinical	 applications,	 of	 which	 the	 approach	

presented	in	this	thesis	provides	great	promise.	

	

In	reference	to	the	hypotheses	made	at	the	outset	of	this	chapter,	evidence	shown	here	supports	all	

four.	 Culture	 of	 ESCs	 was	 possible	 upon	 Strata.	 This	 altered	 cell	 shape	 and	 capacity	 for	

differentiation.	Evidence	has	also	been	shown	for	potential	development	of	the	technology.	

	

In	conclusion,	this	chapter	has	resulted	in	the	ability	to	culture	mESCs	in	3D	in	the	partial	absence	of	

exogenous	 control,	 demonstrating	maintenance	 of	 pluripotency	 and	 differentiation	 potential	 with	

scope	 for	 future	development.	 This	provides	 the	basis	 for	application	 to	human	PSCs	 for	both	 the	

study	of	their	mechanotransduction	and	differentiation	for	both	in	vitro	investigation	and	a	potential	

xeno-free	growth	environment	for	clinical	use.		
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7 General	Discussion	and	Future	Work	
	
	
7.1 Key	Findings	
	

• Substrate	 topography	affects	pluripotent	 stem	cell	 growth	and	 the	 capacity	 for	 long-term	

maintenance	of	differentiation	potential	

• It	is	not	necessary	to	culture	PSCs	in	3D	for	prolonged	periods,	a	short	“priming”	period	has	

been	demonstrated	to	have	comparable	effects	of	differentiation	capacity	

• The	 cytoskeletal	 organisation	 of	 PSCs	 primed	 in	 3D	 is	 altered	 in	 the	 context	 of	 the	 actin	

cytoskeleton.	This	may	be	due	to	altered	actin	nucleation.	

• The	priming	process	can	be	applied	to	the	culture	of	alternative	PSC	populations.	

• In	3D,	mESCs	do	not	require	the	presence	of	exogenous	gelatin	 in	order	to	maintain	their	

differentiation	capacity	

• This	process	shows	promise	of	being	amenable	to	scale-up	and	further	development	of	the	

technology	through	protein	conjugation	methods	

	

In	the	introduction	to	this	research,	the	suggestions	were	highlighted	that	to	drive	forward	the	use	

of	 PSCs	 in	 regenerative	 medicine	 was	 an	 integration	 of	 cellular	 biotechnology,	 materials	 science,	

microscale	 technology,	 mechanobiology	 and	 advanced	 stem	 cell	 biology	 [3].	 The	 approach	

undertaken	here	applied	to	all	the	aforementioned	points,	combining	micro-nanoscale	topographies	

provided	by	a	polyHIPE	biomaterial	 to	 inform	upon	 the	 relationship	between	cell	 architecture	and	

differentiation	capacity.	

	

It	was	initially	shown	that	Alvetex®	substrates	could	provide	different	topographies	suitable	for	cell	

growth.	These	were	termed	according	to	their	void	size	and	showed	differential	capacity	to	support	

the	pluripotency	of	TERA2.cl.SP12	hEC	cells.	These	substrates	are	produced	from	the	same	material	

as	conventional	tissue	culture	plastic	and	show	a	stiffness	not	distinguishable	from	the	conventional	

substrate.	 Therefore,	 a	 material	 is	 provided	 by	 which	 the	 only	 alteration	 is	 the	 geometry	 of	 the	

underlying	growth	material.	This	 is	a	useful	 took	to	enable	the	 investigation	of	cells	cultured	using	

classical	 techniques	 in	a	directly	comparable	manner	to	elucidate	environmental	effects	upon	cells	

without	confounding	factors.	

	

Alvetex®	Polaris	was	 identified	as	 the	most	promising	 substrate	 for	 the	 long-term	maintenance	of	

PSCs.	However,	the	culture	of	hECs	over	multiple	passages	resulted	in	the	probable	differentiation	of	

the	PSCs.	Further	characterisation	would	confirm	this	observation,	but	still	highlights	the	importance	

of	substrate	topography	on	the	ability	to	maintain	plutipotency,	an	observation	suggested	within	the	

literature	 [175].	 Extension	 of	 this	 may	 be	 able	 to	 link	 the	 cytoskeletal	 dynamics	 of	 PSCs	 to	 their	

differentiation	state;	if	culture	upon	Polaris	was	confirmed	to	cause	cell	differentiation	then	it	would	

be	 hypothesised	 that	 the	 cytoskeleton	 would	 be	more	 developed	 upon	 adhesion.	 This	 again	 is	 a	

topic	 that	 is	 lacking	 in	 substance,	 with	 this	 3D	 culture	 system	 providing	 to	 tool	 by	 which	 to	
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investigate	the	relationship	between	cell	architecture	and	differentiation	status,	as	suggested	to	be	

required	for	further	understanding	of	PCS	biology	[295].		

	

The	culture	environment	was	then	re-visited	with	the	view	of	determining	if	differentiation	capacity	

could	still	be	enhanced	by	a	single	prolonged	exposure	to	the	substrate.	This	was	proven	to	be	the	

case	 with	 comparable	 differentiation	 to	 that	 previously	 described	 [194].	 This	 holds	 exceptional	

promise	 for	 the	 development	 of	 technology	 to	 reduce	 culture	 adaptation;	 known	 to	 alter	 cell	

function	through	adaptation	to	not	only	the	vastly	removed	conventional	physical	cues,	but	also	vital	

cell	processes	such	as	metabolism	and	karyotypic	changes	 [419].	Karyotypic	analysis	of	cells	would	

confirm	that	such	issues	are	not	present	in	the	culture	of	PSCs	using	this	system,	as	well	at	further	in-

depth	studies	of	metabolism,	which	itself	has	been	linked	to	the	pluripotent	cell	state	[420].	Indeed,	

the	 culture	environment	presented	here	has	opportunity	 to	be	enhanced	 further.	 By	 alteration	of	

media	 replenishments	 there	 may	 be	 scope	 to	 further	 reduce	 metabolic	 load	 on	 the	 cells	 whilst	

maintaining	their	functional	capacity.	

	

Cytoskeletal	dynamics	were	then	 investigated	to	determine	the	effect	by	which	cell	differentiation	

capacity	could	be	enhanced.	hEC	cells	appears	to	retain	a	 less	developed	cytoskeletal	architecture,	

clear	through	the	actin	cytoskeleton.	This	was	attributed	to	reduced	actin	nucleation,	an	observation	

that	to	the	best	of	current	knowledge,	has	not	been	previously	made.	Further	study	would	be	able	to	

link	 this	 observation	 to	 the	 adhesion	 and	 cell	 nucleus	 to	 further	 inform	 upon	 the	

mechanotransduction	 of	 PSCs.	 Identifying	 key	 effectors	 of	 cell	 behaviour	 within	 the	

mechanotranduction	signaling	networks	would	enable	the	targeted	design	of	biomaterials	for	both	

cell	maintenance	but	also	differentiation.	

	

A	 key	 area	 in	which	 further	 study	 should	 consider	 is	 that	of	 chromatin	 conformation.	 The	 striking	

observation	of	nuclear	size	reduction	after	3D	culture	suggests	compaction	of	the	genetic	material.	

Research	 is	 starting	 the	 further	 understand	 the	 implications	 of	 chromatin	 conformation	 in	 the	

maintenance	of	pluripotency	[421],	and	so	characterisation	in	this	system	would	provide	additional	

value.	

	

The	 culture	 environment	was	 then	 sought	 to	 be	 enhanced	 by	 the	 functionalisation	 of	 the	 culture	

substrate	with	LIF,	with	the	premise	of	reduced	batch-batch	variability	and	a	heightened	control	of	

cellular	behaviour.	It	appeared	as	though	the	active	molecule	was	required	in	much	smaller	amounts	

to	 maintain	 the	 expression	 of	 Oct4,	 with	 the	 original	 tested	 concentrations	 equating	 to	 that	 of	

conventional	conditions.	With	this	in	mind,	great	cost	could	be	saved	by	the	equal	exposure	of	cells	

to	 the	 bioactive	 proteins,	 vital	 for	 the	 development	 of	 new	 stem	 cell	 culture	 both	 in	 terms	 of	

optimisation,	but	also	characterisation	of	the	resultant	cell	populations.	

	



299	
	

Throughout	the	optimisation	of	 the	growth	of	PSCs	upon	Strata,	characterisation	of	differentiation	

has	 occurred	 through	 a	 novel	method	 first	 described	 in	 [194].	 This	 approach	uses	Alvetex®	 Strata	

(later	 altered	 to	 Polaris	 [267])	 as	 a	 support	 for	 the	 prolonged	 culture	 of	 EBs	 and	 consequently	

greater	differentiation	is	possible	in	vitro.	The	data	here	suggests	that	this	approach	can	come	to	the	

same	conclusions	as	 that	of	 the	 in	vivo	Teratoma	Assay.	There	 is	various	 literature	calling	 for	a	re-

consideration	of	the	use	of	animals	in	the	Teratoma	Assay	[266,361],	as	well	as	a	need	to	adhere	to	

the	3Rs	(Reduction,	refinement	and	Replacement	of	animals).	This	work	has	demonstrated	that	this	

approach	can	confirm	 the	differentiation	capacity	of	 two	unrelated	pluripotent	 cell	 lines	and	 is	an	

important	avenue	that	remains	in	further	development	as	a	powerful	tool	to	achieve	replacement	of	

the	“gold	standard”.	

	

Scaling-up	of	approaches	for	the	culture	of	PSCs	is	vital	and	its	automation	has	been	demonstrated	

using	conventional	tissue	culture	plastics	[416].	Therefore,	opportunity	may	be	had	to	complete	the	

same	 for	 the	approach	presented	here.	The	potential	 for	 this	has	been	shown	here,	although,	 the	

exact	scale	needed	for	use	in	therapeutics	would	likely	be	larger,	and	significant	development	would	

be	needed	 for	 the	automation	of	 the	cell	 removal	procedure.	Were	 this	 to	only	be	enzymatic,	 the	

approach	could	be	feasible.	

	

This	technology	also	holds	promise	for	cells	types	that	are	not	pluripotent	in	nature.	Previous	studies	

have	shown	that	long-term	maintenance	of	hepatocytes	is	possible	much	in	a	similar	manner	to	that	

presented	here.	This	resulted	in	increased	function	through	metabolic	studies,	and	was	postulated	to	

be	 linked	 to	 the	 phosphorylation	 state	 of	 key	 focal	 adhesion	 proteins.	 Current	 research	 is	

demonstrating	that	a	single-step	priming	period	again	may	be	sufficient	to	yield	the	same	effect.	The	

culture	of	hepatocytes	in	3D	is	largely	accepted	to	be	more	physiologically	relevant	[422],	and	their	

use	in	drug	discovery	testing	in	becoming	invaluable	[423].	

	

	
7.2 Key	Future	Work	
	

• Pluripotent	Stem	Cell	cytoskeletal	dynamics	

The	research	presented	here	provided	a	basic	insight	into	the	manner	in	which	PSCs	may	integrate	

cues	 from	 their	 physical	 microenvironment.	 To	 integrate	 the	 observations	 made	 further	

development	of	the	work	is	required.	This	includes	a	more	in-depth	study	of	the	specific	mechanisms	

by	 which	 the	 cells	 adhere	 to	 the	 culture	 substrate,	 in	 terms	 of	 integrins.	 This	 also	 included	

characterising	the	effects	upon	microtubules	and	intermediate	filaments	to	a	fuller	extent,	including	

their	 formation	 and	 break-down.	 Furthermore,	 the	 validation	 of	 these	 observations	 in	 true	

embryonic	 stem	 cell	 populations	 would	 be	 a	 significant	 step	 forward	 in	 viewing	 the	

mechanotransduction	of	PSCs.	Gene	expression	analyses	would	be	a	powerful	way	of	characterising	

this	in	a	time	efficient	manner,	and	completing	the	same	with	perturbation	of	the	system	similar	to	
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the	 manner	 presented	 in	 this	 research	 would	 allow	 for	 a	 functional	 understanding	 of	 the	

mechanisms	at	play.	

	

• Pluripotent	Stem	Cell	nuclear	dynamics	

This	 research	began	 to	make	observations	 concerning	 the	 cell	 nucleus	 to	begin	 to	understand	 the	

role	 the	 microenvironment	 played	 on	 gene	 expression.	 As	 suggested	 above,	 to	 make	 this	 more	

complete	further	characterisation	is	required,	particularly	concerning	the	LINC	complex.	Specifically,	

how	these	sets	of	proteins	may	be	working	to	transduce	the	reduced	polymeric	actin	present	in	3D	

cultured	cells	to	the	cell	nucleus.	 In	addition	to	this	the	chromatin	state	of	PSCs	 is	beginning	to	be	

understood	in	more	detail.	Considering	the	nuclei	of	3D-primed	PSCs	appears	much	more	compact	

than	those	conventionally	cultured,	 investigating	whether	the	genetic	material	 is	 taking	on	a	more	

tightly	packed	state	would	be	able	to	inform	whether	transcription	factors	are	more	or	less	able	to	

interact	with	DNA.	

	

• Cell-cell	signaling	in	PSCs	

It	 is	 hypothesised	 that	 the	 culture	method	 presented	 here	 results	 in	 an	 increased	 differentiation	

capacity	of	primed	cells	due	to	enhanced	cell-cell	contact.	This	was	correlated	here	in	the	context	of	

cell	confluency,	heightened	after	cell	priming	 in	3D;	an	 in-depth	characterisation	of	 the	expression	

and	 localisation	 of	 not	 only	 cadherin	 molecules,	 but	 alternative	 effectors,	 particularly	 Catenins,	

would	 be	 valuable.	 This	would	 provide	 insight	 of	 not	 only	 how	 substrate	 topography	 controls	 cell	

behaviour,	but	how	this	may	be	mediated	through	altered	inter-cellular	signaling	mechanisms.		

	

• Application	of	cell	priming	culture	method	to	alternative	pluripotent	cell	types	

The	priming	process	in	3D	was	applied	to	mouse	ESCs	in	this	work,	with	comparable	effect	as	far	as	

the	data	here	can	show.	Should	the	actin	dynamics	be	confirmed	to	be	altered	 in	a	similar	way	to	

that	shown	with	EC	cells,	it	would	be	of	great	relevance	to	apply	the	process	further	to	both	human	

ESCs	 and	 iPSCs.	 If	 the	 mechanisms	 observed	 are	 consistent	 across	 pluripotent	 lines,	 there	 is	 a	

stronger	 argument	 for	 considering	 the	 cellular	 cytoskeleton	 at	 all	 levels	 of	 study	 concerning	 the	

behaviour	of	PSCs.	

		

• Derivation	of	ESCs	and	Induced	PSCs	in	3D	

This	 thesis	 provides	 evidence	 that	 the	 cellular	 microenvironment	 used	 here	 can	 enhance	 the	

differentiation	potential	of	PSCs.	The	initial	derivation	of	ESCs	using	this	approach	may	be	a	valuable	

tool	to	consider.	If	cells	do	not	need	to	adapt	to	a	flat	culture	surface,	thereby	retaining	their	native	

cytoskeletal	architecture,	their	potency	may	be	enhanced	in	much	a	similar	way	to	that	investigated	

here.	Similarly,	this	method	may	be	a	way	to	enhance	the	reprogramming	efficiency	of	induced	PSCs,	

currently	 a	 limiting	 factor	 in	 their	derivation.	 Should	 cells	 be	 reprogrammed,	but	not	 also	have	 to	

adapt	 so	 harshly	 to	 culture	 conditions,	 this	 approach	 may	 provide	 a	 system	 in	 which	 to	 more	

reproducibly	 derive	 the	 cell	 types.	 This	 also	 provides	 scope	 to	 reduce	 cell	 culture	 adaptation	 that	
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hampers	 the	use	of	 PSCs	 in	 the	 clinic.	 If	 genetic	 changes	 can	be	prevented,	 populations	 are	more	

likely	to	succeed,	without	tumorigenic	effects	in	the	human	body.	

	

• Functionalisation	of	synthetic	scaffolds	for	maintenance	of	pluripotency	and	differentiation		

It	 was	 shown	 that	 it	 was	 possible	 to	 functionalise	 the	 synthetic	 scaffolds	 presented	 here	 with	

bioactive	 molecules,	 in	 this	 case	 LIF.	 Although	 future	 study	 would	 be	 required	 to	 optimise	 this	

process	 for	 routine	use,	 the	potential	 scope	 for	 the	system	 is	great.	Not	only	could	use	be	 for	 the	

maintenance	of	pluripotency,	but	also	the	directed	differentiation	of	cells,	whether	it	be	through	use	

of	 alternative	 scaffold	 formats	 or	 through	 the	 use	 of	 bioactive	 molecules	 to	 provide	 chemical	

gradients	for	differentiation	through	the	tissue	disc	model	presented	here.		

	

	

In	conclusion,	this	study	has	demonstrated	that	substrate	topography	can	affect	the	maintenance	of	

pluripotency	 and	differentiation	potential	 of	 PSCs.	 This	 research	has	 shown	 the	development	of	 a	

novel	method	to	“prime”	PSCs	in	3D	upon	Alvetex®	Strata	for	enhanced	differentiation	in	a	number	

of	downstream	applications.	This	has	also	been	applied	to	the	culture	of	an	alternative	pluripotent	

cell	 type	 with	 comparable	 effect.	 The	 cytoskeletal	 dynamics	 underlying	 this	 process	 have	 been	

investigated,	and	in	conjunction	with	the	above	described	future	work,	there	remains	the	possibility	

to	 expand	 upon	 the	 observations	 gleaned.	 This	 has	 important	 implications	 in	 understanding	 the	

culture	environment	of	 PSCs,	 and	 in	 their	maintenance	and	differentiation	 for	use	 in	 regenerative	

medicine.		
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