
	
	

	

Microscopy	of	Interactions	at	the		

Cell-Material	and	Cell-Matrix	Interface	

	

	

by	Catherine	Sarah	Hansel	
Supervisors:	Professor	Molly	Stevens	&	Professor	Tony	Cass	

	

	

	

	

Submitted	in	Accordance	with	the	Requirements	for	the	Degree	of	
Doctor	of	Philosophy	and	the	Diploma	of	Imperial	College	

	

	

The	Department	of	Chemistry	

Imperial	College	London	

	

September	2017	



	
	

2	
	

	
	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	



	
	

3	
	

Abstract	
	

This	 PhD	 project	 investigates	 how	 mechanical	 and	 biochemical	 cues	 from	 the	

microenvironment	regulate	fundamental	aspects	of	cell	behaviour,	using	both	synthetically	

and	 naturally	 derived	 systems,	 and	 places	 a	 particular	 emphasis	 on	 the	 application	 of	

microscopy	as	a	means	to	elucidate	these	interactions.		

	

Firstly,	porous	silicon	nanoneedle	(nN)	arrays	are	used	as	a	synthetic	material	to	study	cellular	

mechanotransduction;	 the	 mechanism	 by	 which	 cells	 transduce	 mechanical	 forces	 into	

biochemical	signals.	Nanoneedles	are	able	to	tightly	interface	with	cells	and	can	therefore	act	

as	a	tool	to	directly	probe	and	manipulate	cells.	The	interaction	between	nN	and	two	primary	

human	cell	 types	 is	assessed:	human	umbilical	vein	endothelial	cells	 (HUVECs)	and	human	

mesenchymal	 stem	 cells	 (hMSCs).	 In	 this	 work,	 nN	 are	 shown	 to	 interact	 with	 multiple	

organelles	 in	 primary	 human	 cells	 and	 these	 findings	 have	 implications	 for	 the	 design	 of	

nanomaterial	biointerfaces	to	study	and	influence	cell	behaviour	and	to	administer	cargo.		

	

Secondly,	 a	 naturally-cleaved	 extracellular	 matrix	 (ECM)	 protein	 fragment	 (laminin-β1	

fragment)	is	used	to	explore	how	cryptic	ECM	sites	affect	biochemical	signalling	pathways	in	

cells.	 The	 epithelial-to-mesenchymal	 transition	 (EMT)	 is	 initiated	 by	 transforming	 growth	

factor	 beta	 (TGF-β)	 in	 normal	 murine	 mammary	 gland	 epithelial	 (NMuMG)	 cells	 in	 the	

presence	and	absence	of	a	laminin	β1-fragment,	and	the	effects	of	the	laminin	β1-fragment	

on	EMT	are	explored.	This	 includes	an	assessment	of	 the	biochemical	 signalling	pathways	

involved	in	EMT,	and	cell	migration	studies.	By	studying	the	molecular	basis	of	EMT	through	

a	range	of	microscopy	techniques,	 insight	can	be	provided	 into	a	process	that	 is	pivotal	 in	

cancer	metastasis	and	that	is	a	feature	of	inflammatory	and	fibrotic	responses.		
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MT1-MMP		 membrane	type	1	matrix	metalloproteinase	

MTC	 magnetic	twisting	cytometry		

mTOR1	 mechanistic	target	of	rapamycin-1		

MTT	 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium	bromide		

N-cadherin		 neural	cadherin	

NF-κB		 nuclear	factor	kappa-light-chain-enhancer	of	activated	B	cells	

NIR	 near	infrared	

NMuMg	 normal	mouse	mammary	gland	epithelial	cell	line	

nN	 nanoneedle	

nN-B	 nanoneedle	bottom	technique	

nN-T	 nanoneedle	top	technique	

NPC	 neural	progenitor	cell	

NS	 nanostructure	

NW	 nanowire	

n-WASP	 neural-Wiskott-Aldrich	syndrome		

ONM	 outer	nuclear	membrane	

PAK2	 p21	activated	kinase	

PALM	 photoactivation	localisation	microscopy	

PAX	 paxillin	

PBS	 phosphate-buffered	saline		

PCL	 poly(e-caprolactone)		

PDGF	 platelet-derived	growth	factor		

PDMS	 poly(dimethylsiloxane)		
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PG	 proteoglycan	

PI	 phosphoinositide	

PI3K	 phosphatidylinositol-3-kinase		

PIP2	 phosphatidylinositol	4,5-bisphosphate		

PKC	 protein	kinase	C	

pPax	 phosphorylated	paxillin	

QD	 quantum	dot	

qPCR	 quantitative	polymerase	chain	reaction		

qRT-PCR	 quantitative	real-time	polymerase	chain	reaction	

Rac1	 ras-related	C3	botulinum	toxin	substrate	1	

Raf	 rapidly	accelerated	fibrosarcoma	

RAF6	 receptor-associated	factor	6		

RAP1	 ras-related	protein	1		

RARG	 transcription	factor	retinoic	acid	receptor	γ		

Ras		 GTP-binding	switch	protein	

RESOLFT	 reversible	saturable	optical	fluorescent	transitions		

RGD	 Arg-Gly-Asp		

RhoA	 ras	homolog	gene	family,	member	A	

RNA	 ribonucleic	acid	

ROCK	 rho-associated	protein	kinase	

ROS	 reactive	oxygen	species	

RSD	 relative	standard	deviation	

SAM	 self-assembled	monolayer		

SAPK	 stress	activated	protein	kinase	

SAV1	 Salvador	family	WW	domain	containing	protein	1	

SECM	 scanning	electron	confocal	microscopy	

SEM	 scanning	electron	microscopy	

SHCA	 Src	homology	2	domain	containing	transformin	A	

SIM	 structured	illumination	microscopy		

SIP-1	 smad-interacting	protein	

SLRP	 small	leucine-rich	repeat	proteoglycan	
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Smad	 small	mothers	against	decapentaplegic	

snai1	 snail	

snai2	 slug	

SOS	 son	of	sevenless		

SRF	 serum	response	factor	

SRI	 super-resolution	imaging	

SRM	 super-resolution	microscopy	

STAT	 signal	transducer	and	activator	of	transcription	

STED	 stimulated	emission	depletion	microscopy	

SUN	 Sad1p,	UNC-84		

SYNE1	 nesprin-1	

SYNE2	 nesprin-2	

TAILS	 terminal	amine	isotopic	labelling	of	substrates	

TAK1	 transforming	growth	factor-beta-activated	kinase-1		

TAMRA	 5	carboxy-tetramethylrhodamine	N-succinimidyl	ester		

TAZ	 transcriptional	coactivator	with	PDZ-binding	motif/	WWTR1	

TCF	 T-cell	transcription	factor	

TEAD	 TEA	domain	family	member	1	

TEM	 transmission	electron	microscopy	

TF	 transcription	factor	

TFM	 traction	force	microscopy		

TGF-β		 transforming	growth	factor-beta	

TGF-βR	 transforming	growth	factor-beta	receptor	

TIMP		 tissue	inhibitor	of	metalloproteinases	

TIRF	 total	internal	reflection	fluorescence	microscopy	

TNF-α		 tumour	necrosis	factor-α		

TOF	 time-of-flight		

TRAF6	 TNF	receptor-associated	factor	6		

UDP-GalNAz	 UDP-N-azidoacetylgalactosamine	

uPAR	 urokinase	receptor	

UV	 ultra-violet	
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VASP	 vasodilator-stimulated	phosphoprotein		

WASP	 Wiskott-Aldrich	syndrome	protein	

VCL	 vinculin	

WGA	 wheat	germ	agglutinin	

WIP	 WASP-interacting	protein	

VLS	 vapour-liquid-solid	

VNEA	 vertical	nanowire	electrode	array	

YAP	 yes-associated	protein	

ZO1		 zonula	occludens-1	or	tight	junction	protein-1	

ZYX	 zyxin	

	 	

	 	

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	
	

20	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	
	

21	
	

1. Introduction:	cells	and	the	extracellular	space	
	

Cells	 and	 the	 extracellular	 matrix	 (ECM)	 have	 a	 reciprocal	 relationship1.	 Cells	 deposit,	

maintain	 and	 remodel	 the	 ECM	 in	 order	 to	 maintain	 tissue-level	 structural	 integrity	 and	

functionality2,3.	In	return,	the	ECM	exhibits	physical	and	chemical	cues	which	influence	many	

cellular	functions;	such	as	cell	survival,	proliferation,	and	differentiation4,5.	Transmembrane	

integrin	proteins	interact	with	the	ECM,	inducing	a	number	of	biochemical	and	mechanical	

signalling	cascades	involving	focal	adhesion	(FA)	complexes	and	the	actomyosin	cytoskeleton.	

Some	of	these	structures	can	also	act	as	mechanotransducers6,	converting	the	applied	force	

into	biochemical	signals	(Figure	1.1).	Misregulation	of	matrix-cell	crosstalk	plays	a	major	role	

in	disease,	such	as	in	cancer	and	fibrosis3,7,	and	it	is	therefore	important	that	the	mechanisms	

involved	in	cell-matrix	crosstalk	are	understood.	

	

In	this	introduction,	the	ECM	and	the	organelles	which	are	connected	to,	and	affected	by,	the	

ECM	are	described.	These	organelles	include	integrins,	FAs,	the	actin	cytoskeleton,	the	linker	

of	nucleoskeleton	and	cytoskeleton	(LINC)	complex,	the	nuclear	lamina	and	the	nucleus.	Next,	

mechanotransduction,	the	mechanism	by	which	cells	sense	and	transduce	mechanical	forces	

into	biochemical	signals8,	is	explained	in	the	context	of	these	organelles.	Mechanical	forces	

originating	from	the	ECM	can	be	propagated	through	the	cell	 to	the	nucleus	via	the	ECM-

integrin-cytoskeleton	 link	 and	 certain	 proteins	 and	 structures	 unfold	 or	 change	 shape	 in	

response	to	this	force,	changing	their	binding	affinities	and	altering	signalling	pathways	as	a	

result.	Finally,	the	methods	to	study	mechanotransduction	and	cell-matrix	 interactions	are	

reviewed.	
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Figure	 1.1:	 Cell-extracellular	 matrix	 interactions.	 Cell	 fate	 and	 function	 can	 be	 controlled	 by	 extracellular	

mechanical	 forces	 and	 extracellular	 biological	 stimuli.	 Mechanical	 forces,	 such	 as	 fluid	 shear	 stress	 and	

mechanical	 strain,	 can	 activate	 specific	 cell	 signaling	 pathways.	 For	 example,	mechanical	 force	 can	 activate	

Rho/ROCK,	 inducing	contractile	F-actin	which	 results	 in	nuclear	 translocation	of	YAP/TAZ	and	 focal	adhesion	

formation9,	and	increased	levels	of	A-type	lamins	(lamin	A,C)10.	Extracellular	biological	stimuli	consist	of	stimuli	

such	as	ligand	binding,	cell-cell	and	cell-extracellular	matrix	(ECM)	interactions.	Transmembrane	integrins	play	

a	 key	 role	 in	 cell-ECM	 interactions	and	 ligand	binding.	 They	 can	activate,	 cluster,	 and	 recruit	 focal	 adhesion	

proteins	to	form	focal	adhesion	complexes	which	can	bind	to	the	actin	cytoskeleton.	Cell-cell	interactions	involve	

cell	adhesion	molecules	such	as	cadherins,	as	well	as	integrins.	

	

1.1 The	extracellular	matrix	

	

The	 extracellular	 matrix	 (ECM)	 is	 composed	 of	 a	 variety	 of	 proteins	 and	 polysaccharides	

secreted	by	cells	and	organised	into	a	meshwork	that	is	closely	associated	with	the	cells	that	

produced	 them.	 The	 ECM	 acts	 as	 a	 physical	 support	 for	 cells,	 and	 is	 also	 involved	 in	 the	

establishment	and	maintenance	of	differentiated	tissues	since	it	regulates	growth	factor	and	

receptor	levels,	hydration	levels	and	local	tissue	pH11,12.	Moreover,	the	ECM	contains	growth	

factor-	and	chemokine-binding	domains,	acts	as	a	complex	adhesion	surface	and	provides	

diffusion	 barriers	 between	 different	 cellular	 layers.	 Therefore	 the	 ECM	 is	 a	 specialised	

supramolecular	 structure	 which	 functions	 as	 a	 support	 for	 cells	 but	 can	 also	 directly	

participate	 in	cell	signalling13,14.	 Indeed,	the	ECM	plays	an	 important	role	 in	regulating	cell	

development,	function	and	homeostasis3,11,15,	and	tissue-specific	cell	behaviour	is	dictated	by	

the	mechanical	and	biochemical	properties	of	the	ECM.	The	basement	membrane	(BM)	is	a	
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specialised	form	of	ECM	which	covers	almost	all	organs	and	body	cavities	and	provides	both	

structural	and	functional	roles16–18.	

	

The	ECM	consists	of	over	300	proteins,	200	glycoproteins,	and	30	proteoglycans19.	The	ECM	

is	 primarily	 composed	 of	 two	main	 classes	 of	 macromolecules:	 fibrous	 proteins	 (such	 as	

collagens	 and	 elastin)	 and	 glycoproteins	 (such	 as	 fibronectin,	 proteoglycans	 (PGs)	 and	

laminin)11.	These	molecules	can	be	assembled	in	different	ways	to	produce	ECMs	with	unique	

compositions	 and	 topographies,	 reflecting	 the	 requirements	 for	 particular	 tissues20.	 The	

structural	properties	of	the	ECM	are	mainly	a	result	of	elastic	fibres	and	fibrillar	collagens2.	

Elastic	fibres	are	made	up	of	an	elastin	core	which	is	surrounded	by	a	sheath	of	microfibrils,	

and	they	enable	tissues	to	be	able	to	extend	and	recoil,	as	well	as	providing	chemical	and	

biological	stability21,22.	Collagen	fibres	provide	tissues	with	stiffness	and	strength,	and	they	

are	 able	 to	 remodel	under	 stress.	 Proteoglycans	provide	 the	higher	order	 ECM	structures	

around	cells.	A	basic	proteoglycan	unit	is	made	up	of	a	core	protein	covalently	bound	to	one	

or	more	glycosaminoglycan	(GAG)	chains.	GAGs	consist	of	a	long	negatively-charged	chain	of	

repeating	 disaccharide	 units	 with	 attached	 sulphate	 and	 carboxyl	 groups,	 they	 have	

biochemical	and	hydrodyanamic	characteristics	which	 sequestrate	grown	 factors	and	bind	

water	molecules,	 providing	 the	 ECM	with	 hydration	 and	 compressive	 resistance20.	Major	

GAGs	 include	heparan	sulphate,	chondroitin	sulphate,	dermatan	sulphate,	hyaluronan	and	

keratin	sulphate20.	Adhesive	glycoproteins	such	as	 fibronectin	and	 laminins	enable	cells	 to	

bind	to	the	ECM,	act	as	bridges	to	connect	to	the	supportive	ECM	network	and	also	connect	

the	ECM	to	soluble	molecules	within	the	extracellular	space20.	

	

1.2 Organelles	connected	to	the	extracellular	matrix	

	

A	 number	 of	 organelles	 are	 indirectly	 connected	 to	 the	 ECM	 through	 integrins,	 that	 are	

transmembrane	 proteins	 which	 bind	 to	 the	 ECM	 and	 the	 cell	 cytoskeleton.	 Integrins	 are	

physically	coupled	to	the	actin	cytoskeleton	with	the	help	of	focal	adhesion	(FA)	proteins.	The	

actin	cytoskeleton	is	linked	to	the	nucleus	via	the	linker	of	nucleoskeleton	and	cytoskeleton	

(LINC)	 complex	 and	 nuclear	 lamins	 (Figure	 1.2)23.	 Therefore,	 the	 nucleus	 is	 mechanically	

linked	to	the	ECM.	Changes	in	ECM	physical	and	biochemical	properties	can	therefore	affect	
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these	 organelles	 leading	 to	 altered	 cellular	 phenotype.	 Moreover,	 these	 organelles	 can	

directly	influence	the	ECM	in	return1.		

	

	
	

Figure	1.2:	The	extracellular	matrix	is	physically	connected	to	the	cell	nucleus,	adapted	from	P.	Meinke	et	al.	

Biochem.	Soc.	Trans.	39,	(2011).	The	cell	can	directly	interact	with	the	extracellular	matrix	(ECM)	via	integrins.	

Integrins	 can	 recruit	 focal	 adhesion	 (FA)	 complexes	 which	 can	 bind	 to	 the	 actin	 cytoskeleton.	 The	 nuclear	

envelope	consists	of	an	inner	and	outer	membrane	separated	by	perinuclear	space.	The	nuclear	pore	complex	

(NPC)	spans	the	inner	and	outer	membrane.	The	inner	nuclear	membrane	contains	proteins	such	as	emerin,	A-

type	 lamins,	SUN1,	SUN2,	nesprin-1	and	nesprin-2.	These	proteins	 form	the	LINC	complex	which	tethers	 the	

nucleoskeleton	to	the	cytoskeleton	via	the	nuclear	envelope.	Thus,	there	is	a	continuous	transmission	of	tension	

from	the	cytoskeleton	to	both	the	nucleus	and	ECM	receptors.	
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1.2.1 Integrins	

Integrins	are	the	main	cell	surface	receptors	involved	in	the	assembly	and	recognition	of	a	

functional	 ECM.	 Integrins	 are	 mechanically-functioning	 proteins	 which	 attach	 the	

cytoskeleton	to	the	ECM,	and	thus	transmit	signals	between	the	cell	and	the	ECM.	Integrins	

interact	with	 a	 variety	 of	 cell	 surface	 receptors,	 including	 growth	 factor	 receptors	 and	G-

protein	 coupled	 receptors,	 to	 regulate	 intracellular	 signalling	 pathways	 that	 control	 cell	

polarisation,	spreading,	migration,	survival,	and	gene	expression24.	An	integrin	is	made	up	of	

two	transmembrane	glycoprotein	subunits	known	as	the	α-	and	β-	subunits,	these	provide	a	

ligand	 binding	 head	 and	 two	 legs	 in	 the	 extracellular	 region,	 connected	 to	 a	 single	

transmembrane	helix	and	a	short	cytoplasmic	domain.	When	present,	the	A-domain	contains	

the	binding	site	 for	extracellular	 ligands25,26.	There	are	a	 total	of	25	 integrins,	made	up	of	

different	combinations	of	18	α-	and	8	β-subunits.	Integrin	composition	in	a	cell	determines	

which	ECM	components	that	cell	can	bind	to.		
	

Inactive	integrin	heterodimers	are	in	a	bent	V-shape	with	the	head	close	to	the	membrane-

proximal	regions	of	the	legs27.	This	conformation	is	maintained	by	an	α/β	salt	bridge	at	the	

inner	membrane	region	and	helix	packing	of	the	transmembrane	region28.	Integrin	activation	

involves	rapid,	reversible	conformational	changes	to	increase	ligand	affinity29–31.	This	involves	

the	complete	extension	of	the	extracellular	domains	and	the	separation	of	the	cytoplasmic	

leg	 domains32,33.	 Integrin	 activity	 is	 controlled	 by	 conformational	 changes34	 as	 a	 result	 of	

bidirectional	 signal	 transmission	 across	 the	 cell	 membrane	 (“inside-out”	 and	 “outside-in”	

signalling)	(Figure	1.3).	“Inside-out”	signalling	regulates	integrin-ECM	ligand	binding,	whilst	

“outside-in”	signalling	is	activated	on	adhesion	and	transduces	signals	from	the	ECM	into	the	

cell34–37.	“Inside-out”	signalling,	describes	how	intracellular	signals	can	be	transmitted	to	the	

outside	of	cells	to	regulate	the	adhesive	capacity	of	integrins.	Integrin	activation	is	an	example	

of	inside-out	signalling	and	this	is	initiated	by	disrupting	the	non-covalent	clasp	between	the	

integrin	α	and	β	cytoplasmic	tails34.	The	head	domain	of	the	cytoskeletal	protein	talin	binds	

to	the	integrin	β	cytoplasmic	tails	and	induces	integrin	activation	by	separating	the	α	and	β	

cytoplasmic	 tails38–40.	 During	 “outside-in”	 signalling,	 the	 ECM	 presents	 multiple	 integrin-

binding	sites,	inducing	integrin	clustering.	This	clustering	then	activates	a	number	of	signalling	

kinases	(e.g.	focal	adhesion	kinase	(FAK)	and	Src)	by	increasing	the	local	concentration	of	their	

signalling	components.	“Outside-in”	integrin	signalling	is	dependent	on	adaptors	or	scaffold	
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proteins	to	link	integrins	to	these	kinases	because	the	cytoplasmic	tails	of	integrins	have	no	

known	enzymatic	activity	41,42.	In	addition,	ligand	binding	can	cause	conformational	change	in	

integrins,	separating	the	α	and	β	cytoplasmic	tails,	enabling	the	recruitment	of	cytoplasmic	

proteins43–50.	 Therefore,	 “outside	 in”	 signalling	 can	 be	 transmitted	 by	 integrin	 clustering	

and/or	conformational	change51.	

	
	

	

Figure	1.3:	Integrin	activation,	modified	from	Shattil	et	al.,	Nat.	Rev.	Mol.	Cell	Biol.	11,	288–300	(2010)52,	with	

permission	from	Macmillan	Publishers	Ltd.,	copyright	2010.	Integrins	can	perform	“outside-in”	and	“inside-out”	

signalling.	“Outside-in”	signalling	involves	extracellular	ligand	binding,	which	changes	the	conformation	of	the	

integrin,	 and	 since	 many	 ligands	 are	 multivalent,	 contributes	 to	 integrin	 clustering.	 Integrin	 conformation	

change	and	clustering	leads	to	intracellular	signalling	pathways	which	control	cell	polarity,	cytoskeletal	structure,	

gene	expression	and	cell	survival	and	proliferation.	“Inside-out”	signalling	involves	an	intracellular	activator	(e.g.	

talin	or	kindlins)	which	binds	to	the	β-integrin	tail.	This	causes	a	conformational	change	which	results	 in	 the	

integrin	 having	 increased	 affinity	 for	 extracellular	 ligands;	 the	 integrin	 has	 been	 “activated”.	 “Inside–out”	

signalling	controls	adhesion	strength	and	allows	enough	interaction	between	integrins	and	extracellular	matrix	

(ECM)	proteins	to	enable	forces	to	be	transmitted	by	integrins	necessary	for	cell	migration	and	ECM	remodelling	

and	assembly.		

	

1.2.2 Focal	adhesions	

Since	 integrins	 lack	 enzymatic	 activity,	 signalling	 is	 induced	 by	 the	 assembly	 of	 signalling	

complexes	on	the	cytoplasmic	face	of	the	cell	membrane,	known	as	focal	adhesions	(FAs),	
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once	 they	 have	 matured.	 Focal	 adhesions	 are	 extremely	 complex,	 with	 2,412	 proteins	

identified	 within	 integrin	 adhesion	 complexes	 so	 far,	 and	 with	 many	 of	 these	 proteins	

exhibiting	multiple	protein-protein	interactions53–55.	Focal	adhesions	assemble,	disassemble	

or	mature	at	the	leading	edge	of	a	cell	and	disassemble	at	the	retracting	cell	rear	to	enable	

migration56.	 Focal	 adhesion	 assembly	 is	 highly	 regulated,	 with	 proteins	 being	 recruited	

sequentially57.	 The	 activated	 integrins	 cluster	 into	 unstable	 nascent	 adhesion	 structures58	

which	progress	to	dot-like	focal	complexes	which	can	mature	into	larger	FA	and	eventually	

result	in	fibrillary	adhesions	which	connect	the	integrins	to	the	actin	cytoskeleton59.	Some	key	

FA	proteins	include	focal	adhesion	kinase	(FAK),	talin,	vinculin,	and	paxillin.	Other	FA	proteins	

include	a-actinin	and	zyxin	(Figure	1.4).	

	

Integrins	initially	recruit	FAK	and	talin	to	nascent	adhesions.	The	ordering	of	these	events	has	

been	debated,	with	canonical	models	supporting	a	role	of	talin	in	mediating	FAK	localisation	

and	 activation	 at	 adhesions60–62.	 However	 there	 is	 also	 evidence	 that	 FAK	 promotes	 talin	

recruitment	to	nascent	adhesions,	occurring	independently	of	talin	binding	to	β1-integrins63.	

Focal	 adhesion	 kinase	 is	 an	 intracellular	 protein-tyrosine	 kinase	 which	 acts	 as	 a	 central	

mediator	of	signalling	in	integrins	and	other	cell	surface	receptors,	when	associated	with	the	

Src	tyrosine	protein	kinase64.	Talin	provides	the	initial	integrin-cytoskeleton	linkage	by	a	2-pN	

slip	bond	following	fibronectin	binding65.	The	integrin-cytoskeleton	linkage	is	followed	by	the	

rapid	 recruitment	 of	 proteins	 to	 the	 nascent	 adhesion.	 For	 example,	 talin	 induces	

conformational	changes	in	vinculin,	which	activates	vinculin	and	enables	it	to	target	FAs66,67	

and	 is	 also	 required	 for	 paxillin	 recruitment	 to	 FAs68.	 Vinculin	 is	 a	 key	 scaffolding	 protein	

which,	to	date,	has	been	shown	to	have	19	binding	partners	including	talin,	α-actinin,	paxillin,	

fibrous	 (F)-actin,	 vasodilator-stimulated	 phosphoprotein	 (VASP),	 Arp	 2/3,	 vinexin-α/β,	

catenin-α/β,	and	phosphatidylinositol	4,5-bisphosphate	(PIP2)69.	Paxillin	serves	as	a	docking	

protein	recruiting	signalling	proteins	to	FAs	and	regulates	cell	spreading	and	motility70.		
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Figure	1.4:	The	molecular	architecture	of	focal	adhesion	complexes,	modified	from	S.	K.	Mitra	et	al.,	Nat.	Rev.	

Mol.	 Cell	 Biol.	 6,	 56–68	 (2005)64,	 with	 permission	 from	 Macmillan	 Publishers	 Ltd.,	 copyright	 2005.	 The	

extracellular	 matrix	 (ECM),	 integrins	 and	 the	 cell	 cytoskeleton	 interact	 at	 focal	 adhesion	 (FA)	 sites.	 Focal	

adhesions	are	dynamic	groups	of	structural	and	regulatory	proteins	which	can	transduce	extracellular	signals	to	

the	cell	interior,	and	they	can	also	activate	integrins	by	relaying	intracellular	signals.	Focal	adhesion	kinase	(FAK)	

and	 talin	are	 initially	 recruited	 to	 focal	adhesions	and	 these	proteins	 then	enable	vinculin	and	paxillin	 to	be	

recruited.	α-actinin	binds	 to	 vinculin	 and	 crosslinks	 actomyosin	 fibres,	 causing	 them	 to	be	 tethered	 to	 focal	

adhesion	sites.	Zyxin	 is	an	α-actinin	and	cytoskeletal-binding	protein	 that	 is	present	 in	mature	contacts.	The	

membrane-associated	protein	tyrosine	kinase	Src	and	the	adaptor	proteins	p130Cas	only	associate	with	focal	

adhesions	following	integrin	clustering.		

	

1.2.3 The	actomyosin	cytoskeleton	

The	actin	cytoskeleton	is	connected	to	the	ECM	through	integrins	and	FAs.	This	is	necessary	

for	control	of	cell	protrusions	and	is	required	for	cellular	sensing	of	the	ECM	as	well	as	cell	

migration.	 Cell	 migration	 is	 a	 highly	 integrated	 multistep	 process	 regulated	 by	 multiple	
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signalling	pathways	which	 is	 essential	 in	 embryonic	morphogenesis	 and	 tissue	 repair,	 and	

drives	disease	progression	in	cancer,	atherosclerosis,	arthritis	and	mental	retardation71.	Cell	

migration	can	be	viewed	as	a	 cyclic	process72	 in	which	 the	cell	 first	polarises	and	extends	

protrusions	 in	 the	 direction	 of	migration.	Migrating	 and	 invading	 cells	 form	 a	 number	 of	

protrusive	structures	termed	filopodia,	lamellipodia,	invadopodia	and	podosomes	(Table	1.1)	
73.	These	protrusions	require	dynamic	actin	remodelling	and	this	is	controlled	by	regulatory	

proteins	 including	 nucleation-promoting	 factors,	 capping	 proteins	 and	 polymerases74,75.	

Global	structural	rearrangements	of	the	actin	cytoskeleton	in	response	to	external	signals	are	

triggered	 though	 a	 variety	 of	 cell-surface	 receptors	 which	 tend	 to	 converge	 on	 the	 Rho	

GTPases76.	 The	 most	 commonly	 studied	 mammalian	 Rho	 GTPases	 are	 Ras-related	 C3	

botulinum	toxin	substrate	1	(Rac1),	Cell	division	control	protein	42	homolog	(Cdc42)	and	Ras	

homolog	gene	family,	member	A	(RhoA)77.	RhoA	is	involved	in	FAs	and	is	a	regulator	of	cell	

contractility,	Rac1	is	involved	in	lamellipodium	formation	whereas	Cdc42	promotes	filopodia	

formation78.		

	

Table	 1.1:	 The	 properties	 of	 membrane	 protrusion	 structures,	 modified	 from	 D.	 A.	 Murphy	 and	 S.	 A.	

Courtneidge,	Nat.	Rev.	Mol.	Cell	Biol.	12,	413–426	(2011)79,	with	permission	 from	Macmillan	Publishers	Ltd.,	

copyright	2011.	

	

Name	 Description	 Location	 Dimension	 Pericellular	
proteolysis	

Duration		

Filopodia80,81	 Finger-like	 projections	 of	
parallel	 actin	 filament	
bundles	
	

Regions	of	
lamellipodia	

Width:		
0.1–0.3	µm	
Length:		
3	–10	µm	

No	 Minutes	

Lamellipodia80,81	 Surface-attached,	 sheet-
like.	 Branched	 actin	
filament	protrusions	
	

Leading	
edge	 of	 the	
cell	

Width:		
0.1–0.2	µm	

Minimal82	 Minutes83	

Podosome84	 Actin	 rich	 protrusions	
containing	 branched	 and	
unbranched	actin85		
	

Ventral	 cell	
surface,	
leading	edge	
of	the	cell	

Width:		
0.5–2	µm	
Length:		
>	2	µm	

Yes86,87	 Minutes	

Invadopodia84,88	 Actin	 rich	 protrusions	
with	 branched	 actin	 at	
the	 cell	 surface	 and	
unbranched	 actin	
filaments	 through	 the	
protrusion	tip89	

Ventral	 cell	
surface,	
under	 the	
nucleus	

Width:		
0.5–2	µm	
Length:		
>	2	µm	

Yes84,90–92	 Hours	
	



	
	

30	
	

Filopodia	and	lamellipodia	are	found	at	the	leading	edge	of	migrating	cells	and	they	control	

the	 direction	 of	 migration80,93.	 Filopodia	 are	 thin	 (0.1-0.3	 µm)	 plasma	 membrane-rich	

protrusions	consisting	of	tight	parallel	bundles	of	F-actin	which	cells	use	as	an	antennae	to	

interact	with	their	environment80.	They	play	a	role	in	migration,	adhesion	to	the	ECM,	wound	

healing,	 guidance	 towards	 chemoattractants,	 neuronal	 growth-cone	 pathfinding	 and	

embryonic	development94.	Filopodia	formation	is	 induced	by	the	small	GTPases	Cdc42	and	

RIF.	RIF	activates	actin	polymerisation	through	Dia2	formin,	whereas	Cdc42	might	regulate	

filopodia	 formation	 by	 activating	 actin-filament	 nucleation	 through	 Wiskott-Aldrich	

syndrome	 protein/neural-Wiskott-Aldrich	 syndrome	 (WASP/N-WASP)	 protein	 and	

membrane	deformation	through	 insulin	receptor	substrate	protein	of	53	kDa	(IRSp53)95,96.	

WASP	proteins	have	an	active	open	and	an	inactive	folded	conformation.	WASP	is	activated	

on	association	with	Cdc42	enabling	it	to	bind	to	the	Arp2/3	complex	and	enhancing	the	actin-

nucleating	 activity	 of	 the	 Arp2/3	 complex97.	 During	 filopodia	 formation,	 capping	 of	 actin	

filaments	is	protected	and	their	barbed	ends	are	clustered	together	by	tip-complex	proteins,	

such	as	ENA/VASPs,	Dia2	 formin	and	myosin-X80.	Filopodia	contain	receptors	 for	signalling	

and	ECM	molecules;	the	tips	and	shaft	of	filopodia	often	contain	integrins	and	cadherins98–

101.	 When	 a	 cell	 spreads,	 the	 initial	 adhesion	 sites	 are	 provided	 by	 filopodia	 containing	

integrins.	Following	this,	other	focal	adhesion	complex	components	(e.g.	talin,	FAK,	vinculin,	

paxillin)	are	recruited	to	these	sites,	forming	mature	FAs98.	

	

Lamellipodia	are	another	type	of	protrusive	actin	structure	at	the	leading	edge	of	a	motile	cell	

and	 filopodia	 are	 often	 found	 protruding	 from	 the	 lamellipodial	 actin	 network.	 A	

lamellipodium	is	a	thin	0.1-0.2	µm	sheet-like	protrusion	that	is	composed	of	a	branched	F-

actin	meshwork93.	As	with	filopodia	protrusions,	the	fast-barbed	end	of	actin	filaments	are	

oriented	 towards	 the	 plasma	membrane.	 The	 elongation	 of	 filopodia	 and	 lamellipodia	 by	

growth	of	the	barbed	end	of	actin	filaments	pushes	the	leading	edge	forward,	promoting	cell	

migration80.	Lamellipodia	are	formed	via	Rac	activation	of	WASP	family	members,	alongside	

PI(4)P-5	kinase,	which	generates	PI(4,5)P2	(a	form	of	PIP2)	which	can	cause	the	uncapping	of	

filaments	who	have	their	plus	end	bound	by	gelsolin	or	CapZ102,103.	This	provides	more	sites	

for	actin	assembly	near	the	cell	membrane	and	results	in	the	formation	of	lamellipodia	and	

membrane	ruffles.	
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Podosomes	and	invadopodia	arise	on	the	ventral	surface	of	the	cell	membrane.	They	act	as	

sites	 of	 attachment	 to	 the	 ECM	 and	 are	 involved	 in	 matrix	 degradation79.	 Specifically,	

invadopodia	are	found	 in	cancer	cells	whereas	podosomes	are	found	 in	highly	motile	cells	

(e.g.	mesenchymal	cells).	Growth	factors	such	as	platelet-derived	growth	factor	(PDGF),	TGFβ,	

and	epidermal	growth	 factor	 (EGF)	can	 induce	podosome	or	 invadopodia	 formation104–107,	

often	via	pathways	 involving	Src	tyrosine	kinase	and	protein	kinase	C	 (PKC)106,108.	Reactive	

oxygen	species	(ROS)	signalling109,	integrin	signalling86,110,	and	microRNA	control111,112	have	

also	been	shown	to	be	involved	in	podosome	and	invadopodia	formation79.		

	

Since	podosomes	and	invadopodia	play	a	role	in	ECM	degradation,	podosomes	are	found	in	

cell	types	involved	in	tissue	remodelling	and	immune	surveillance,	and	the	invadopodia	levels	

are	 correlated	 cancer	 cell	metastasis	 and	 invasion79.	 These	 structures	 contain	 three	main	

classes	of	proteases	which	assist	with	membrane	degradation:	MMPs,	the	cathepsin	cysteine	

proteases,	 and	 the	 serine	 proteases	 seprase	 and	 urokinase	 plasminogen	 activator113,114.	

Although	 podosomes	 and	 invadopodia	 are	 similar	 in	 structure	 and	 function,	 invadopodia	

protrude	further	into	the	ECM	and	are	stable	for	hours,	whereas	podosomes	tend	to	show	

minimal	protrusions	(dendritic	cells	can	form	long	podosomes86)	and	are	rapidly	turned	over;	

the	explains	why	cancer	show	higher	degradative	properties88.	Key	proteins	 in	podosomes	

and	invadopodia	include	the	adaptor	proteins	Tks4	and	Tks5,	the	actin	regulators	cortactin	

and	(N)-WASP,	the	tyrosine	kinase	Src,	and	the	membrane	type	1	matrix	metalloproteinase	

(MT1-MMP,	also	known	as	MMP-14)84,90–92.		

	

RhoA	 induces	myosin	 light	 chain	phosphorylation,	 leading	 to	 the	 formation	of	actin	 stress	

fibres,	 the	 major	 contractile	 structures	 in	 many	 cultured	 animal	 cells115,116.	 Stress	 fibres	

consist	of	bundles	of	10-30	actin	filaments	cross-linked	by	α-actinin	and	anchored	to	FAs116.	

It	has	been	debated	as	to	whether	stress	fibres	are	an	in	vitro	artefact	since	they	are	often	

seen	in	cells	grown	on	tissue	culture	whereas	they	are	rarely	seen	in	intact	tissues.	However,	

evidence	does	suggest	that	stress	fibres	are	seen	in	tissues.	For	example	stress	fibres	have	

been	observed	in	would	granulation	tissues117,118,	and	in	endothelial	cells	which	are	exposed	

to	high	velocity	 flow119	or	 from	hypertensive	animals120.	Therefore,	stress	 fibres	are	rarely	

found	 in	 vivo	 but	 do	 appear	 to	 arise	 in	 situations	 when	 cells	 experience	 high	 levels	 of	

mechanical	force.		
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Most	cellular	movements	depend	on	myosin	interacting	with	actin	stress	filaments.	There	are	

at	least	24	classes	in	the	myosin	family,	and	myosin	I	and	II	are	the	most	abundant,	present	

in	almost	all	eukaryotic	cells121,122.	Myosin	I	and	V	are	involved	in	interactions	between	the	

cytoskeleton	and	the	cell	membrane	(e.g.	transport	of	membrane	vesicles)123,124.	Myosin	II	is	

involved	 in	 muscle	 contraction	 and	 cytokinesis,	 the	 last	 stage	 of	 mitosis	 when	 the	 two	

daughter	cells	separate125,126.	Myosin	is	an	adenosine	triphosphate	(ATP)ase	that	moves	along	

actin	filaments	and	causes	conformational	changes	by	hydrolysing	ATP127.	Myosin	is	therefore	

a	motor	protein	since	it	converts	chemical	energy	into	mechanical	energy.	The	microtubule	

motors	kinesin	and	dynein	have	similar	properties	to	myosin128.	Myosins	are	composed	of	

one	or	 two	heavy	 chains	 and	 several	 light	 chains.	 The	heavy	 chains	have	 a	 globular	 head	

domain	 which	 contains	 actin	 and	 ATP	 binding	 sites	 and	 which	 is	 responsible	 for	 force	

generation.	The	head	domain	is	connected	to	the	α-helical	neck	region	which	associates	with	

the	light	chains.	The	light	chains	control	the	activity	of	the	head	domain	and	contain	binding	

sites	that	determine	the	specificity	of	the	myosin	since	the	head	domain	is	conserved	among	

the	myosin	family	members127.		

	

1.2.4 The	nucleus	

The	cytoskeleton	 is	connected	to	the	LINC	complex	which	 is	attached	to	the	 lamina	 in	the	

nuclear	 envelope	 (NE)	 (Figure	 1.2).	 The	 nuclear	 envelope	 consists	 of	 an	 inner	 nuclear	

membrane	(INM)	and	outer	nuclear	membrane	(ONM)	separated	by	a	40-50	nm	perinuclear	

space.	This	perinuclear	 space	 is	 interconnected	at	 the	nuclear	pores	and	 through	a	dense	

protein	network	known	as	the	nuclear	lamina129.	Nuclear	pore	complexes	are	multiprotein	

channels	 which	 control	 macromolecular	 trafficking	 across	 the	 nuclear	 envelope	 and	 the	

nuclear	lamina	lines	the	nuclear	face	of	the	INM.		

	

The	nucleus	is	connected	to	the	cell	cytoskeleton	by	the	LINC	complex130,	and	disruption	of	

the	LINC	complex	has	been	shown	to	affect	the	organisation	of	the	actin	cytoskeleton	as	well	

as	 cell	 mechanics131–133.	 Moreover,	 the	 LINC	 complex	 controls	 nuclear	 positioning	 during	

processes	 in	 which	 the	 nuclear	 position	 varies130,134	 such	 as	 cell	 division,	 migration	 and	

differentiation135,136.	The	LINC	complex	is	a	complex	of	proteins	composed	of	Sad1p,	UNC-84	

(SUN)-domain	 and	 Klarsicht,	 ANC-1,	 Syne	 Homology	 (KASH)-domain	 proteins	 which	 is	
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associated	 with	 both	 the	 INM	 and	 ONM137.	 SUN	 domain	 proteins	 associate	 with	 nuclear	

lamins	and	chromatin	and	cross	the	INM.	KASH-domain	proteins	interact	with	SUN	domain	

proteins	and	are	located	in	the	perinuclear	space	and	also	cross	the	ONM,	interacting	with	

the	cytoskeleton	and	cytoplasmic	organelles.	Nesprin	1	and	nesprin	2	(also	known	as	SYNE1	

and	SYNE2)	are	rod-like	nuclear	membrane	proteins	which	have	an	amino	terminus	with	an	

actin-binding	domain,	a	central	spectrin-like	domain	and	a	carboxyl	terminal	KASH	domain	

which	binds	to	SUN	proteins138.	Nesprin	1	and	2	connect	actin	filaments	to	SUN1	and	SUN2	

on	the	ONM	and	on	the	INM	SUN1	binds	to	lamin-A	and	the	nuclear	pore	complexes.	Nesprin	

3,	which	lacks	the	actin-binding	domain	found	in	nesprin	1	and	2	connects	to	the	cytosplasmic	

intermediate	filaments	by	associating	with	plectin	1,	SUN	1	and	SUN	2139,140.	ANC-1	attaches	

nuclei	to	the	cell	cytoskeleton	by	interacting	with	the	SUN	member	UNC-84.		

	

The	 nuclear	 lamins	 are	 type	 V	 intermediate	 filament	 proteins	which	 have	 a	 small	 “head”	

domain	connected	to	four	coiled-coil	regions	(1A,	1B,	2A,	2B)	connected	a	large	non-helical	

tail	domain	which	 is	organised	around	an	 immunoglobulin	 (Ig)-like	b-fold.	The	 tail	domain	

usually	contains	a	nuclear	localisation	sequence141.	Nuclear	lamins	provide	structural	integrity	

to	 the	 nuclear	 envelope,	 acting	 as	 “nuclear	 shock	 absorbers”142,	 contributing	 to	 nuclear	

stiffness143,144	 and	 nuclear	 stability145.	 Lamins	 are	 found	 in	 nearly	 all	 cell	 nuclei	 and	 are	

involved	in	nuclear	assembly	and	disassembly	during	mitosis146–148.	They	are	also	involved	in	

transcriptional	regulation	since	they	provide	anchoring	sites	for	chromatin	domains149	and	a	

number	of	regulatory	proteins	such	as	signalling	molecules	and	transcription	factors141.		

	

Lamins	can	be	described	as	A-	or	B-	type	lamins.	A-type	mammalian	lamins	include	lamin-A,	

lamin-C,	 lamin-C2	 and	 lamin-AD10	 are	 encoded	 by	 a	 single	 gene.	 Proteomics	 and	

transcriptomics	have	shown	that	 there	are	about	107	copies	of	A-type	 lamin	proteins	 in	a	

mouse	fibroblast	cell,	which	accounts	for	roughly	0.7%	of	the	cell’s	protein	mass,	and	around	

200	copies	of	the	LMNA	transcript.	Deoxyribonucleic	acid	(DNA)	methylation	is	not	a	major	

mechanism	 to	 control	 LMNA	 levels10,	 LMNA	 transcription	 is	 thought	 to	 be	 regulated	 by	

retinoic-acid	receptor	family	transcription	factors	(RAR	and	RXR	family	proteins10,150–153),	and	

the	resulting	mRNA	is	alternatively	spliced,	giving	the	lamin-A	and	truncated	lamin-C	forms.	

Lamin-A	expression	is	essential	for	maturation	and	survival	against	stress;	by	matching	to	the	

level	of	stress,	LMNA	can	favour	a	pre-specified	lineage10.	Indeed	LMNA	knockout	mice	are	
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able	to	develop	all	tissues	but	they	have	growth	retardation	of	connective	tissues,	a	severe	

form	of	muscular	dystrophy	and	die	weeks	after	birth154–156.	Mutations	in	A-type	lamin	genes	

(truncations	 or	 single	 amino	 acid	 substitutions)	 result	 in	 laminopathies	which	 can	 lead	 to	

serious	 disorders	 such	 as	 muscular	 dystrophy,	 cardiomyopathies,	 lipodystraphies	 and	

Hutchinson–Gilford	 progeria	 syndrome	 (HGPS)157,158.	 The	 three	mammalian	 B-type	 lamins	

include	lamin-B1,	lamin-B2	and	lamin-B3141.	Although	weakly	modulated,	the	B-type	lamins	

are	 important	 in	 embryonic	 development	 however	 LMNB	 knockout	 mice	 do	 survive	

embryogenesis159,	and	show	neuron	apoptosis159	when	the	nucleus	is	stretched	in	the	dense	

midcortex143.	 Interestingly,	embryonic	stem	cells	containing	no	lamins	can	be	cultured	and	

differentiated160	and	lamins	are	not	expressed	in	yeast	and	plants161.	

	

The	lamin	types	share	structural	features	and	show	some	similarities	in	amino	acid	sequence,	

but	they	have	different	post-translational	modifications;	B-type	lamins	have	a	permanently	

attached	farnesyl	group	whereas	this	is	cleaved	from	mature	lamin-A162,163.	The	A-	and	B-type	

lamins	have	different	turnover	rates	and	provide	different	structural	and	functional	roles	in	

the	nucleus164.	For	example,	lamins	-A	and	-C	are	important	contributors	to	the	mechanical	

stiffness	of	nuclei	whilst	lamin-B1	contributes	to	the	nuclear	integrity144.	Moreover,	lamin-A	

has	been	shown	to	exhibit	a	viscous	response	to	resist	deformation	whereas	lamin-B	exhibits	

an	elastic	response10,153,165.	When	aspirated	into	micropipettes	at	stresses	of	kPa	(similar	to	

the	tension	found	in	cells166),	nuclei	in	a	diverse	range	of	cell	types	extend	in	a	viscoelastic	

manner	within	just	~10	seconds,	and	a	greater	lamin	A:B	stoichiometry	was	shown	to	increase	

the	effective	viscosity	of	 the	nucleus	more	 rapidly	 than	 the	effective	elasticity.	Moreover,	

when	lamin-B	is	the	dominant	isoform	in	U251	cells,	the	nucleus	recovers	following	migration	

through	a	3	µm	pore,	whereas	when	lamin-A	is	the	dominant	isoform	the	nucleus	remains	

deformed165.	This	suggests	that	there	is	a	physical	distinction	between	the	two	isoforms,	with	

lamin-A	providing	viscosity	and	lamin-B	providing	elasticity	to	the	nucleus.	This	observation	

is	supported	by	fluorescence	correlation	spectroscopy	which	has	shown	lamin-A	to	be	mobile	

and	lamin-B	to	be	immobile149.	

	

Successful	migration	requires	cells	to	survive	large	distortions,	but	the	nucleus,	the	largest	

organelle	in	the	cell,	tends	to	be	stiff143,144,167.	It	has	been	shown	that	nuclear	dynamics	is	the	

rate	limiting	factor	when	cells	are	forced	to	squeeze	through	constrictions	which	are	smaller	
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in	 size	 than	 the	nucleus168,169.	 Interestingly,	 lamin-A-deficient	 cells	 have	more	deformable	

nuclei170	and	have	been	shown	to	pass	through	narrow	constrictions	significantly	faster	than	

wild	 type	cells	during	active	migration	and	passive	perfusion169.	When	 lamin-A	 is	 knocked	

down	 in	 granulocytes/monocytes	 their	migration	 increases	 several-fold	 through	 Transwell	

filters	with	smaller-sized	micropores	but	not	through	larger	pores153.	However,	these	results	

should	be	treated	with	caution	since	lamin	perturbations	result	in	altered	differentiation	state	

and	can	also	alter	the	cytoskeletal	factors	involved	in	migration10,153,171.	Interestingly,	cancer	

cells	have	been	shown	to	transverse	through	constrictions	more	easily	than	normal	cells,	and	

this	is	because	they	have	softer	nuclei	and	are	often	associated	with	lamin	mutations	(e.g.	

low	lamin-A	has	been	shown	to	correlate	with	the	recurrence	of	colon	cancer)169,172.	Although	

A-type	lamins	impede	3D	migration,	they	also	help	cells	survive	against	the	stresses	induced	

by	migration:	deep	lamin-A	knockdown	results	in	a	broad	range	of	defects	associated	with	

stress	resistance.	For	example,	HSP90,	which	contributes	to	repair	of	DNA	damage173,	can	be	

down-regulated	when	lamin-A	is	repressed165.		

	

1.3 Mechanotransduction	 and	 the	 cellular	 response	 to	 extracellular	

cues	

	

Mechanotransduction	describes	how	cells	sense	their	physical	3D	environment,	by	translating	

mechanical	forces	and	deformations	into	biochemical	signals.	These	biochemical	signals	elicit	

a	cellular	response,	for	example	a	change	in	migration,	proliferation	or	differentiation174,175.	

Dysfunctional	mechanotransduction	results	in	a	number	of	diseases	including	atherosclerosis,	

hypertension,	asthma,	osteoporosis,	and	cancer176.		

	

Mechanotransduction	has	been	described	by	means	of	an	architectural	model	of	cell	function	

called	 “tensegrity”,	 in	 which	 there	 is	 a	 continuous	 transmission	 of	 tension	 from	 the	

cytoskeleton	to	both	the	nucleus	and	ECM	receptors177.	Force	has	also	been	shown	to	initiate	

signals	 by	 unfolding	 individual	 protein	 domains	 and	 changing	 binding	 affinities,	 and	 the	

nucleus	 has	 been	 described	 as	 a	mechanosensor178.	 Finally,	mechanotransduction	 can	 be	

investigated	by	seeding	cells	on	materials	of	different	extracellular	stiffness	and	it	has	been	

shown	 in	 vitro	 that	 factors	 such	 as	 cell	 spreading,	 Yes-associated	 protein	 (YAP)	 and	
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transcriptional	coactivator	with	PDZ-binding	motif	(TAZ,	also	known	as	WWTR1)	activity,	FAs,	

myosin	 contractility,	 lamin-A	 levels,	migration,	 and	 cell	 cycle	 progression	 are	 sensitive	 to	

extracellular	stiffness4,10,166,179–184.	These	are	all	examples	of	cell	mechanotransduction	since	

the	cell	changes	its	phenotype	in	response	to	altered	extracellular	stiffness,	and	thus	altered	

extracellular	force.		

	

1.3.1 The	tensegrity	model		

It	has	been	proposed	that	the	cytoskeleton	acts	as	a	tensegrity	structure	within	the	cell,	and	

that	cells	consist	of	a	network	of	tense	cables	(contractile	microfilaments	and	intermediate	

filaments)	which	 are	 stabilised	 by	 compressed	 struts	 (microtubules	 and	 cross-linked	 actin	

bundles)	and	anchors	(adhesions	to	the	ECM	and	neighbouring	cells),	rather	like	a	tent185,186.	

The	tensegrity	model	predicts	that	the	cytoskeleton	is	in	a	state	of	tensional	“prestress”,	to	

enable	a	mechanical	force	balance	between	cytoskeletal	traction	forces	and	the	resistance	

force	from	the	ECM.	The	“hard-wired”	tensegrity	network	enables	mechanical	force	at	the	

cell	membrane	to	be	propagated	to	the	nucleus	via	the	actin	cytoskeleton	in	the	absence	of	

protein	polymerisation	and	chemical	based	diffusion174,187,188.	Compressive189	or	elongational	

forces187	 applied	 at	 the	 cell	 membrane	 can	 then	 lead	 to	 the	 immediate	 displacement	 of	

internal	 organelles187	 and	 deformation	 of	 the	 nucleus,	 altering	 nuclear	 morphology,	

chromatin	organisation,	and	epigenetic	status4,10,190–195.		

	

Indeed	studies	have	shown	that	pulling	on	 integrins	 induces	molecular	 realignment	of	 the	

actin	cytoskeleton	and	the	nucleus,	with	the	nucleoli	reorienting	along	the	field	lines	of	the	

applied	tension187.	Moreover,	a	force	that	is	applied	to	an	integrin	can	displace	mitochondria	

and	nuclei	20	µm	away196	and	this	is	lost	when	intermediate	filaments	are	disrupted187.	When	

mesenchymal	stem	cells	(MSCs)	are	cultured	on	soft	substrates,	they	show	a	wrinkled	and	

relaxed	nucleus	whereas	the	nuclei	are	taut,	smooth	and	flattened	on	stiff	substrates	due	to	

the	pull	from	stress	fibres10. 		

	

1.3.2 Force	and	the	extracellular	matrix-integrin-cytoskeleton	link		

Forces	 acting	 across	 ECM–integrin–cytoskeletal	 linkages	 are	 thought	 to	 initiate	 signals	 by	

unfolding	 protein	 domains	 and	 changing	 binding	 affinities.	 For	 example,	 force	 exposes	
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fibronectin	binding	sites	which	results	in	it	self-assembling	into	fibrils	on	stretching197,	and	it	

has	 been	 shown	 by	 fluorescence	 resonance	 energy	 transfer	 (FRET)	 that	 actomyosin-

dependent	 forces	 cause	 fibronectin	 to	 unfold	 within	 fibrils198,199.	 This	 unfolding	 process	

potentially	 regulates	 cell	 signalling	 processes	 since	 fibronectin	 displays	 a	 large	 number	 of	

molecular	 recognition	 site	 which	 may	 be	 altered	 by	 protein	 unfolding.	 The	 integrins	

themselves	undergo	conformational	changes	under	force;	pulling	forces	enhance	transition	

rates	to	high	affinity	conformations	that	stabilise	the	integrin-ligand	bond200	and	also	enable	

the	binding	of	new	ligands201,202.	 Interestingly	the	 increase	 in	binding	affinity	 is	even	more	

efficient	under	rapidly	applied	force,	and	is	further	enhanced	under	cyclic	forces203,	which	is	

important	for	rigidity	sensing.	

	

Lamellipodia	at	the	edge	of	the	cell	become	lamella	towards	the	centre	of	the	cells	and	these	

structures	show	different	magnitudes	of	force	transmission.	Cells	initially	adhere	to	the	ECM	

by	 forming	nascent	adhesions	within	 the	 lamellipodia	or	 filopodia	at	 the	 cell	periphery.	A	

small	number	of	nascent	adhesions	at	the	lamellipodium-lamella	boundary	undergo	a	force-

dependent	maturation	 process,	 where	 they	 become	more	 stably	 connected	 to	 the	 ECM,	

increase	in	size	and	become	elongated58,204.	Examples	of	force-dependent	maturation	include	

the	stretching	of	talin	which	enables	it	to	unfold	and	bind	to	vinculin205,206,	which	then	binds	

actin	 and	 reinforces	 the	 integrin-actin	 link207,208.	 Vinculin	 binding	 sites	within	 the	 rod	 are	

buried	within	helix	bundles,	but	the	in	vitro	stretching	of	these	domains	exposes	the	binding	

sites205,	 enabling	 vinculin	 to	 bind	 to	 F-actin	 contributing	 to	 tension-induced	 adhesion	

stabilisation207.	Moreover,	tension	causes	actin	filament	stabilisation	by	decreasing	the	rate	

of	spontaneous	depolymerisation209	and	by	reducing	its	sensitivity	to	cofilin	severing210	which	

can	influence	FA	lifetime	since	FA	stability	requires	actin	scaffolds211.		

	

Mature	FAs	elongate	in	the	direction	of	the	attached	stress	fibres,	most	likely	due	to	the	force	

transmitted	 through	 the	 stress	 fibres212–215.	 It	has	been	debated	whether	 focal	 complexes	

mature	into	FAs	in	response	to	external	force216–219	or	the	actin	cross-linking	that	is	induced	

in	response	to	force	via	α-actinin	and	myosin	II58.	Upon	maturation,	FAs	decrease	propulsive	

forces220	and	no	longer	grow	under	tension221.	Instead,	they	become	passive	anchorage	tools	

for	the	maintenance	of	a	spread	cell	morphology220	and	can	sustain	up	to	a	six-fold	increase	

in	external	force	load	without	elongating221.		
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The	actin	cytoskeleton	is	highly	important	in	the	cellular	response	to	mechanical	loads,	and	

this	 response	 is	 sensitive	 to	 the	 size,	 timing	 and	 direction	 of	 the	 loading.	 Force	 induces	

polymerisation	of	the	actin	cytoskeleton	and	the	fibrous/globular	actin	ratio	causing	nuclear	

translocation	 of	 the	 G-actin-associated	 transcriptional	 cofactor,	 megakaryoblastic	 acute	

leukaemia	factor-1	(MKL1)222.	MKL1	is	bound	to	G-actin	in	the	cytoplasm,	preventing	MKL1	

from	translocating	to	the	nucleus.	MKL1	is	able	to	translocate	to	the	nucleus	when	G-actin	

polymerises	into	F-actin,	since	this	causes	it	to	dissociate	from	G-actin.	MKL1	interacts	with	

SRF	 in	 the	 nucleus	 and	 this	 activates	 fibrotic	 gene	 programming,	 such	 as	 α-SMA	 gene	

expression,	 enabling	 myofibroblast	 differentiation223,224.	 The	 actin	 cytoskeleton	 exhibits	

viscoelasticity;	stress	application	causes	temporary	deformation	if	it	is	removed	quickly,	but	

permanent	 deformation	 if	 it	 is	 maintained.	 It	 initially	 shows	 strain	 stiffening	 to	 resist	

deformation	 and	 then	 relaxes	 passively	 via	 viscoelastic	 mechanisms225–227.	 When	 cyclic	

loading	is	applied	to	cells,	the	cytoskeleton	is	actively	remodelled	and	reoriented	and	this	is	

dependent	on	 the	magnitude	and	 frequency	of	 the	applied	 load228.	 It	must	be	noted	 that	

realignment	does	not	occur	on	highly	compliant	substrates229.		

	

1.3.3 Force	and	the	nucleus	

The	nucleus	has	been	proposed	to	act	as	a	cellular	mechanosensor,	with	extracellular	forces	

causing	changes	in	nuclear	shape	resulting	in	a	change	in	cell	phenotype	and	function.	The	

nucleus	has	an	elastic	modulus	of	1	−	10	kPa	(the	exact	result	depending	on	the	type	of	cell	

and	experimental	 technique	used	to	obtain	 the	measurements230–233)	and	has	consistently	

been	shown	to	be	2	 to	more	 than	10	 times	stiffer	 than	the	surrounding	cytoskeleton.	For	

example,	when	endothelial	cells	are	compressed	between	two	parallel	plates	and	the	nuclear	

and	cytoskeletal	deformation	is	measured,	the	nucleus	is	shown	to	have	an	effective	elasticity	

of	8	kPa	compared	to	just	0.5	kPa	for	the	cytoplasm230.	Although	the	nucleus	is	the	stiffest	

organelle	 in	 the	 cell,	 extracellular	 forces	 and	 strain	 result	 in	 clear	 nuclear	

deformations187,189,231.	 Nuclear	 size	 and	 shape	 can	 change	 drastically	 when	 the	 actin	

cytoskeleton	is	disrupted,	suggesting	that	the	nucleus	is	mechanically	constrained	in	cells.		

	

Strong	correlations	between	nuclear	shape	and	cellular	phenotype	have	been	shown.	Indeed	

collagen	synthesis	correlates	more	strongly	with	nuclear	shape	than	with	cell	shape234,	and	
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chondrocyte	nuclear	shape	correlates	with	changes	in	cartilage	composition	and	density189.	

Moreover,	 cells	 have	 been	 shown	 to	 undergo	 dramatic	 nuclear	 shape	 change	 during	

differentiation	 and	 maturation235.	 The	 cell	 phenotype	 changes	 during	 differentiation	

correlate	 with	 reduced	 chromatin	 movement236,	 upregulation	 of	 A-type	 lamin	

components237	 and	 alterations	 in	 nuclear	 shape	 and	 stiffness143.	 Changes	 in	 gross	 nuclear	

morphology	is	often	used	to	identify	cancerous	tissue238,239,	and	many	cancers	correlate	with	

changes	 in	 nuclear	 structural	 proteins.	 For	 example,	 lamin-A	 is	 overexpressed	 in	 ovarian	

cancers240;	lamin-B	levels	are	increased	when	prostate	cancer	tumours	differentiate241;	and	

changes	 in	 nuclear	 stiffness	 can	 be	 used	 to	mark	 increased	mobility	 of	 tumour	 cells	 and	

metastatic	 potential242,243.	 It	 has	 been	 proposed	 that	 changes	 in	 nuclear	 shape	 causes	

conformational	 changes	 in	 chromatin	 structure	 and	 organisation,	 directly	 affecting	

transcriptional	regulation235.	Indeed,	on	the	single-molecule	and	macromolecular	levels,	force	

has	 been	 shown	 to	 induce	 remodelling	 and	 disassembly	 of	 purified	 DNA,	 chromatin	 and	

chromosomes,	which	may	be	 required	 for	 transcription244,245.	A	modification	 in	 chromatin	

structure	 may	 increase	 and/	 or	 decrease	 the	 accessibility	 of	 certain	 genes	 to	 enable	

differentiation.		

	

The	nucleus	is	able	to	adapt	and	reorder	its	shape	and	mechanics	when	cells	are	exposed	to	

force.	 For	 example,	micropipette	 aspiration	of	 isolated	nuclei	 and	AFM	 studies	 show	 that	

nuclei	exposed	to	shear	stress	have	a	reduced	height	and	 increased	stiffness	compared	to	

non-sheared	 controls246,247.	 These	 results	 suggest	 that	 cells	 actively	 change	 their	 nuclear	

structural	 elements	 in	 response	 to	 force,	 however	 the	mechanisms	 involved	 are	 not	 fully	

understood.	 It	 remains	unclear	whether	direct	 force	or	 lamin	reorganisation	results	 in	 the	

reorganisation	of	genes	within	the	nucleus.	This	is	because	almost	all	INM	proteins	directly	

bind	 to	 A-	 and/or	 B-type	 lamins248,249,	 and	 the	 lamins	 have	 been	 implicated	 in	 chromatin	

organisation	and	regulation	since	they	are	physically	linked	to	DNA159,250–254.	As	well	as	being	

located	 at	 the	 nuclear	 periphery,	 lamins	 can	 form	 intra-nuclear	 structures	 which	 can	

modulate	 chromatin	 organisation255,256:	 several	 LMNA	 mutations	 are	 linked	 to	 a	 loss	 of	

heterochromatin257;	loss	of	lamin-B1	can	alter	the	positioning	of	chromosome	territories	in	

the	 nucleus258;	 and	 it	 has	 been	 suggested	 that	 a	 lamin-B1-dependent	 nucleoskeleton	 is	

necessary	for	RNA	synthesis259.	Moreover,	lamin-A	mutation	has	been	shown	to	affect	YAP-

dependent	mechanosensing	 in	myoblasts260,	 there	 is	a	 correlation	between	 lamin-A	 levels	
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and	matrix	 rigidity10,	 and	A-type	 lamin	knockdown	can	 result	 in	 impaired	NF-κB-regulated	

transcription170.	Finally,	lamin-A	interacts	with	the	cell	cycle	regulator	and	tumour	suppressor	

retinoblastoma	protein	 (pRb)261,262,	 and	 lamin-A	expression	 levels	 correlate	with	 the	DNA-

binding	and	transcriptional	activity	of	activating	protein	1	(AP-1),	which	in	turn	affects	cellular	

proliferation263.	Finally,	 it	has	been	shown	that	 lamin-A	and	emerin	regulate	MLK1	nuclear	

localisation	and	SRF	dependent	transcription171.		

	

1.3.4 Extracellular	matrix	stiffness	

Extracellular	matrix	stiffness	has	been	shown	to	affect	cell	signalling	pathways,	cell	phenotype	

and	 cell	 fate	 (Figure	 1.5).	 Indeed,	 when	 cells	 are	 seeded	 on	 softer	 gels	 that	 mimic	 the	

compliance	of	brain	or	fat,	neurogenesis	or	adipogenesis	are	maximised,	respectively4,264,265;	

when	 cells	 are	 cells	 are	 seeded	 on	 gels	 that	 are	 moderately	 stiff,	 mimicking	 muscle,	

myogenesis	 is	promoted266–268;	and	when	cells	are	seeded	on	gels	that	are	firm	mimicking	

pre-calcified	 bone,	 osteogenesis	 is	 optimised182,269,270.	 This	 is	 thought	 to	 be	 driven	 by	 cell	

shape,	which	can	influence	cell	fate	by	modulating	RhoA	activity190,	since	cells	are	balled	up	

on	soft	substrates	and	well-spread	on	stiffer	substrates.	Moreover,	the	nuclear	lamins	also	

play	a	role	in	controlling	cell	fate10.	On	soft	hydrogels,	the	extent	of	adipogenesis	is	doubled	

with	 lamin-A	knockdown,	 and	when	 stiff	 cells	 are	 combined	with	 lamin-A	overexpression,	

they	cooperate	and	osteogenesis	is	enhanced.	Stiff	substrates	also	cause	YAP	translocation	to	

the	nucleus4,	and	increase	the	protein	levels	of	cytoskeletal	components,	which	is	consistent	

with	greater	activity	of	T-cell	differentiation	protein	(MAL)	and	its	binding	to	serum	response	

factor	(SRF)171,271,	increasing	cytoskeletal	tension.	
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Soft	Matrix	 Stiff	Matrix	

Balled	up	cell	

Reduced	RhoA/ROCK	activity	

Cell	Spreading166,272	

Increased	RhoA/ROCK	activity9	

Phosphorylated	Myosin-IIA	

Unpolarised	myosin-IIB	

Low	myosin	contractility/	cytoskeletal	tension	

Dephosphorylated	Myosin-IIA273	

Polarised	myosin-IIB274	

High	myosin	contractility/	cytoskeletal	tension273	

Increased	A-type	lamin	turnover	

Low	A-type	lamin	

Less	spread	nucleus,	nuclear	softening	

Reduced	A-type	lamin	turnover10	

High	A-type	lamin10	

More	spread	nucleus,	stiffer	nucleus10	

Low	serum	response	factor	activity	

Cytosolic	RARG	and	YAP/TAZ	

High	serum	response	factor	activity171,271	

Nuclear	RARG10	and	YAP/TAZ166	

Minimal	focal	adhesion	formation	 Focal	adhesion	formation9	

Adipogenesis	 Osteogenesis166	
	

	
Figure	1.5:	Matrix	stiffness	affects	cell	signalling	pathways	and	cell	phenotype.	In	going	from	a	soft	to	stiff	matrix,	

cells	spread	and	show	increased	RhoA/ROCK	activity	with	higher	myosin	contractility	and	cytoskeletal	tension.	

This	 is	correlated	with	reduced	turnover	and	thus	higher	 levels	of	A-type	 lamin	which	causes	 the	nucleus	 to	

become	 stiffer.	 Stiff	matrices	 also	 cause	 higher	 activity	 of	 serum	 response	 factor,	 RARG	 and	 YAP/TAZ.	 YAP	

activity	has	been	linked	to	focal	adhesion	formation	on	stiffer	matrices.	Finally,	matrix	stiffness	can	determine	

cell	fate,	for	example,	soft	matrices	promote	adipogenesis	and	stiff	matrices	promote	osteogeneis.	

	
1.3.4.1 YAP/TAZ	cellular	mechanotransducers	

YAP	and	TAZ	have	been	shown	to	act	as	cellular	mechanotransducers,	as	well	as	transducers	

of	the	Hippo	pathway275,	allowing	cells	to	sense	and	adapt	to	their	physical	environment4.	

ECM	 stiffness	 and	 cell	 geometry	 can	 regulate	 YAP/TAZ	 activity	 and	 YAP/TAZ	 can	 sense	

cytoskeletal	 tension	and	mediate	cellular	mechanoresponses	 independent	 from	the	Hippo	

pathway4.	The	Hippo	pathway	controls	organ	size	by	regulating	cell	proliferation,	apoptosis,	
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and	self-renewal	of	stem	cells.	It	involves	a	key	kinase	cascade,	where	MEN-SIN-TAN	family	

1/2	 (Mst1/2,	 ortholog	 of	 Drosophila	 Hippo)	 kinases	 and	 Salvador	 Family	 WW	 Domain	

Containing	 Protein	 1	 (SAV1)	 form	 a	 complex	 to	 phosphorylate	 and	 activate	 Large	 Tumor	

Suppressor	Kinase	1/2	(LATS1/2).	LATS1/2	kinases	in	turn	phosphorylate	and	inhibit	YAP	and	

TAZ.	YAP/TAZ	are	able	to	translocate	to	the	nucleus	when	they	are	dephosphorylated,	and	

here	they	 interact	with	TEA	domain	 family	member	1-4	 (TEAD1-4)	and	other	 transcription	

factors	to	induce	expression	of	genes	that	promote	cell	proliferation	and	inhibit	apoptosis276.		

	

YAP/TAZ	 transcriptional	 activity	 has	 been	 monitored	 in	 human	 mesenchymal	 stem	 cells	

(hMSCs)	grown	on	hydrogels	of	various	stiffness	(elastic	moduli	ranging	from	0.7-40	kPa,	as	

found	 in	natural	 tissues)166.	 The	YAP/TAZ	 regulated	genes	connective	 tissue	growth	 factor	

(CTGF)	and	Ankyrin	Repeat	Domain	1	(ANKRD1)	were	monitored	by	real-time	PCR	and	it	was	

shown	 that	YAP/TAZ	activity	 correlated	with	 substrate	 stiffness.	Moreover,	 YAP/TAZ	were	

localised	in	the	cytosol	on	soft	substrates	whereas	they	were	localised	in	the	nucleus	on	stiffer	

substrates.	Thus,	YAP/TAZ	activity	and	subcellular	location	is	regulated	by	ECM	stiffness.		

	

ECM	stiffness	also	affects	cell	spreading166,272.	Micro-patterned	fibronectin	islands	of	defined	

size	were	used	to	control	cell	spreading,	and	it	was	shown	that	YAP/TAZ	was	nuclear	in	spread	

cells	and	cytoplasmic	in	confined	cells.	The	use	of	adhesive	islands	allowed	single	cell	analysis	

and	showed	that	cell-cell	contacts	were	not	involved	in	YAP	localisation	(cell-cell	contacts	lead	

to	activation	of	Hippo/LATS	signalling)277.	Moreover,	by	seeding	hMSCs	on	micropillars,	where	

they	have	controlled	contact	to	ECM	levels,	it	was	shown	that	YAP/TAZ	are	primarily	regulated	

by	 cell	 spreading	 imposed	 by	 the	 ECM4.	 Since	 cell	 spreading	 activates	 Rho	 GTPase	 and	

remodelling	of	the	actin	cytoskeleton8,278,	Rho	and	actin	were	inhibited	and	it	was	shown	that	

Rho	and	the	actin	cytoskeleton	are	required	to	maintain	nuclear	YAP/TAZ	in	hMSCs4.		

	

A	model	 has	 been	 suggested	 for	 YAP/TAZ	mechanosensing	which	 involves	 two	 upstream	

pathways	 partially	 overlapping	 with	 the	 Hippo	 pathway.	 Firstly,	 it	 is	 believed	 that	 small	

GTPase	Rho	indirectly	controls	YAP/TAZ	nuclear	localisation	by	promoting	the	formation	of	

actin	 bundles	 and	 stress	 fibres	 in	 response	 to	 cell	 spreading190,279.	Moreover,	 YAP/TAZ	

upstream	kinase	LATS	is	targeted	by	integrin-FAK	signalling	through	Src280.	It	has	recently	

been	 demonstrated	 that	 YAP	 localisation	 is	 controlled	 by	 cell	 area	 through	 Rho/ROCK	
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activation	 and	 is	 independent	 of	 FA	 formation.	 YAP	 then	 transcriptionally	 controls	 FA	

formation	and	cytoskeleton	stability,	which	determines	cell	mechanics	and	cell	adhesion	to	

the	ECM9.	

	

1.3.4.2 A-type	lamins	

A-type	lamins	have	been	shown	to	act	as	mechanosensors.	Swift	et	al.	have	used	proteomic	

profiling	 to	 examine	whether	 the	 nuclear	 lamina	 is	 involved	 in	 sensing	 tissue	 elasticity	 in	

differentiation	by	culturing	cells	on	soft	and	stiff	gels.	This	was	also	investigated	 in	vivo	by	

growing	human-derived	U251	glioblastoma	tumours	in	the	brain	and	in	subcutaneous	flank	

sites	 of	 nude	 mice10.	 Proteomic	 analysis	 has	 shown	 that	 A-type	 lamin	 protein	 levels	 are	

upregulated	 on	 stiff	 substrates	 (40	 kPa)10.	 Indeed,	 lamin-A	 was	 found	 to	 increase	

systematically	30-fold	from	soft	to	stiff	tissue,	lamin-B1	differed	by	less	than	threefold,	and	

lamin-B2	 varied	 even	 less.	 This	 is	 consistent	 with	 B-type	 lamins	 being	 constitutively	

expressed281.		

	

In	addition,	the	extent	of	A-type	lamin	phosphorylation	is	decreased	at	four	sites	on	a	stiff	

substrate.	Intermediate	filament	proteins	use	phosphorylation	as	a	key	method	to	alter	their	

conformation,	organisation	and	solubility282.	For	example,	lamins	are	highly	phosphorylated	

during	 mitosis,	 which	 enables	 lamina	 disassembly	 in	 preparation	 for	 chromosomal	

separation148,283.	 The	 decreased	 phosphorylation	 of	 A-type	 lamins	 on	 stiff	 substrates	

decreases	their	solubility	and	strengthens	the	lamina	as	a	result.	Indeed,	A-type	lamins	show	

greater	phosphorylation	on	soft	substrates	(0.3	kPa),	which	promotes	its	disassembly284	and	

turnover285.	A-type	 lamins	are	 rapidly	phosphorylated	 in	 response	 to	 reduced	cytoskeletal	

tension	and	thus	levels	of	A-type	lamin	and	myosin-IIA	are	co-regulated	in	response	to	matrix	

elasticity.	 Tension-dependent	 stabilisation	 of	 A-type	 lamin	 and	 myosin-IIA	 can	 therefore	

couple	nuclear	and	cell	morphology	downstream	of	matrix	mechanics.	It	has	been	argued	that	

a	feedback	mechanism	occurs	by	which	lamin	can	promote	its	own	transcription	since	lamin-

A	 levels	have	been	 shown	 to	drive	 the	 translocation	of	 the	 lamin-promoting	 transcription	

factor	retinoic	acid	receptor	γ	(RARG)	to	the	nucleus,	activating	the	retinoic	acid	signalling	

pathway10.		
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Extracellular	matrix	stiffness	has	also	been	shown	to	affect	A-type	lamin	accessibility192.	At	

least	two	N-	and	C-terminal	A-type	lamin	epitopes	are	not	accessible	at	the	basal	side	of	the	

nuclear	envelope	under	environmental	conditions	known	to	upregulate	cell	contractility192.	

Other	lamin-type	antibodies	(A,	C	and	B1)	showed	no	preference	in	basal	or	apical	staining.	

The	conformational	epitope	on	the	Ig-domain	of	A-type	lamins	is	more	buried	in	the	basal	

than	apical	nuclear	envelope	of	hMSCs	undergoing	osteogenesis,	and	in	fibroblasts	adhering	

to	 rigid	 polyacrylamide	 hydrogels.	 This	 is	 not	 seen	 in	 hMSCs	 undergoing	 adipogenesis	 or	

fibroblast	adhering	to	soft	gels.	This	phenomenon	was	shown	to	emerge	during	cell	spreading,	

was	promoted	by	compressive	forces,	and	it	required	A-type	lamin	multimerisation,	an	intact	

LINC	complex,	and	apical-actin	stress-fibre	assembly192.	The	C-terminal	A-type	lamin	epitope	

overlaps	with	emerin,	DNA	and	histone	binding	sites,	and	has	mutation	sites	responsible	for	

various	 laminopathies	 (e.g.	muscular	 dystrophy,	 lypodystrophy	 and	 generalised	metabolic	

syndrome),	and	A-type	lamin	is	key	in	tethering	peripheral	heterochromatin	to	the	nuclear	

envelope	during	differentiation250,286–288.	Therefore,	the	nuclear	envelope	may	make	A-type	

lamin	epitopes	inaccessible,	as	part	of	the	mechanoregulation	of	transcription	processes.	

	
	

1.4 Methods	 to	 study	 mechanotransduction	 and	 cell-matrix							

interactions	

	

In	vivo,	 cells	are	continually	 responding	to	a	dynamic	environment.	For	example,	cells	can	

reorganise	their	cytoskeleton	and	modify	their	function	in	response	to	physical	and	chemical	

stimuli.	Cells	can	sense	their	environment	by	exerting	minute	forces	at	sites	of	cell	adhesion	

and	 this	 leads	 to	 the	 transduction	 of	 signalling	 pathways	 which	 result	 in	 altered	 cell	

phenotype.	An	absence	of	appropriate	physical	cues	also	leads	to	altered	cell	function,	and	

this	can	be	observed	when	isolated	cells	are	seeded	on	tissue	culture	plastic	in	vitro;	a	number	

of	 cell	 types	 dedifferentiate,	 and	 stem	 cells	 have	 been	 shown	 to	 lose	 their	 self-renewal	

capacity289.		

	

Therefore,	 materials	 have	 been	 designed	 to	 assess	 cell-environment	 interactions.	 Such	

materials	 include	 2D	 gels,	 3D	 hydrogels,	 arrays	 of	 one	 dimensional	 micro-	 and	 nano-

structures,	 and	 microcontact	 printing.	 As	 well	 as	 designing	 materials	 to	 understand	 cell-
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matrix	 interactions,	 bioengineered	 devices	 have	 also	 been	 designed	 to	 investigate	 the	

biophysical	parameters	that	control	cell	mechanotransduction,	and	cellular	interactions	with	

surface	 chemistry	 and	 surface	 topography.	 Devices	 have	 been	 developed	 to	 assess	 and	

manipulate	cell	adhesion	as	well	as	to	apply	and/or	detect	pico-Newton	forces	that	mimic	the	

forces	experienced	by	cell	receptors.	Commonly	used	techniques	 include	optical	tweezers,	

magnetic	tweezers,	atomic	force	microscopy	(AFM),	magnetic	twisting	cytometry	(MTC)	and	

magnetic	 pulling	 cytometry	 (MPC),	 traction	 force	 microscopy	 (TFM),	 arrays	 of	 one	

dimensional	micro-	and	nano-structures,	and	super-resolution	microscopy290.	

	

1.4.1 Materials	to	assess	surface	chemistry	

Cells	are	sensitive	to	the	surface	chemistry	of	a	material,	with	surface	chemistry	affecting	cell	

adhesion	and	cell	differentiation	pathways.	Cell	adhesion	depends	on	the	hydrophobicity	of	

the	chemical	structures	at	the	surface	of	a	material.	This	is	because	hydrophobicity	dictates	

the	adhesion	of	serum	proteins	to	the	surface,	and	the	serum	proteins’	chemical	groups	can	

impact	cell	behaviour.	 Indeed,	cell	adhesion	and	cell	 fate	have	been	directed	using	simple	

functionalities	on	 silane	 surfaces291,292.	 It	has	been	demonstrated	 that	 -NH2	 functionalised	

surfaces	show	the	greatest	level	of	cell	adhesion	and	favour	osteogenesis.	In	comparison,	-

COOH	 functionalised	 surfaces	 showed	 different	 cell	 morphology,	 altered	 fibronectin	 and	

vitronectin	spatial	distributions,	and	favoured	chondrogenic	differentiation,	since	there	was	

an	increase	in	Collagen	II	expression291.	Following	28	days	of	hMSC	incubation	on	the	different	

surface	chemistries	in	basal,	chondrogenic	and	osteogenic	stimulated	media,	the	CH-3	surface	

and	clean	glass	control	maintained	an	MSC	phenotype;	the	-NH2	and	-SH	surfaces	promoted	

and	maintained	osteogenesis	both	in	the	presence	and	absence	of	biological	stimuli,	and	the	

-OH	 and	 -COOH-modified	 surfaces	 promoted	 and	maintained	 chondrogenesis	 under	 both	

basal	 and	 chondrogenic	 stimulated	 conditions292.	 In	 addition,	 simple	 chemical	 group	

incorporation	 (–NH2,	 t-butyl,	 phosphate,	 –F,	 and	 –COOH)	 into	 a	 polymer	 hydrogel	 can	

influence	stem	cell	differentiation,	and	hydrophobic	functional	groups	such	as	t-butyl	have	

been	shown	to	induce	an	adipogenic	phenotype,	whereas	charged	functional	groups	such	as	

the	 phosphate	 group	 promoted	 osteogenesis,	 and	 acid	 functionalisation	 favoured	

chondrogenesis293.	Finally,	large	arrays	of	polymers	have	been	functionalised	on	glass	slides	

to	assess	polymers	with	differentiation	inducing	properties294,295,	and	this	has	been	used	to	
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demonstrate	that	human	embryonic	stem	cells	favour	substrates	generated	from	monomers	

with	high	acrylate	 content,	with	a	moderate	wettability	and	which	utilise	αVβ3	and	αVβ5	

integrin	 engagement	 with	 adsorbed	 vitronectin295.	 A	 next	 step	 will	 be	 to	 synthesise	 3D	

scaffolds	with	spatially	controlled	chemical	functionalities	in	order	to	control	stem	cell	fate	in	

a	more	in	vivo-like	environment.	

	
1.4.2 Materials	to	assess	topographical	cues	

Topographical	cues	have	also	been	shown	to	affect	cell	adhesion	and	stem	cell	fate	in	vitro.	

For	example,	endothelial	cells	spread	to	a	greater	extent	on	nanometrically	high	polymer	de-

mixed	islands	of	13,	35	and	95	nm	compared	to	flat	surfaces	of	similar	chemistry296.	Moreover,	

vertebrate	 cell	 adhesions	 have	 been	 shown	 to	 react	 to	 silica	 with	 fabricated	 nanometric	

features;	 with	 enhanced	 adhesion	 at	 cliff	 edges	 and	 decreased	 cell	 adhesion	 on	 ordered	

arrays	of	pits	or	pillars297.	In	line	with	this,	fibroblast	cells	also	show	reduced	adhesion	and	

spread	area	on	ordered	nano	pits	compared	to	flat	substrate	controls,	with	a	disruption	in	

cytoskeletal	organisation	and	a	decrease	in	the	size	and	number	of	FA298.	

	

Indeed,	 highly	 ordered	 topographical	 surface	 patterns	 tend	 to	 show	 low	 cell	 adhesion	

whereas	random	sub-μm	roughened	substrates	can	control	MSC	differentiation	relative	to	

flat	controls299.	Flat	controls	and	random	and	ordered	pits	 (120	nm	diameter	and	100	nm	

depth)	do	not	impact	MSC	differentiation,	whereas	disordered	pits	in	a	square	arrangement	

(±20	and	±50 nm	offset)	show	bone	differentiation	to	a	similar	extent	as	MSCs	treated	with	

soluble	chemical	(dexamethasone	and	ascorbate)	treatment300.	Interestingly,	high	control	of	

order	in	pitted	features	has	been	shown	to	maintain	MSC	growth	for	over	eight	weeks,	and	

this	could	be	utilised	in	the	production	of	large	numbers	of	high-quality	stem	cells301,302.	

	

Topography	has	also	been	used	to	differentiate	MSCs	towards	a	neural	lineage.	Engineered	

nanochannels	 cause	 cells	 to	 spread	 directionally,	 and	 have	 been	 shown	 to	 increase	MSC	

expression	of	the	neuronal	marker	microtubule-associated	protein	2	(MAP2)303.	Moreover,	

parallel	microgrooves	have	been	shown	to	enhance	 the	directed	differentiation	of	cardiac	

progenitors	into	cardiomyocyte-like	cells	using	a	lentivirus-mediated	direct	reprogramming	

approach304.	 The	 cells	 aligned	 with	 the	 microgrooved	 substrate,	 mimicking	 the	 native	

ventricular	myocardium,	and	the	microgrooved	substrate	caused	an	increase	in	histone	H3	
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acetylation,	 favouring	 “stemness”	 factors	 for	 reprogramming,	 and	 also	 stimulated	 the	

myocardin	 sumoylation	 post-translational	 modification	 necessary	 for	 the	 transcriptional	

function	of	this	crucial	co-activator.		

	

1.4.3 Materials	to	assess	mechanotransduction		

1.4.3.1 2D	gels	and	3D	hydrogels	

Matrix	 stiffness	 has	 been	 shown	 to	 control	 stem	 cell	 differentiation,	with	 softer	matrices	

favouring	 adipogenesis	 and	 harder	 matrices	 favouring	 osteogenesis166.	 Materials	 with	

tunable	 stiffness	 have	 been	 designed	 to	 assess	 this,	 including	 ECM	 protein-based	 gels,	

polysaccharide-based	 alginate	 gels,	 and	 non-natural	 polymeric	 gels	 (e.g.	 polyacrylamide)	

coated	with	ECM	proteins.	Non-natural	polymeric	gels	are	chemically	inert	and	they	therefore	

need	to	be	coated	with	ECM	proteins	to	enable	cell	adhesion.	The	stiffness	of	these	gels	is	

controlled	by	altering	the	density	of	crosslinkers,	however	this	also	alters	surface	geometry,	

porosity	 and	 ligand	 binding305.	 As	 a	 result,	 polyacrylamide	 gels	 of	 constant	 stiffness	 with	

varying	porosity	and	ligand-substrate	tethering	have	been	synthesised.	These	gels	have	been	

used	to	show	that	differentiation	is	not	affected	by	porosity	or	tethering,	and	that	stiffness	is	

the	factor	that	directs	cell	differentiation306.		

	

Cells	have	also	been	cultured	 in	3D	hydrogels,	which	better	mimic	an	 in	vivo	environment	

compared	to	2D	gels.	As	with	2D	polyacrylamide	gels,	3D	alginate	gels	with	different	stiffness	

have	been	shown	to	direct	stem	cell	differentiation270.	However,	further	work	in	3D	covalently	

crosslinked	hyaluronic	acid	(HA)	hydrogels	has	suggested	that	cell	fate	depends	on	the	cell’s	

ability	to	degrade	its	surrounding	matrix	and	the	resultant	cellular	traction,	rather	than	matrix	

stiffness307.	When	cells	were	seeded	on	HA	hydrogels	with	equivalent	stiffness	but	altered	

cell-mediated	degradation	capacities	(permissive	and	restrictive	hydrogels),	cells	seeded	on	

permissive	hydrogels	 demonstrated	high	degrees	of	 cell	 spreading	 and	high	 tractions	 and	

favoured	osteogenesis	whereas	cells	seeded	on	restrictive	hydrogels	showed	low	levels	of	cell	

spreading,	 low	 tractions	 and	 favoured	 adipogenesis.	 Cell	 traction	 was	 shown	 to	 be	

responsible	 for	 cell	 fate,	 since	a	 switch	 in	permissive	 to	 restrictive	hydrogel	properties	by	

delayed	 secondary	 crosslinking	 suppressed	 cell	 traction	 and	 caused	 a	 switch	 from	

osteogenesis	to	adipogenesis	without	a	change	in	cell	morphology.	Moreover,	inhibition	of	
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tension-mediated	 signalling	 in	 the	 permissive	 hydrogel	 showed	 similar	 effects	 on	 the	

hydrogels	with	delayed	secondary	crosslinking,	whereas	an	upregulation	of	tension	induced	

osteogenesis	even	on	the	restrictive	hydrogel.	

	
1.4.3.2 Arrays	of	one	dimensional	micro-	and	nano-structures	

When	 cells	 are	 grown	 on	 one	 dimensional	micro-	 and	 nano-structure	 (NS)	 arrays	 cellular	

mechanobiology	 has	 been	 shown	 to	 be	 altered.	 For	 example,	 FA	 formation	 and	 cell	

attachment	is	altered	on	InAs	nanowire	(NW)	arrays	compared	to	flat	InAs	controls308.	Rinsing	

assays	were	used	to	show	that	cell	detachment	is	reduced	on	the	NW	arrays	compared	to	flat	

controls.	When	the	cell	cytoskeleton	was	labelled,	the	actin-rich	extremities	of	the	cells	were	

colocalised	with	the	NW,	demonstrating	an	interaction	between	the	actin	cytoskeleton	and	

the	NW.	This	interaction	may	be	the	reason	why	cell	attachment	was	stronger	on	the	NW.	

Next,	FA	position,	density	and	morphology	were	investigated.	Focal	adhesions	were	localised	

on	the	NW	but	also	in	the	space	between	NW;	FA	were	more	elongated	in	morphology;	and	

the	FA	area	and	density	was	increased	on	NW	compared	to	flat	controls.	Increased	cellular	

adhesion	 on	 nanostructured	 arrays	 compared	 to	 flat	 controls	 has	 also	 been	 shown	 by	

centrifugation	forces309	and	cells	have	been	shown	to	migrate	less	on	rings	of	vertical	NW310.	

On	the	other	hand,	cells	have	shown	decreased	adhesion	levels	to	zinc	oxide	(ZnO)	nanorods	

compared	 to	 their	 corresponding	 ZnO	 flat	 substrate	 controls311.	 Indeed,	 cells	 on	 ZnO	

nanorods	were	 rounded	and	were	unable	 to	 form	FA,	 stress	 fibres,	and	 lamellipodia.	This	

example	of	conflicting	adhesion	levels	on	NS	highlights	how	the	cellular	response	to	NS	arrays	

is	highly	varied.	This	is	most	likely	due	to	the	variety	of	different	NS	arrays	(displaying	varying	

surface	chemistries,	geometries,	topographies,	and	fabrication	methods)	and	the	variety	of	

cell	types	which	are	seeded	onto	them.		

	

Nanostructured	arrays	have	also	been	shown	to	influence	stem	cell	fate312,313.	Liu	et	al.	have	

shown	that	when	MSCs	are	seeded	onto	silicon	NS	arrays	in	the	absence	of	growth	factors,	

they	 preferentially	 differentiate	 into	 osteoblasts	 and	 chondrocytes313.	Moreover,	 Ca2+	 ion	

channels	 were	 transiently	 activated	 which	 led	 to	 the	 activation	 of	 Ras/	

rapidly	 accelerated	 fibrosarcoma	 (Raf)	 /	 mitogen-activated	 protein	 (MEK)	 /	 extracellular	

signal-regulated	 kinase	 (ERK)	 signalling	 cascades	 to	 regulate	 processes	 such	 as	 adhesion,	

proliferation,	 and	 differentiation	 of	 the	 MSCs.	 Interestingly,	 hMSC	 osteogenic	 gene	
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expression	 of	 COL1A1	 and	 Runx2	 has	 been	 shown	 to	 be	 higher	 on	 shorter	 NS	 arrays,	

compared	to	longer	NS	arrays	and	flat	controls312.		

	

1.4.3.3 Micro-patterned	materials	

Microcontact	printing	is	a	form	of	lithography	which	uses	poly(dimethylsiloxane)	(PDMS)	as	a	

flexible	 mould	 that	 can	 retain	 the	 surface	 chemistry	 of	 silicon	masters	 which	 have	 been	

patterned	 using	 standard	 photolithography	 techniques314,315.	 In	 this	 way,	multiple	 replica	

substrates	with	specific	transfer	patterns	can	be	made.	Microcontact	printing	with	patterns	

of	ECM	molecules	and	well-defined	shapes	on	the	micrometre	scale	have	been	developed.	

These	can	be	used	to	hold	single	cells	in	particular	configurations	since	adherent	cells	tend	to	

take	 on	 the	 shape	 of	 the	 micro-engineered	 islands	 they	 are	 seeded	 on.	 Therefore,	

microcontact	printing	has	been	used	to	assess	the	relationship	between	cell	shape	and	cell	

function.	For	example,	it	has	shown	that	capillary	epithelial	cells	proliferated	on	large	(2500	

mm2)	 islands	 in	 the	presence	of	 soluble	growth	 factors,	but	differentiated	 to	 form	hollow	

tubes	when	cultured	on	smaller	islands	that	promote	moderate	spreading	(1000–2000	mm2)	

in	 the	 same	medium316–318.	Moreover,	microcontact	 printing	 has	 been	 used	 to	 show	 that	

reduced	 cell	 spreading	 and	 round	 patterns	 promote	 adipogenesis,	 whereas	 larger	 spread	

areas	 or	 concave	 edged-shaped	 cells	 which	 promote	 actin	 cable	 formation	 promote	

osteogenesis	 in	 stem	 cells271,319–321.	 These	 cell	 fate	 decisions	 are	 associated	 with	 the	

modulation	of	 the	 cytoskeleton	via	Ras	homolog	gene	 family,	member	A	 (RhoA)	 and	 rho-

associated,	 coiled-coil	 containing	 protein	 kinase	 1	 (ROCK)	 signalling190,320.	 Thus,	

microfabricated	ECM	islands	enable	researchers	to	discriminate	between	signals	introduced	

by	soluble	factors,	direct	binding	of	ECM	molecules	and	cell	shape	change.	

	

Microcontact	 printing	 has	 also	 been	useful	 in	 assessing	 cell-ECM	adhesions.	 For	 example,	

microarrays	of	multiple	small	(3-5	mm	diameter)	ECM	islands	have	shown	that	FA	assembly	

depends	on	the	degree	to	which	the	cell	can	spread,	and	the	FA	structure	depended	on	the	

island	size	and	its	 location	beneath	the	cell,	along	with	the	level	of	cytoskeletal	tension322.	

When	cells	 are	 cultured	on	 square	ECM	 islands	 covering	 their	entire	 surface,	 stress	 fibres	

predominantly	 align	 along	 the	 diagonals	 of	 the	 square	 and	 FA	 tend	 to	 form	 at	 the	

corners323,324.	When	motility	factors	were	added	the	cells	formed	actin	projections	at	their	

corners,	 whereas	 on	 circular	 islands	 filopodia/lamellipodia/microspikes	 formed	 over	 the	
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entire	circumference	of	the	cell324.	It	has	also	been	shown	that	cells	prefer	to	extend	motile	

processes	from	corners	with	acute,	rather	than	obtuse	angles323	and	that	cells	also	exert	the	

greatest	traction	forces	in	these	corner	regions325.		

	
1.4.4 Methods	to	assess	mechanotransduction	and	cell-matrix	interactions	

1.4.4.1 Atomic	force	microscopy		

Atomic	force	microscopy	(AFM)	can	mechanically	stimulate	cells	and	simultaneously	measure	

their	elastic	response.	AFM	works	by	pushing	the	sample	against	a	soft	elastic	cantilever	and	

measuring	 the	 resultant	 probe	 deflection.	 Since	 the	 spring	 constant	 of	 the	 cantilever	 is	

known,	the	contact	force	between	the	probe	and	the	sample	can	be	determined	and	this	is	

related	to	the	mechanical	properties	of	the	sample.	The	AFM	can	perform	mechanical	testing	

on	soft	biological	samples326	and	cells327.	AFM	has	proven	to	be	a	powerful	tool	to	study	the	

rupture	 of	 molecular	 bonds,	 ranging	 from	 covalent	 bonds328,	 to	 the	 unfolding	 of	

proteins329	 and	 nucleic	 acids330.	 For	 example,	 it	 has	 been	 used	 to	 discover	 the	 unfolding	

intermediates	of	the	actin-crosslinking	protein,	filamin331.	Please	refer	to	the	introduction	of	

the	nN	chapter	for	further	examples	of	AFM	probing	of	cells.	

	

1.4.4.2 Optical	and	magnetic	tweezers	

Optical	tweezers	create	an	optical	trap	by	focusing	a	laser	to	a	diffraction-limited	spot	with	a	

high	numerical	aperture	(NA)	microscope	objective332.	Any	dielectric	particle	that	comes	into	

the	vicinity	of	this	spot	will	experience	a	force	directed	towards	the	spot.	Optical	tweezers	

can	exert	forces	in	excess	of	100	pN	on	nm	to	µm	sized	particles,	therefore	single	cells333	and	

organelles	within	cells334	can	be	trapped.	At	the	same	time,	optical	tweezers	can	measure	the	

3D	displacement	of	the	cell/organelle	with	sub-nanometer	accuracy	and	sub-millisecond	time	

resolution.	 For	 example,	 optical	 tweezers	 have	 been	 used	 to	 assess	 the	 force	 and	

displacement	of	kinesin	coated	beads	moving	along	fixed	microtubules335–337	and	to	measure	

the	activation	state	of	single	fibrinogen-integrin	pairs	on	living	cells338.		

	

Magnetic	tweezers	are	made	up	of	a	pair	of	permanent	magnets	placed	above	the	sample	

holder	 of	 an	 inverted	 microscope339,340.	 They	 can	 exert	 forces	 >	 1	 nN	 (electromagnetic	

tweezers),	and	can	be	used	to	rotate	and	manipulate	magnetic	particles	0.5–5	μm	in	size.	
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Magnetic	 tweezers	 have	 the	 advantage	 of	 having	 a	 force	 clamp	which	 is	 passive	with	 an	

infinite	bandwidth	over	 large	displacements.	They	have	mainly	been	used	to	study	nucleic	

acid	 enzymes	 e.g.	 DNA	 topoisomerases341–343	 but	 could	 also	 be	 used	 to	 assess	

mechanotransductive	organelles.	

	

1.4.4.3 Magnetic	twisting	cytometry	and	magnetic	pulling	cytometry		

Magnetic	 twisting	cytometry	 (MTC)	and	magnetic	pulling	cytometry	 (MPC)	are	 techniques	

which	use	bound	ligand-coated	ferromagnetic	microbeads	to	apply	controlled	shear	forces	

and	superparamagnetic	beads	to	apply	controlled	tensional	forces	to	cell	surface	receptors	

respectively344–347.	Micromagnetic	techniques	are	advantageous	since	they	can	apply	a	larger	

range	of	stress	(pN-nN)	and	frequency	range	of	forces	(0-1000	Hz).	Moreover,	they	can	target	

specific	cell	receptors	and	cells	can	engulf	beads,	enabling	forces	to	be	applied	within	cells.	

Finally,	many	cells	and	bound	beads	can	be	analysed	in	parallel,	cells	can	be	probed	for	days	

without	 incurring	heating	problems,	and	magnetic	systems	are	cheaper,	more	robust,	and	

easier	to	set	up.	

	

The	MTC	method	has	been	used	to	show	that	forces	applied	to	integrins	and	non-adhesion	

receptors	 produce	 different	 cellular	 responses.	 For	 example,	 integrins	 show	 less	 angular	

rotation	 compared	 to	 transmembrane	 receptors	 such	 as	 metabolic	 and	 growth	 factor	

receptors	 that	 are	 not	 bound	 to	 the	 cytoskeleton344,348.	Moreover,	 the	MTC	method	 has	

shown	that	different	transmembrane	adhesion	receptors	show	different	levels	of	cytoskeletal	

coupling348–350.	 MTC	 has	 shown	 that	 when	 shear	 stress	 is	 applied	 to	 integrins	 the	 cAMP	

signalling	pathway	is	activated351,	and	mRNA	and	ribosome	recruitment	to	FA	is	increased,	

inhibiting	cytoskeletal	tension352.	The	MPC	method	has	been	used	to	show	that	cells	use	a	

number	of	mechanisms	to	respond	to	both	static	and	dynamic	changes	in	force	application	at	

integrin	sites353.	Moreover,	MPC	has	demonstrated	that	>	1	nN	force	loads	at	integrin-	bound	

beads	cause	a	calcium	wave	within	2-5	seconds	and	that	this	can	be	prevented	by	treatment	

of	cells	with	the	stress-sensitive	ion	channel	blocker	gadolinium	chloride353.		

	

1.4.4.4 Traction	force	microscopy		

Traction	force	microscopy	(TFM)	can	be	used	to	assess	and	quantify	cell	matrix	adhesion.	Well	

characterised	materials	such	as	polyacrylamide	or	polydimethylsiloxane	are	used	as	synthetic	
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substrates.	Following	cell	 seeding,	substrate	deformation	can	be	tracked	using	 fluorescent	

marker	beads.	Using	the	elastic	theory,	the	displacement	can	be	converted	to	an	estimated	

traction-force	pattern354–356	and	cellular	 traction	 forces	can	be	measured	with	micrometre	

resolution357.	 TFM	 has	 revealed	 a	 relationship	 between	 the	 adhesion	 structure,	 the	

organisation	of	 the	actin	 cytoskeleton,	 and	 cellular	 traction	 force	patterns.	 TFM	has	been	

applied	to	measure	3D	traction	forces	on	2D	substrates358–360	as	well	as	traction	forces	in	cells	

seeded	 in	3D	hydrogels361.	Another	 technique	 to	 study	 cell	 traction	 forces	 is	 to	 study	 the	

interactions	between	cells	and	microfabricated	elastic	pillar	arrays362.	Cell	adhesions	interact	

with	 individual	 pillars	 and	 the	 deflection	 of	 the	 pillar	 enables	 cell	 traction	 force	 to	 be	

estimated.	 No	 computational	 force	 reconstruction	 is	 required,	 force	 from	 individual	

adhesions	can	be	measured,	and	anisotropic	mechanical	environments	can	be	investigated	

by	designing	different	shaped	pillars363.		

	

Recently,	 cellular	 forces	 have	 been	 assessed	 in	 3D	 elastic	 scaffolds364.	 Traction	 force	

measurements	have	shown	 that	cell-generated	stresses	are	of	 similar	magnitude	 to	 those	

found	in	the	surrounding	ECM.	Physiological	environments	can	vary	from	100	Pa	in	the	brain	

to	10	kPa	in	connective	tissue	and	50	kPa	in	bone180,365	and	the	traction	forces	measured	for	

migrating	3T3	fibroblasts	has	been	shown	to	be	10	kPa354.		

	

Measuring	 intracellular	 forces	has	proved	much	more	challenging	and	the	most	promising	

method	has	been	to	assess	the	recoil	of	cytoskeletal	elements	following	laser	ablation.	This	

has	been	used	to	show	the	spatial	variation	in	stress	fibre	tension366,367	and	to	show	how	zyxin	

localises	to	highly	stressed	regions	between	stress	fibres	and	the	extracellular	substrate368.	

This	 technique	 is	 invasive,	 however,	 and	 so	 an	 alternative	 approach	 has	 been	 to	 use	

fluorescent	 biosensors	whose	 fluorescence	 intensity	 depends	 on	 the	 level	 of	 tension.	 For	

example,	a	vinculin	biosensor	has	been	developed	which	can	measure	the	forces	acting	at	

FAs207.	

	

1.4.4.5 Arrays	of	one	dimensional	micro-	and	nano-structures	

Arrays	of	one	dimensional	micro-	and	nano-structures	have	also	been	used	as	methods	to	

assess	 cell-matrix	 interactions.	 Micropost	 arrays	 have	 been	 used	 to	 decouple	 substrate	

stiffness	from	surface	properties.	This	has	been	achieved	by	synthesising	microposts	with	the	
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same	surface	geometry	but	different	post	heights	to	control	substrate	stiffness/rigidity,	since	

the	post	height	determines	 the	degree	 to	which	a	post	bends	 in	 response	 to	a	horizontal	

traction	force272.	Micropost	stiffness	was	shown	to	impact	cell	morphology,	FA,	cytoskeletal	

contractility	 and	 stem	 cell	 differentiation.	 Moreover,	 a	 high	 density	 array	 of	 elastomeric	

micropillars	has	been	used	to	investigate	the	cellular	forces	involved	in	migration369.	Traction	

forces	induced	by	cell	migration	were	deduced	by	measuring	pillar	bending	and	a	multiple-

particle	tracking	method	was	used	to	estimate	the	mechanical	activity	of	cells	 in	real	time	

down	to	2	μm	resolution,	due	to	the	periodicity	of	the	array.	

	

Nanostructured	arrays	provide	an	improved	method	to	monitor	cell	traction	forces	compared	

to	microstructured	arrays	since	they	are	of	smaller	size	and	can	have	higher	packing	densities,	

enabling	 smaller	 forces	 to	be	detected	with	higher	 spatial	 resolution.	 For	example,	 forces	

have	 been	 mapped	 across	 single	 cells	 seeded	 on	 nanoimprinted	 polycarbonate	 pillars,	

demonstrating	 larger	 traction	 forces	 at	 the	 cell	 periphery	 compared	 to	 the	 cell	 centre370.	

Moreover,	 GaP	 nanowires	 grown	 by	 epitaxy	 on	 electron-beam	 lithography	 defined	 gold	

nanodots	have	been	shown	to	detect	cellular	forces	of	15	pN,	with	a	spatial	resolution	of	1	

μm371.	Nerve	cells	were	cultured	on	the	arrays	and	live	cellular	forces	could	be	calculated	by	

assessing	the	displacement	of	the	nanowire	tips	using	confocal	microscopy.		

	
1.4.4.6 Super	resolution	microscopy		

Resolution	in	conventional	light	microscopy	is	limited	by	diffraction.	The	term	resolution	can	

be	understood	by	taking	two	spots	and	seeing	how	close	these	two	spots	can	be	such	that	

you	can	still	see	them	as	two	spots.	Ernst	Abbé	derived	an	equation	to	describe	the	diffraction	

limit	of	microscopy;	D=λ/2NA,	where	D	is	the	diffraction	limit,	λ	is	the	wavelength	of	the	light,	

and	 NA	 is	 the	 numerical	 aperture.	 The	 resolution	 limit	 is	 described	 by	 the	 point	 spread	

function	 (PSF),	which	 shows	 the	 spread	of	 a	 single	point	 of	 light	 as	 a	 result	 of	 diffraction	

through	a	microscope.	If	two	molecules	can	be	contained	within	this	PSF	then	they	cannot	be	

distinguished,	and	objects	that	are	smaller	than	the	PSF	are	seen	to	be	the	same	size	as	the	

PSF.		

	

In	2014,	the	Nobel	Prize	in	Chemistry	was	jointly	awarded	to	Eric	Betzig,	Stefan	W.	Hell	and	

William	E.	Moerner	"for	the	development	of	super-resolved	fluorescence	microscopy".	Super-
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resolution	microscopy	(SRM)	breaks	the	diffraction	limit	of	conventional	light	microscopy372.	

Super-resolution	can	either	be	achieved	by	spatially	modulating	the	fluorescence	emission	

using	patterned	illumination	(e.g.	stimulated	emission	depletion	microscopy	(STED),	ground	

state	 depletion	 (GSD)	 and	 structured	 illumination	 microscopy	 (SIM))	 or	 by	 stochastically	

switching	 on	 and	 off	 individual	 molecules	 using	 photoswitchable	 probes	 (e.g.	 stochastic	

optical	 reconstruction	 microscopy	 (STORM)373,	 or	 photoactivatable/photoconvertible	

fluorescent	proteins	(e.g	photoactivation	localisation	microscopy	(PALM)374,375).		

	

SRM	 shows	 great	 promise	 in	 advancing	 the	 understanding	 of	 cell-matrix	 interactions.	 For	

example,	3D	SRM	has	been	used	to	map	nanoscale	protein	organisation	in	focal	adhesions,	

and	to	show	that	actin	and	integrins	are	vertically	separated	by	a	∼40-nm	FA	core	region376.	

This	core	region	consists	of:	a	lower,	integrin-signalling	layer	containing	integrin	cytoplasmic	

tails,	FAK	and	paxillin;	an	intermediate	force-transduction	layer	containing	talin	and	vinculin;	

and	then	an	actin-regulatory	layer	containing	zyxin,	vasodilator-stimulated	phosphoprotein	

and	α-actinin.	Moreover,	SIM	has	been	used	to	visualise	the	interactions	between	actin	stress	

fibres,	nuclear	lamina	and	LINC	complexes	at	a	super-resolution	scale377.	When	apical	stress	

fibres	 experience	 tension,	 the	 nucleus	 shows	deep	 indentation	which	deform	 the	nuclear	

lamina.	 The	 indented	 areas	 show	 local	 enrichment	 of	 LINC	 complexes	 and	 induce	 the	

formation	of	segregated	domains	of	condensed	chromatin.	This	process	is	reversible,	and	the	

indented	areas	are	removed	when	apical	actin	stress	fibres	relax.	Quantitative	SRM	has	been	

used	to	characterise	early	integrin	clusters	and	has	shown	that	very	early	adhesions	consist	

of	∼100-nm	clusters	of	∼50	β3-activated	 integrins378.	These	early	adhesions	 form	under	a	

wide	variety	of	conditions	on	RGD	surfaces	and	form	similarly	on	fluid	and	rigid	substrates,	

however	most	adhesions	are	transient	on	rigid	substrates.		

	

1.4.5 Limitations	of	mechanobiology	and	cell-matrix	interaction	studies	

For	mechanobiology	studies,	cells	are	often	plated	onto	coverslips	coated	with	thin	gels	(e.g.	

acrylamide)	whose	material	 stiffness	 can	 be	modified	 by	 cross	 linking	 density	 and	whose	

structural	 stiffness	 can	be	 altered	with	 gel	 thickness.	 The	 stiffness	 of	 these	 gels	 is	 not	 an	

independent	variable,	however,	since	crosslinking	density	has	an	effect	on	substrate	porosity,	

topography	and	matrix	protein	anchoring305.	Moreover,	these	materials	tend	to	show	a	linear	
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relationship	between	mechanical	 response	and	 strain,	whereas	 the	native	matrix	 shows	a	

nonlinear	response	in	which	stiffness	 increases	with	extension379,380.	These	gels	also	fail	to	

mimic	the	variations	in	matrix	proteins	in	vivo	since	they	tend	to	contain	uniformly	deposited	

matrix	proteins.		

	

Cells	are	subjected	to	a	range	of	mechanical	forces	in	vivo,	including	fluid	shear	stress,	tension,	

and	hydrostatic	compression.	Indeed,	it	is	a	challenge	to	assess	the	multifactorial	and	dynamic	

nature	 of	 these	 mechanical	 stimuli	 using	 materials.	 Materials	 have	 been	 used	 to	 assess	

individual	types	of	mechanical	force	(e.g.	strain,	compression	and	shear)	on	cells	but	these	

forces	 can	 act	 in	 unison	 and	 can	 also	 vary	 in	 magnitude,	 duration,	 frequency	 and	

dimensionality	 (uniaxial	or	biaxial).	 Individual	 studies	on	different	 force	 types	have	shown	

that	 cyclic	 strain	 favours	 osteogenesis	 or	 chondrogenesis381,382,	 fluid	 shear	 stress	 favours	

osteogenesis	and	vasculogenesis383,	and	hydrostatic	pressure	or	uniaxial	compression	favours	

chondrogenesis384,385.	

	

Further	 materials	 need	 to	 be	 developed	 to	 explore	 cell	 mechanobiology.	 To	 date,	 most	

materials	have	been	 treated	as	purely	elastic,	wholly	described	by	 their	Young’s	modulus.	

More	recently,	the	role	of	viscoelasticity	on	stem	cell	differentiation	has	been	explored386,	

since	the	ECM	is	visoelastic	and	exhibits	stress	relaxation.	Hydrogels	have	been	developed	

which	 have	 a	 tunable	 stress	 relaxation	 rate,	 independent	 of	 the	 initial	 elastic	 modulus,	

degradation,	 and	 cell-adhesion-ligand	 density.	 It	 has	 been	 shown	 that	 MSC	 spreading,	

proliferation,	 and	 osteogenic	 differentiation	 are	 promoted	 on	 hydrogels	 with	 faster	

relaxation,	and	that	this	is	mediated	by	actomyosin	contractility,	adhesion-ligand	binding,	and	

the	mechanical	clustering	of	adhesion	ligands.	Visoelasticity	should	therefore	be	an	important	

design	parameter	in	materials	developed	for	mechanotransduction	studies.		

	

There	is	also	the	issue	of	matrix	dimensionality.	When	a	cell	pulls	on	a	2D	matrix,	where	a	

compliant	 substrate	 is	 attached	 to	 a	 rigid	 surface,	 there	 is	 a	 localised	 deformation	which	

decays	exponentially	and	whose	range	depends	on	the	substrate	thickness4.	However,	when	

a	cell	pulls	on	a	3D	matrix,	the	deformations	propagate	over	a	longer	range,	roughly	decaying	

at	the	inverse-square	of	the	distance	from	the	cell387.	The	ECM	allows	mechanical	information	

to	be	carried	further	in	vivo	since	it	contains	fibres	which	can	propagate	tensional	force	if	they	
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are	not	cross-linked	to	other	filaments.	Non-linear	elasticity	effects	should	also	be	explored,	

since	native	 tissue	can	show	mechanical	anisotropy.	Moreover,	efforts	should	be	made	to	

dynamically	modulate	mechanical	cues,	physically	 tuning	the	physical	stimuli	presented	to	

cells	as	they	advance	along	their	differentiation	pathways.	Therefore,	it	is	essential	that	novel	

biomaterial	 platforms	 are	 developed	 in	 order	 to	 further	 understand	 cellular	

mechanotransduction	and	cellular	interactions	with	the	ECM.	Moreover,	further	experiments	

should	be	conducted	ex	vivo	and	in	vivo	due	to	the	inherent	in	vitro	artefacts.	
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1.5 Scope	of	the	thesis	

	
This	PhD	assesses	the	interactions	between	cells	and	their	extracellular	environment	in	two	

different	ways.	Firstly,	in	chapter	2,	a	synthetic	system	comprising	a	porous	silicon	nN	array	

is	 used	 as	 a	 probe	 to	 assess	 mechanotransduction	 in	 primary	 human	 cells.	 Secondly,	 in	

chapter	 3,	 a	 naturally	 derived	 protein	 fragment,	 generated	 by	 matrix	 metalloproteinase	

(MMP)	processing	of	the	laminin-111	BM	protein,	is	added	to	normal	mouse	mammary	gland	

epithelial	 (NMuMg)	 cells	 as	 a	 soluble	 factor	 and	 its	 effect	 on	 TGF-β1	 signalling	 and	 the	

epithelial-to	mesenchymal	transition	(EMT)	is	investigated.	This	thesis	therefore	studies	both	

mechanical	and	biochemical	cues	from	the	extracellular	environment	on	a	range	of	different	

cell	 types,	 and	 assesses	 interactions	 at	 cell-material	 and	 cell-matrix	 interfaces.	 A	 greater	

understanding	of	the	diverse	functions	of	the	ECM	and	the	cellular	response	to	mechanical	

cues	will	contribute	to	the	development	of	new	therapeutics	for	ECM-related	diseases	and	

will	enable	novel	strategies	for	tissue	engineering	and	regenerative	medicine.		
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2 Microscopy	of	the	interactions	at	the	cell-nanoneedle	interface		
	

Porous	 silicon	 nanoneedle	 (nN)	 arrays	 have	 been	 used	 for	 intracellular	 sensing	 and	 the	

delivery	 of	 cargo	 to	 the	 cell	 cytosol,	 however	 the	 details	 of	 the	 cell-nanoneedle	 (nN)	

biointerface	 remain	 controversial	 and	 an	 assessment	 of	 the	 cell’s	 mechanotransductive	

response	to	the	nN	arrays	is	required.	This	chapter	studies	the	interaction	of	porous	silicon	

nN	arrays	with	two	primary	cell	types:	human	umbilical	vein	endothelial	cells	(HUVECs),	and	

human	mesenchymal	 stem	 cells	 (hMSCs).	 Cells	were	 seeded	on	 nN	 arrays	 and	 flat	 silicon	

control	substrates	and	were	assessed	six	and	48	hours	post-interfacing.	Confocal,	widefield	

and	 super-resolution	 microscopy	 were	 employed	 together	 with	 qPCR	 to	 assess	 the	 cell	

mechanobiology	response	to	nN	arrays.		

	

Nanoneedle	 interfacing	 led	 to	 alterations	 in	 cell	 mechanobiology	 without	 affecting	 cell	

viability.	 Primary	 cells	 showed	altered	morphology	on	nN	arrays	 compared	 to	 flat	 control	

substrates	and	formed	protrusions	which	could	interact	and/or	align	along	the	nN	arrays.	Cells	

were	 unable	 to	 form	mature	 FA	 on	 nN	 arrays	 and	 showed	 reduced	 levels	 of	 actomyosin	

tension	and	YAP	activity.	The	actin	cytoskeleton	and	nucleus	directly	responded	to	sites	of	nN	

interfacing;	the	actin	cytoskeleton	formed	rings	around	the	nN	and	the	nucleus	remodelled	

around	the	nN,	with	higher	levels	of	lamin-A,	but	not	lamin-B	at	the	nN	locations.	Finally,	this	

was	shown	to	be	a	reversible	process	since	cell	phenotype	was	restored	to	that	on	flat	control	

substrates	once	the	nN	had	degraded	at	48	hours.	

	

This	chapter	characterises	the	peculiarity	of	the	biophysical	interactions	that	occur	between	

sharp,	high-aspect	ratio	nanomaterials	and	multiple	cellular	organelles.	Nanoneedles	were	

able	to	modulate	cellular	signalling	events	that	resulted	in	a	decoupling	of	YAP	activity	and	

cell	area,	and	a	divergent	expression	of	lamin	A	and	lamin	B.	Further	work	will	 involve	the	

identification	of	the	mechanistic	factors	that	underlie	the	observed	phenomena.	
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2.1 Introduction	

	

The	 term	 “nanoneedle"	 (nN)	 refers	 to	 a	 range	 of	 needle-shaped	 nanostructures	 that	 can	

interface	directly	with	cells	and	tissues	to	generate	a	desired	response	or	to	measure	their	

activities.	Nanoneedles	are	also	referred	to	as	nanostraws	and	nanowires,	and	can	be	solid,	

hollow,	or	porous	in	nature.	They	can	be	found	in	a	variety	of	forms	for	varying	applications,	

such	as	on	the	end	of	an	atomic	force	microscope	or	as	part	of	an	array388.		

	

Nanoneedles	are	a	useful	platform	to	study	cell	behaviour	since	many	cells	can	be	assessed	

simultaneously,	and	a	single	cell	can	be	interfaced	with	many	nN,	allowing	spatial	resolution	

across	the	entire	cell389,390.	A	 large	number	of	cell	types,	 including	neurons,	stem	cells	and	

primary	 immune	 cells,	 have	 shown	 viability	 on	 a	 variety	 of	 nN,	 suggesting	 a	 general	

biocompatibility	of	nN388.	Nanoneedle	arrays	also	show	significant	potential	for	a	variety	of	

biological	applications	including	cargo	delivery389–394,	electrophysiology	measures395,396,	and	

chemical	sensing397–401.	Moreover,	nN	show	the	potential	to	both	deliver	and	collect	material	

from	specific	subcellular	compartments393,402,403	and	to	investigate	cells	which	are	difficult	to	

assess404.		

	

In	 this	 introduction,	 nN	 are	 introduced:	 nN	 fabrication	 and	 functionalisation	methods	 are	

described;	the	ability	of	nN	to	penetrate	the	cell	membrane	and	gain	intracellular	access	is	

assessed;	the	biological	applications	of	nN	are	presented;	and	cell	properties	on	nN	interfacing	

are	 introduced.	 The	porous	 silicon	nN	arrays	which	are	employed	 in	 the	 chapter	 are	 then	

described.		

	

2.1.1 Nanoneedle	fabrication	

Nanoneedle	 arrays	 can	 be	 fabricated	 by	 a	 number	 of	methods,	 either	 by	 “top-down”	 or	

“bottom-up”	approaches405;	the	more	commonly	used	top-down	techniques	involve	etching	

out	nN	from	bulk	material	whereas	bottom-up	approaches	use	catalytic	particles	to	enable	

the	formation	of	vertical	nN	(Figure	2.1).	Both	these	approaches	can	fabricate	nN	of	different	

materials	and	geometries	and	nN	arrays	with	different	densities	and	regularity388.	Silicon	is	

the	most	 common	nN	material	 and	 it	 is	usually	made	by	 top-down	 fabrication.	Silicon	nN	
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arrays	can	be	ordered	or	randomly	distributed,	can	be	grown	as	dense	patches	or	as	grass-

like	carpets	of	semi-vertical	rods388.	Silicon	nanoneedles	can	be	solid,	porous	or	hollow.		

	

	
	
Figure	2.1:	Fabrication	strategies	for	nanoneedles,	modified	from	C.	Chiapinni	and	C.	Almeida	Semiconducting	

Silicon	Nanowires	for	Biomedical	Applications,	pp.144-167	2014406.	Vapour-liquid-solid	(VLS):	1(a)	liquid	eutectic	

Au-Si	 alloy	 droplet	 formation	 through	 Si	 incorporation	 in	 its	 vapour	 phase.	 1(b)	 Above	 saturation	 point,	 Si	

nucleates	in	the	solid	phase.	1(c)	Scanning	electron	microscopy	(SEM)	image	of	nanoneedles	(nN)	produced	by	

VLS,	scale	bar	=	1	μm.	Metal-assisted	chemical	etch	(MACE):	2(a)	patterning	of	Silicon	with	noble	metal	b)	etching	

of	Si	by	noble	metal	 in	oxidising	hydrogen	 fluoride	 (HF)/	hydrogen	peroxide	 (H2O2)	 solution.	2(c)	SEM	of	nN	

produced	by	MACE,	scale	bar	=	1	μm.	Focused	ion	beam	(FIB):	3(a-b)	shaping	of	nN	through	gas	source	(e.g.	

gallium)	milling	3(c)	SEM	of	nN	shaped	by	FIB	milling,	scale	bar	=	1	μm.	Microfabrication:	4(a)	deep	pores	are	

etched	into	a	silicon	membrane,	4(b)	silicon	dioxide	(SiO2)	addition	and	4(c)	removal	of	the	top	SiO2	layer	4(d)	

selective	etching	of	Si	to	form	hollow	SiO2	nanoneedles.	4(e)	SEM	of	hollow	nN,	scale	bar	=	3	μm.		

	

Other	materials	 used	 to	make	 nN	 include	 gallium	 phosphide,	 gallium	 nitride,	 and	 indium	

arsenide.	These	nN	can	also	be	grown	in	random	or	ordered	patterns388:	platinum	nN	have	

been	positioned	with	high	precision	in	a	ring310	or	as	ordered	patches	of	a	few	nN310,407;	dense	

random	arrays	of	semi-vertical	zinc	oxide	nN	have	been	fabricated311,408,409;	random	arrays	of	

copper	 oxide	 nN	 of	 varying	 height	 have	 been	 produced410;	 and	 ordered	 arrays	 of	 lower-

aspect-ratio	 quartz411,412,	 polystyrene413,	 and	 poly-(lactic-co-glycolic-acid)414	 nN	 have	 been	
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created.	 Hollow	 nN	 have	 also	 been	 fabricated	 from	 silica402,	 aluminum	 oxide403,415–417,	

aluminum	indium	phosphate418,	or	iridium	oxide419.	

	

2.1.1.1 Solid	silicon	nanoneedles	

Solid	nN	are	fabricated	by	vapour-liquid-solid	(VLS)	growth	and	focused	ion	beam	(FIB)	etch.	

These	technqiues	are	able	to	produce	nN	with	tightly	controlled	dimensions	and	geometries.		

VLS	is	a	highly	reproducible	and	versatile	technique	and	is	usually	utilised	in	the	production	

of	solid	vertically	aligned	silicon	nN420.	A	metal-silicon	alloy	droplet	 is	 formed	by	heating	a	

metal	nanocluster	above	its	eutectic	temperature	in	the	presence	of	a	silicon	gas	source.	This	

droplet	 is	placed	on	a	surface	(e.g.	Au)	where	it	adsorbs	the	silicon	gas	source	(e.g.	silane,	

SiH4)	 until	 supersaturation	 occurs.	 Supersaturation	 is	 followed	 by	 nucleation	 at	 the	

liquid/solid	 interface,	 enabling	 a	 nN	 to	 form	 with	 the	 alloy	 droplet	 riding	 at	 the	 tip421.	

Elongation	occurs	when	Si	is	incorporated	at	the	liquid/solid	interface	and	thickening	occurs	

when	Si	is	incorporated	at	the	vapour/solid	interface421.	The	conditions	for	VLS	are	severe	and	

the	synthetic	conditions	must	be	tightly	controlled,	enabling	control	over	the	elongation	and	

thickening	of	the	nN422.	nN	diameter,	density	and	arrangement	can	be	further	controlled	by	

combining	VLS	with	lithography423.		

	

Solid	nN	can	also	be	made	by	FIB	etching.	This	involves	a	heavy	beam	of	ions	(usually	gallium)	

which	can	mill	the	surface	of	micro-and	nano-structures	at	nanometre	precision.	nN	tips	with	

diameters	>	50	nm	can	be	made	when	combined	with	scanning	electron	microscopy	(SEM)424.	

A	 disadvantage	 of	 FIB	 etching	 is	 that	 it	 is	 time	 consuming	 since	 each	 nN	must	 be	milled	

individually.	Therefore	FIB	etching	is	usually	used	to	produce	nN	for	atomic	force	microscopy	

(AFM)	probing	of	cells	since	only	one	nN	is	required424–427.	
	

2.1.1.2 Porous	silicon	nanoneedles	

Porous	 silicon	 is	 partially	 dissolved	 silicon	 containing	 an	 interconnected	 network	 of	 air	

holes/pores.	Vertically	aligned	porous	nN	can	be	produced	using	metal-assisted	chemical	etch	

(MACE)428–431.	Like	VLS,	MACE	is	reliable	and	versatile	but	also	has	the	added	bonus	of	being	

lower	 in	 cost.	 A	 noble	 metal	 is	 deposited	 on	 a	 photolithographically-patterned	 silicon	

substrate	 immersed	 in	an	oxidising	solution	of	hydrogen	 fluoride	 (HF)/	hydrogen	peroxide	

(H2O2).	An	electrochemical	reaction	between	the	silicon	substrate	and	HF/	H2O2	then	causes	
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dissolution	of	the	silicon.	The	noble	metal	acts	as	a	catalyst	and	so	etching	primarily	occurs	in	

its	 vicinity,	 allowing	 the	dissolution	of	 silicon	below	 the	noble	metal	 to	 form	pores	 in	 the	

silicon	substrate.	The	etching	occurs	in	an	isotropic	manner,	inducing	the	formation	of	porous	

silicon	 nN432–434.	 The	 lithographic	 pattern	 controls	 the	 pitch	 arrangement	 and	 the	 etching	

conditions	control	the	shape	of	the	nN.	The	porosity,	pore	size	and	crystalline	orientation	of	

the	 nN	 is	 controlled	 by	 silicon	 substrate	 resistivity,	 oxidant	 concentration	 and	 etch	

temperature435.	nN	porosity	can	be	 increased	by	using	 longer	etching	 times	or	higher	HF/	

H2O2	concentration	since	this	facilitates	the	diffusion	and	nucleation	of	noble	metal	ions.	It	is	

postulated	that	pores	are	formed	as	a	result	of	surface	and	charge	instabilities	at	the	solid-

solution	interface429.		

	

2.1.1.3 Hollow	nanoneedles	

Hollow	nN,	 also	 known	as	 “nanostraws”	 are	produced	by	microfabrication	 involving	deep	

reactive	ion	etch	(DRIE).	Hollow	nN	microfabrication	begins	by	forming	an	array	of	nanopores	

on	a	silicon	wafer	using	electron-beam	lithography	and	DRIE.	These	pores	are	coated	with	

silicon	dioxide	via	thermal	oxidation;	this	creates	the	bodies	of	the	hollow	nN	and	determines	

the	thickness	of	the	hollow	nN.	Directional	plasma	etching	is	then	used	to	remove	the	top	

layer	of	silicon	dioxide	from	the	silicon	wafer.	Selective	etching	of	silicon	(over	silicon	dioxide)	

enables	 preferential	 thinning	 of	 the	 silicon	 wafer	 to	 reveal	 the	 silicon	 dioxide	

nanostraws402,403.	The	DRIE	technique	is	limited	since	it	breaks	down	at	the	nanoscale,	limiting	

the	depth	of	pores	(the	length	is	restricted	to	3	µm),	and	the	diameters	of	hollow	nN	are	large	

compared	to	those	created	by	VLS,	FIB,	and	MACE406.		

	

2.1.2 Functionalisation	of	nanoneedles	

Functionalisation	of	nN	enables	the	conjugation	of	drugs	and	biomolecules	for	delivery	and	

sensing	 (e.g.	 loading	quantum	dots,	DNA,	proteins,	and	biomolecules)424–426,436–440.	nN	can	

undergo	a	variety	of	functionalisations,	either	by	adsorption	(covalent	and	noncovalent)	or	

by	 coating	 them	with	metals	 (e.g.	 Au436,440,441).	 Covalent	methods	 involve	 chemical	 bonds	

whereas	 non-covalent	 methods	 utilise	 electrostatic	 and	 hydrophobic	 interactions442.	 The	

most	common	method	of	nN	functionalisation	is	the	condensation	of	trialkoxysilanes	with	the	

surface	 silanol	 group443.	 The	 silane	 coupling	 reaction	 enables	 self-assembled	 alkylsilanes	
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networks	 to	 be	 formed	 on	 nN426.	 For	 example,	 nN	 have	 also	 been	 functionalised	with	 3-

aminopropyltriethoxysilane	(APTES)	in	order	to	adsorb	red-fluorescent	protein	DsRed2-NES	

for	 intracellular	 delivery	 to	 human	 embryonic	 kidney	 (HEK293)	 cells426.	 APTES	 provides	 a	

positively	charged	surface	which	enables	negatively	charged	nucleic	acids	and	proteins	to	be	

adsorbed,	and	detachment	of	cargo	is	possible	by	hydrolysing	the	silane	layer393,444.		

	

2.1.3 Intracellular	access	

For	 many	 promising	 nN	 applications,	 intracellular	 access	 is	 crucial,	 and	 it	 is	 therefore	

important	to	establish	cell	membrane	penetration	by	nN	(Figure	2.2).	When	cells	are	seeded	

onto	nN	arrays,	gravity	causes	sedimentation	of	cells	but	penetration	does	not	necessarily	

occur;	instead,	the	membrane	can	wrap	around	the	nN,	forming	a	tight	interface	with	the	nN	

surface308,410,412,445,446.	Cell	adhesion,	limited	cell	motility309,	and	cargo	delivery393	have	been	

used	as	evidence	 for	nN	penetration,	however	penetration	 remains	 to	be	visually	proven.	

Since	 cells	would	 need	 to	 play	 an	 active	 role	 for	 nN	 internalisation	 to	 occur,	 the	 seeding	

method	 is	 sensitive	 to	 cell	 type	 and	 environmental	 conditions	 (e.g.	 temperature,	

medium)393,402,	as	well	as	the	nN	design	(e.g.	array	density,	nN	functionalisation)309,388,446,447.	

	

The	distinction	between	membrane	penetration	and	engulfment	by	nN	is	under	debate388.	

For	 example,	 the	 lack	of	 cytosolic	material	 lost	 on	nN	 interfacing	might	 imply	 a	 failure	 in	

membrane	penetration	however	this	could	also	be	the	result	of	a	rapid	resealing	mechanism	

of	 the	 cell	 membrane412.	 Moreover,	 cargo	 may	 not	 be	 delivered	 by	 nN	 via	 membrane	

penetration389,390,393,416,417,447,448,	 instead	endocytotic	pathways	may	be	upregulated	due	to	

the	 constantly	 high	membrane	 curvature	 around	 the	 nN393.	 During	 endocytosis,	 localised	

regions	of	the	cell	membrane	progressively	enclose	around	the	cargo,	forming	endocytotic	

vesicles	containing	the	cargo.	Therefore,	the	membrane	curvature	caused	by	the	nN	could	

influence	the	transport	properties	of	the	cell	membrane,	facilitating	cargo	delivery	into	the	

cell449.	 Indeed,	 it	has	been	show	that	phospholipid	head	groups	on	the	outside	of	 forming	

vesicles	 are	 subject	 to	 higher	membrane	 curvatures	 and	 show	 greater	 exposure	 to	 lipid-

binding	and	modifying	enzymes450.	Moreover,	phosphoinositide	(PI)	3-kinase	and	PI-specific	

phospholipase	C	activity	can	be	enhanced	by	higher	membrane	curvature451,452.	The	localised	

membrane	 curvature	may	 cause	 a	 positive	 feedback	 loop	 that	 initiates	 the	 hydrolysis	 of	
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phosphatidylinositol-4,5-biphosphate	 (PIP2)	 which	 is	 activated	 for	 endocytosis453,454.	 A	

number	of	 transmission410,412	and	focused	 ion-beam	scanning	electron	microscopy407,455,456	

studies	of	the	cell-nN	interface	also	support	engulfment	over	penetration	by	nN	since	they	

show	 the	 cell	 membrane	 wrapping	 tightly	 around	 the	 nN407,410,412.	 Moreover,	 theoretical	

modelling	has	shown	that	cells	can	energetically	afford	to	bend	their	membrane	around	the	

nN,	rather	than	being	penetrated308.		

	

On	the	other	hand,	action	potential	recordings	suggest	that	nN	can	directly	penetrate	into	

the	cell	and	the	cell	membrane	can	rapidly	reseal	around	them,	forming	a	tight	interaction	

which	results	in	less	leakage	of	electrolytic	fluid	compared	to	the	patch	clamp	technique395.	

Using	patch	clamp	recordings	as	a	control,	the	voltages	and	currents	of	seeded	HEK293	cells	

were	monitored	simultaneously	using	a	patch	pipette	and	a	vertical	nanowire	electrode	array	

(VNEA)	 pad395.	 An	 immediate	 response	 was	 found	 to	 current	 injection	 by	 VNEA	 and	 this	

suggested	that	membrane	penetration	had	occurred.	It	must	be	noted	that	although	some	

nN	spontaneously	penetrated	the	membrane,	other	nN	only	entered	the	cells	in	the	presence	

of	applied	electric	fields	through	electroporation.	Therefore,	it	appears	that	the	solid	silicon	

nN	did	not	have	100%	penetration	efficiency	and	this	could	hinder	the	precise	recordings	of	

cell	action	potentials	in	cell	microenvironments.		
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Figure	2.2:	The	cell–nanoneedle	interface.	A)	Silicon	dioxide	nanopillar	arrays	do	not	penetrate	through	the	cell	

membrane,	instead	the	cell	and	nuclear	membranes	deform	around	the	nanopillars.	Scale	bar	=	2	μm.	Reprinted	

from	reference	195	with	permission	from	Macmillan	Publishers	Ltd.,	copyright	2015.	B)	Similar	results	are	shown	

for	 Indium	Arsenide	(InAs)	nanoneedle	(nN)	arrays.	 InAs	nN	arrays	do	not	penetrate	 into	the	cell	cytosol	but	

instead	strongly	deform	the	cell	membrane	(red),	(cytosol	–	green).	Reprinted	from	reference	445	with	permission	

of	IOP	Publishing,	copyright	2012.	C)	Hollow	nN/	nanostraws	can	deliver	the	membrane-impermeant	ion	Co2+	to	

the	cell	cytosol	at	an	efficiency	of	approximately	7%,	suggesting	some	cell	membrane	penetration.	In	the	cell	

cytosol,	 the	 Co2+	 ion	 can	 quench	 GFP	 fluorescence:	 a-b)	 schematic	 of	 the	 delivery	 mechanism	 by	 hollow	

nanostraws;	c)	spots	of	GFP	quenching	observed	by	optical	microscopy,	enabling	membrane	penetration	to	be	

quantified.	Scale	bar	=	20	μm.	Reprinted	from	reference	417	with	permission	from	Macmillan	Publishers	Ltd.,	

copyright	2014.	D)	Porous	silicon	nanoneedle	arrays	show	tight	interfacing	with	the	cell	cytosol	and	they	deform	

the	nuclear	membrane.	 Scale	bar	 =	 2	μm.	Reprinted	 from	 reference	 389	with	permission	 from	 the	American	

Chemical	Society,	copyright	2015.	E)	Membrane	penetration	of	AFM	controlled	nN	can	be	detected	by	a	sudden	

drop	 in	the	force–displacement	curve.	Reprinted	from	reference	457	with	permission	from	Elsevier,	copyright	

2014.	

	

2.1.1.4 Techniques	to	improve	intracellular	access	

Intracellular	access	is	crucial	for	many	of	the	promising	nN	applications	and	is	a	major	focus	

for	 the	 continued	 development	 of	 nN	 arrays.	 Since	 intracellular	 access	 by	 nN	 is	 highly	

debated,	techniques	have	been	used	to	improve	intracellular	access.	It	has	been	shown	that	

in	order	for	cells	to	be	penetrated	by	gravity	alone,	the	nN	diameter	should	be	approximately	

10	nm447,	and	that	penetration	efficiency	can	be	enhanced	by	application	of	a	force	(Table	
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1)448,458–461.	 Modification	 of	 the	 nN	 surface,	 the	 addition	 of	 detergent	 solutions,	 and	

electroporation	have	also	been	shown	to	improve	intracellular	access	of	nN.	

	

Table	2.1:	Cell-nanoneedle	interfacing	strategies,	modified	from	C.	Chiappini,	ACS	Sensors,	August	2017401,	with	

permission	from	the	American	Chemical	Society,	copyright	2017.	

Interfacing	strategy	 Force	

applied?	

Tunable	

parameters	

Interfacing	

efficiency	(%)		

Key	reference	

Seeding	 No	 Cell	density	 >	90	 390	

Hypergravity	 Yes	 Acceleration	

Duration	

∼80	 462	

AFM	 Yes	 Force	speed	 70	 392	

Micromanipulation	 Yes/No	 Position	 >90	 463	

Piezo	oscillation	 Yes	 Distance	

duration	

42	 464	

	

Nanoneedles	produced	by	FIB	can	be	used	as	atomic	force	microscope	(AFM)	tips392,424–427,437–

439,465,466.	The	force	and	insertion	depth	of	an	AFM	nN	can	be	controlled	and	monitored	down	

to	the	pico-Newton	using	an	AFM	force-distance	curve394,426,	and	these	force-distance	curves	

can	 provide	 evidence	 for	 successful	 AFM	 membrane	 penetration392.	 This	 is	 because	 cell	

indentation	 causes	 a	 repulsive	 force	 increase,	 with	 a	 sudden	 force	 drop	 when	 the	 cell	

membrane	is	penetrated	by	the	nN,	which	is	followed	by	a	steep	repulsive	force	increase	due	

to	the	friction	between	the	nN	and	the	cell	cytoskeleton.	AFM	studies	have	shown	that	a	force	

between	0.5	and	2	nM	is	required	to	insert	a	nN	probe	with	<	200	nm	diameter	through	the	

cell	membrane392,438.	

	

Other	methods	of	forcible	insertion	of	nN	arrays	include	hypergravity	through	centrifugation	

and	tapping448,	linear	actuation464	and	high-frequency	oscillating	piezoelectric	movements	for	

rapid,	 repeated	 interfacing464.	 Centrifugation	 increases	 the	 sedimentation	 rate	 of	 cells	

through	an	increase	in	gravitational	force467	and	cells	can	either	be	centrifuged	onto	nN	arrays	

or	nN	can	be	centrifuged	down	onto	the	cells	from	above467.	The	centrifugation	method	has	

been	 used	 to	 enhance	 green	 fluorescence	 protein	 (GFP)	 plasmid	 delivery	 into	 cells:	 a	
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centrifugal	force	of	600	g	enabled	transfection	expressions	of	<	1	%,	whilst	gentle	pressing	of	

the	nN	into	cells	enabled	efficiencies	of	∼50	%	in	certain	regions458.	Tapping	experiments,	in	

which	nN	arrays	are	tapped	down	onto	cells	using	a	sterilised	tweezer	by	hand,	also	allow	

force	loading	rates	compared	to	centrifugation448,458.	In	one	study,	centrifugation	of	cells	onto	

carbon	nN	did	not	enable	intracellular	access,	however	inverting	the	nN	array	on	top	of	the	

cells	and	pressing	or	 tapping	 it	down	with	 tweezers	was	sufficient	 to	gain	some	(variable)	

penetration448,458,460,461.	 Micromanipulation	 has	 been	 used	 in	 a	 carbon-nanotube-based	

endoscope	 to	 probe	 the	 intracellular	 environment	 with	 a	 spatial	 resolution	 of	∼100	 nm,	

showing	a	>	90	%	interfacing	efficiency463.	A	custom-built	linear	actuator	has	been	designed	

which	can	 tilt	a	nN	array	 so	 that	 it	 is	parallel	 to	 the	cell	 culture	 substrate464.	This	enables	

controlled	interfacing	and	also	maximises	the	number	of	interacting	cells.	The	linear	actuator	

can	be	equipped	with	a	piezoelectric	crystal	which	enables	the	actuator	to	oscillate	the	nN	

when	 in	 contact	 with	 cells,	 and	 this	 has	 been	 shown	 to	 improve	 cell	 interfacing	 whilst	

minimally	impacting	cell	viability.		

	

As	well	as	loading	cargo	onto	nN,	surface	functionalisation	can	be	used	to	aid	penetration	into	

the	cell	cytosol	by	making	the	nN	more	compatible	with	the	 lipid	bilayer	 found	 in	 the	cell	

membrane.	Hydrophobic	coatings	assist	membrane	penetration	and	nN	with	a	phospholipid	

bilayer	have	been	developed468.	A	branched	intracellular	nanotube	field	effect	transistor	(BIT-

FET)	developed	for	cell	action	potential	recordings	contains	phospholipid	modified	nN	and	

this	 has	 been	 reported	 to	 facilitate	 cell	 membrane	 penetration396.	 A	 dramatic	 change	 in	

recordings	 was	 seen	 45	 seconds	 after	 cell	 seeding	 which	 was	 claimed	 to	 arise	 from	

spontaneous	 cell	 penetration,	 moving	 from	 an	 extracellular	 to	 an	 intracellular	 signal.	

Moreover,	when	polyethyleneimine-coated	nN	are	modified	with	aminosilane	the	number	of	

nN	gaining	 intracellular	 access	 increases	 from	0–7%445,	 and	polyorthinone	and	 fibronectin	

coatings	have	also	shown	increased	cell	penetration	efficiencies417.	

		

Mild	detergents	can	be	used	in	conjunction	with	nN	to	destabilise	the	cell	membrane	while	

still	 maintaining	 cell	 viability.	 A	 combination	 of	 hollow	 nN	 and	 a	 low	 concentration	 of	

detergents	 (e.g.	 saponin)	 has	 been	 shown	 to	 be	 necessary	 to	 deliver	 molecules	

intracellularly402.	The	cell	membrane	can	also	be	destabilised	by	electroporation.	Hollow	nN	

of	250	nm	diameter	are	unable	to	penetrate	the	cell	membrane	spontaneously	and	require	
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electroporation	 for	 nN	 penetration416.	 It	 is	 possible	 to	 use	 nN-based	 electroporation	 by	

turning	 the	 nN	 into	 nanoelectrodes.	 These	 nanoelectrodes	 are	 tightly	 coupled	 to	 the	 cell	

membrane	and	can	therefore	create	a	strong	electric	field	from	a	small	voltage,	increasing	

the	cell	membrane	permeability	transiently	and	locally.		

	

2.1.4 Biological	applications	of	nanoneedles	

Nanoneedles	are	able	to	intimately	localise	within	the	intracellular	space	and	have	therefore	

been	utilised	to	deliver	membrane-impermeant	cargo	to	the	cytosol389,390,393,402,403,410,416,417,	

sense	 enzymatic	 activity397,400,	 and	 stimulate/record	 electrical	 activity	 from	 within	 the	

cell395,407.	

	

2.1.1.5 Cargo	delivery	

A	 range	 of	 biological	 and	 physical	 techniques	 have	 been	 designed	 to	 enable	 biomolecule	

delivery	to	cells,	since	many	molecules	are	unable	to	bypass	the	cell	membrane	based	on	their	

size,	 charge	and	hydrophilicity.	Biological	delivery	 techniques	often	exploit	 cellular	uptake	

and	transport	mechanisms469;	such	techniques	include	viral	systems,	liposomal	encapsulation	

and	 cell	 penetrating	 peptide	 carriers.	 Physical	 delivery	 strategies	 tend	 to	 disrupt	 and	

permeabilise	cell	membranes;	for	example	through	the	use	of	detergents,	electrical	pulses,	

ultra-violet	(UV)	light	and	pore-forming	toxins470.		

	

nN	 can	 directly	 deliver	 cargo	 into	 the	 cell	 cytosol	 of	 a	 variety	 of	 cell	 types,	 bypassing	

endocytosis	without	affecting	cell	viability393.	This	is	achieved	by	loading	the	nN	with	the	cargo	

and	then	allowing	the	nN	to	interface	with	the	cell	membrane.	The	cargo	can	diffuse	off	the	

nN	or	dissociate	 via	 a	 chemical	 reaction470.	 Solid,	 porous	and	hollow	nN	with	a	 variety	of	

different	functionalisations	have	been	used	to	deliver	biomolecules	intracellularly	through	a	

number	 of	 different	mechanisms392,394,436,438,465.	 Small	 biological	molecules	 such	 as	 siRNA,	

peptides,	proteins,	and	DNA	sequences	have	been	delivered	into	cells	using	nN	arrays	with	

efficiencies	ranging	from	40–99%393,403,404,410,417,471.	DNA	expression	following	nN	delivery	is	

often	below	1%410,458,472,	and	rarely	up	to	5–10%403,448.	The	highest	expression	efficiencies	to	

date	(70–80%)	have	been	achieved	by	a	combination	of	hollow	nN	and	electroporation416.	In	

some	cases,	delivery	efficiencies	on	flat	controls	are	equivalent	to	those	on	nN	arrays410,471.	
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However,	when	delivered	by	nN,	the	cargo	is	directly	in	the	cell	cytosol	and	is	not	contained	

in	intracellular	endo-	and	lysosomes	as	it	is	with	flat	controls471.	This	is	of	importance	since	

cargo	can	be	degraded	in	endosomes	and	lysosomes.	

	

Control	of	biological	delivery	remains	a	major	challenge.	For	example,	physisorbed	molecules	

are	 rapidly	 desorbed	 from	 nN,	 thus	 a	 large	 excess	 of	 biomolecules	 must	 be	 loaded392.	

Chemisorbed	biomolecules	 are	 covalently	bonded	 to	 the	nN	and	 cleavage	of	 these	bonds	

enables	their	delivery	424,438,448.	Biomolecules	have	been	covalently	linked	to	nN	via	disulphide	

bonds.	The	conditions	in	the	cell	interior	reduce	the	two	thiol	groups,	enabling	detachment	

of	the	cargo:	(R−SS−R	+	2H+	+	2e−	→	R−	SH	+	SH−R)	394,436.	Hollow	nN	have	the	advantage	that	

they	 do	 not	 need	 to	 be	 functionalised	 with	 the	 cargo.	 They	 can	 provide	 continuous	 and	

sustained	delivery	of	cargo	since	they	can	be	connected	to	a	reservoir	containing	the	cargo	to	

be	delivered473–475.	Recently,	hollow	nN	have	been	used	 to	deliver	 the	metabolite	UDP-N-

azidoacetylgalactosamine	(UDP-GalNAz)	 into	cells476.	UDP-GalNAz	is	an	intermediate	in	the	

glycosylation	pathway,	and	there	had	previously	not	been	an	effective	strategy	for	its	delivery	

into	cultured	mammalian	cells.		

	

2.1.1.6 Electrophysiology	measurements	

Electrophysiology	 describes	 the	 study	 of	 the	 electrical	 properties	 of	 cells	 and	 tissues.	 A	

number	of	recording	techniques	have	been	developed	to	measure	the	ion	flow	in	biological	

tissues	 since	 this	 can	 lead	 to	 a	 greater	understanding	of	 cellular	 signalling	processes.	 The	

patch	clamp	technique	is	the	most	common	electrophysiology	method	and	is	used	to	record	

cell	action	potentials477.	Nanoneedle	based	electrode	arrays	provide	an	alternative	method	

for	electrophysiology	recordings395,407.	They	are	advantageous	since	they	have	high	temporal	

resolution	 (resolving	power	 increases	with	decreasing	 electrode	 size),	 and	 they	have	high	

spatial	 resolution	 since	 arrays	 can	 be	 fabricated	 with	 a	 pitch	 of	 several	 microns	 or	 less	

between	the	wires.	In	addition,	the	nN	arrays	can	be	used	to	both	electroporate	and	measure	

the	electrophysiological	activity	of	cells.	There	is	minimal	signal	loss	as	the	cell	membrane	is	

able	to	seal	tightly	around	the	nN	generating	megaohm395	to	gigaohm478	seal	resistances.		

	

A	scalable	intracellular	electrode	platform	composed	of	an	array	of	vertical	nN	(VNEA)	has	

been	 developed	 which	 is	 able	 to	 intracellularly	 stimulate	 and	 record	 individual	 neuronal	
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activity	and	multiple	synaptic	connections	in	rat	cortical	neurons479.	Moreover,	nN-mediated	

current	 injections	have	been	shown	to	induce	action	potentials	 in	primary	neurons395,	and	

the	activity	of	this	action	potential	could	be	followed	in	the	same	cells	over	several	days407.	It	

has	been	demonstrated	that	hollow	nN	show	improved	signal	compared	to	solid	nN,	enabling	

recordings	to	be	measured	at	longer	time	scales419.	

	

2.1.1.7 Biomolecule	sensing	

Intracellular	protein	sensing	is	highly	valuable	since	certain	proteins	can	be	used	as	a	marker	

for	 disease	 in	 cells.	 When	 used	 to	 assess	 intracellular	 biomolecules,	 cell	 membrane	

penetration	 is	 essential.	 nN	 arrays	 have	 been	 used	 as	 a	 real-time	 label	 free	 method	 for	

multiplexed	electrical	 detection	of	protein	 cancer	markers398,401.	Moreover,	 apoptosis	 and	

inflammation	has	been	monitored	by	analysing	the	activity	of	the	caspase-3	protease	using	a	

nN−cell	“sandwich”	assay;	with	the	top	assay	 immobilising	 the	cells	and	the	bottom	assay	

presenting	the	enzymatic	substrates397.	Caspase-3-activity	has	also	been	evaluated	in	a	single	

living	cell	using	an	AFM	nN	and	a	fluorescent	probe,	in	a	method	known	as	MOlecular	MEter	

with	 NW	 Technology	 (MOMENT)399.	 AFM	 probe	 tips	 can	 penetrate	 the	 cell	 membrane	

through	application	of	force	and	have	therefore	been	used	to	measure	intrinsic	mRNA480	and	

the	cell	cytoskeleton481,482.	A	nN	array	functionalised	with	enzymatic	substrates	has	been	used	

to	measure	the	intracellular	activity	of	three	different	enzymes.	The	array	was	introduced	to	

the	cells	and	 then	retracted	and	 the	enzyme	activity	was	evaluated	based	on	 intracellular	

fluorescence	and	mass	spectrometry	of	the	nN397.	When	configured	as	field	effect	transistors,	

semiconducting	 nN	 can	 electrically	 detect	 biological	 molecules.	 They	 detect	 changes	 in	

conductance	when	 charged	molecules	 bind	 to	 their	 surfaces	 and	 show	high	 sensitivity	 to	

surface	species	due	to	their	large	surface	to	volume	ratio483–486.		

	

2.1.1.8 Extracellular	nanoneedles	

Intracellular	access	is	not	essential	for	all	nN	applications.	Nanoneedles	can	provide	physical	

guidance	to	cells,	forcing	them	to	form	networks.	For	example,	artificial	neuronal	networks	

have	been	created	 through	 the	use	of	nN	arrays487–489.	Nanoneedles	have	also	been	used	

extracellularly	to	capture	cells.	Cell	motility	is	hindered	on	nN	arrays310,455,	and	so	nN	have	

been	used	to	capture	cells	for	single	cell	analysis.	Flexible	nN	have	been	created	which	can	be	
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deflected	 by	 cells,	 and	 these	 can	 be	 used	 as	 a	 means	 to	 measure	 forces	 exerted	 by	

cells371,401,490,491.		

2.1.5 Cell	properties	on	nanoneedle	interfacing	

Since	cells	are	exposed	to	a	3D	extracellular	matrix	with	micro-	and	nanoscale	components	in	

vivo,	 cells	 in	 vitro	 are	 also	 sensitive	 to	 micro-492–494	 and	 nanoscale296,495,496	 surface	

topographies.	 Adherent	 cells	 respond	 to	 the	 surface	 chemistry	 of	 a	 material497,	 its	

deformability166,498,499,	and	in	the	case	of	nN	arrays,	nN	density308,500,	diameter472,501,502	and	

height312,455,503,504.	 Nanoneedles	 intimately	 localise	 with	 cells	 and	 cell	 properties	 such	 as	

adhesion300,308,309,445,505,	 cellular	 morphology311,413,500,506,507,	 nuclear	 morphology195,412,	

cytoskeletal	 tension508,509	 and	migration310,403	 are	 altered	 on	 nN	 interfacing,	with	minimal	

alteration	in	viability	and	proliferation	(Figure	2.3).	nN	can	be	used	as	a	tool	to	probe	and	

manipulate	cells	to	gain	a	better	understanding	of	how	cells	respond	to	their	environment.	

Indeed,	this	is	necessary	since	a	thorough	evaluation	of	the	cell	mechanotranductive	response	

to	nN	is	still	lacking.	Once	this	has	been	achieved,	nN	arrays	could	be	rationally	designed	for	

biological	applications	by	correlating	these	cellular	adaptations	with	the	surface	topography.		
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Figure	2.3:	Representative	images	of	cell	behaviour	on	nanoneedle	arrays.	Nanoneedle	(nN)	arrays	affect	cell	

morphology.	A)	Left:	Cells	show	greatly	reduced	spreading	on	zinc(II)	oxide	(ZnO)	nanorods	compared	to	flat	

glass	surfaces,	scale	bars	=	20	μm.	Reprinted	from	reference	311	with	permission	from	Elsevier,	copyright	2008.	

Right:	 Cells	 commonly	 align	 with	 the	 nN	 array	 pattern.	 Reprinted	 from	 reference	 500	 with	 permission	 from	

American	Chemical	Society,	copyright	2012.	B)	Cells	show	altered	proliferation	on	nN	arrays.	Cells	have	been	

shown	to	synthesise	more	DNA	(BrdU+)	on	nN	than	on	controls.	DRAQ5	=	all	cell	counterstain,	scale	bar	=	10	μm	

Reprinted	from	reference	308	with	permission	from	American	Chemical	Society,	copyright	2013.	C)	Cells	show	

reduced	migration	on	nN	arrays	compared	to	flat	controls.	Reprinted	from	reference	455	with	permission	from	

John	Wiley	and	Sons,	copyright	2013.	

	
	
2.1.1.9 Cell	viability	and	proliferation	

A	variety	of	different	cell	types	have	been	seeded	on	nN	arrays	with	minimal	loss	in	viability388.	

For	example,	more	than	95%	of	HEK293	and	F11	cells	have	been	shown	to	be	viable	after	2	

days	 of	 culture	 on	 InAs	 nN	 arrays308.	 Moreover,	 primary	 immune	 cells404	 and	 primary	

neurons510	have	been	shown	to	survive	to	the	same	extent	on	nN	and	flat	substrate	controls.	

Cell	viability	on	nN	has	been	measured	in	numerous	ways,	by	looking	at	cell	membrane511	and	

nuclear	 envelope472,510	 integrity,	 the	 activity	 of	 the	 cells’	 enzymes308,410,445	 and	

mitochondria309,404,	and	the	measurement	of	apoptotic	cell	death389,	cell	stress455	and	protein	

expression445.	Studies	have	shown	that	single	nN	penetration	into	the	cell	membrane	by	AFM	

maintains	cell	viability,	however	effects	of	nN	insertion	into	the	nucleus	remain	unknown466.	
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The	 geometry	 and	 shape	 of	 the	 nN	 affects	 toxicity	 and	 how	 it	 interfaces	 with	 the	 cell.	

Cytotoxicity	 decreases	 with	 decreasing	 nN	 diameter,	 irrespective	 of	 the	 interfacing	

technique391.	A	nN	diameter	<	200	nm	shows	little	impact	on	cell	metabolism,	viability	and	

proliferation;	 whereas	 a	 diameter	 >	 400	 nm	 ultimately	 leads	 to	 cell	 death	 following	

penetration,	with	cell	apoptosis	being	seen	within	a	day404,448.	Interestingly,	when	cells	are	

seeded	on	a	nN	array	the	density	of	the	nN	does	not	affect	viability,	however	it	does	affect	

cell	attachment388.		

	

Signs	of	stress	have	been	observed	when	cells	are	seeded	on	nN455,512.	An	upregulation	of	the	

stress	marker	Hspa8	and	the	redox	activity	regulator	Cybasc3	have	been	shown	for	cortical	

neural	stem	cells	seeded	on	4	µm	long	GaP	nanowire	arrays512.	Moreover,	L929	fibroblasts	

cultured	on	GaP	nanowire	arrays	have	been	shown	to	have	greater	levels	of	reactive	oxygen	

species	and	a	higher	mitochondrial	metabolic	activity	compared	to	flat	controls455.		

	

Cell	division	involves	the	synthesis	of	new	DNA,	mitotic	spindle	formation,	and	then	division	

into	two	daughter	cells;	this	can	be	subdivided	into	three	key	cell	cycle	phases	(S-,	M-,	and	

cytokinesis	phase)513.	Cells	seeded	on	nN	arrays	have	been	shown	to	divide514,	and	HEK293	

cells	 have	 been	 shown	 to	 synthesise	 more	 DNA	 (BrdU+)	 on	 nN	 compared	 to	 control	

samples308.	BrdU	is	a	thymidine	analogue	which	is	incorporated	into	DNA	during	the	S-phase	

of	the	cell	cycle,	and	can	be	detected	in	cells	by	immunocytochemical	labelling	of	its	bromo-

epitope.	 In	 contrast,	 fibroblasts	 show	 a	 lower	 rate	 of	 proliferation	 on	 GaP	 nanowires	

compared	to	flat	controls,	and	proliferation	was	reduced	with	nanowire	length455.	Moreover,	

multinuclear	cells	were	more	frequently	observed	on	the	nanowires,	suggesting	altered	cell	

division	on	GaP	nanowires.	

	
2.1.1.10 Cell	settling		

Nanoneedle	density	appears	to	affect	where	cells	grow.	Cells	remain	close	to	the	top	of	nN	

arrays	with	0.5	μm	spacing412,	and	sink	lower	to	the	underlying	surface	as	the	nN	spacing	is	

increased308.	A	critical	threshold	pitch	of	2–3	μm	has	been	shown	to	dictate	whether	the	cells	

reside	 above	 or	 below	 the	 nN	 surface.	 This	 has	 been	 determined	 both	 theoretically	 and	

experimentally308,500.	 Timing	 post	 seeding393	 and	 cell	 type	 also	 influence	 where	 the	 cell	
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chooses	to	settle	e.g.	HEK293	cells	reach	down	to	the	underlying	substrate,	whereas	NIH/3T3	

cells	remain	suspended	on	top	of	nN	with	the	same	spacing402.		

	

2.1.1.11 Cell	morphology		

Cell	morphology	 is	 often	 used	 as	 a	measure	 of	 cell	 health	 and	 it	 can	 also	 influence	 gene	

expression515	and	cell	survival316.	The	majority	of	studies	show	a	change	in	cell	morphology	

on	nN	compared	to	flat	controls388.	Cell	morphology	can	be	quantified	using	parameters	such	

as	cell	area,	circularity,	aspect	ratio,	and	solidity.	Cells	generally	show	a	smaller	projected	cell	

area	on	nN	 compared	 to	 flat	 controls308,311,312,500,506,	 and	 an	 increase	 in	 nN	height	 further	

decreases	the	projected	cell	area312.	It	has	also	been	demonstrated	that	cell	area	decreases	

with	 increasing	 nN	 density308.	 nN	 density	 also	 influences	 cell	 elongation,	 with	 lower	 nN	

spacing	promoting	elongation	of	cells	along	the	direction	of	the	nN	array308,500.	For	example,	

axons	from	a	mouse	superior	cervical	ganglion	have	been	demonstrated	to	align	along	rows	

of	vertical	GaP	nanowire	arrays489.		

	

2.1.1.12 Cell	adhesion		

Cells	 can	 grow	 on	 high-density	 (≥30	 nN/100	 μm2)	 nN	 arrays,	 however	 in	most	 cases	 cell	

adhesion	 is	 inhibited.	Lower	density	nN	arrays	 (<30	nN/100	μm2)	consistently	support	cell	

adhesion	and	 in	some	cases	even	encourage	adhesion388.	For	example,	 in	one	study	 it	has	

been	shown	that	90%	of	seeded	cells	adhere	to	nN	arrays	whereas	only	25%	of	cells	adhere	

to	 flat	 controls516.	 Increased	 cell	 adhesion	 to	 nN	 may	 be	 attributed	 to	 the	 topographic	

environment.	 Cells	 may	 form	 a	 tighter	 3D	 interaction	 with	 the	 nN	 involving	 the	 actin	

cytoskeleton308,310,517,	 and	 actin	 rings	 have	 been	 shown	 to	 form	 around	 individual	

nN195,308,410,455,518.	 The	 nN	may	 therefore	 act	 as	 a	 physical	 support	 to	 cells,	 enhancing	 cell	

adhesion.		

	

Surface	area	may	be	a	factor	which	dictates	cell	adhesion	to	nN	arrays.	Cells	are	able	to	form	

FA	points	on	the	surface	between	lower	density	nN	arrays308	whereas	cells	are	unable	to	reach	

the	flat	base	substrate	and	are	forced	to	adhere	to	the	nN	themselves	on	dense	nN	arrays,	

causing	 the	 cell	 to	 experience	 a	 reduced	 contact	 area	 which	 has	 been	 shown	 to	 reduce	

adhesion519.	 This	may	 also	 be	 the	 reason	why	 an	 increase	 in	 the	 expression	 of	 pFAK	 and	

vinculin	has	been	shown	on	short	nanowires	(10–15	µm)	compared	to	long	nanowires	(20–
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25	µm),	since	the	cells	can	reach	the	base	of	the	array	on	short	nanowires312.	The	surface	area	

of	the	nN	may	be	too	small	for	proper	FA	formation,	dot-like	focal	complexes	have	been	seen	

at	nN	locations411,	and	cells	are	unable	to	adhere	to	nN	below	a	threshold	of	70	nm	in	height,	

diameter,	or	spacing517.		

	

2.1.1.13 Nuclear	morphology	

Several	 microscopy	 studies	 have	 demonstrated	 that	 the	 nucleus	 deforms	 around	

nN195,389,410,455.	The	nucleus	deforms	around	blunt-tipped	nanopillars	and	this	was	shown	to	

be	dependent	on	nuclear	stiffness,	by	varying	the	levels	of	lamin-A	in	the	nucleus195.	Nuclear	

deformation	was	also	shown	to	be	dependent	on	the	actin	cytoskeleton	and	 intermediate	

filaments;	the	actin	cytoskeleton	pulls	the	nucleus	onto	the	nanopillars	and	the	intermediate	

filaments	resist	deformation	of	the	nucleus.	In	addition,	the	dimensions	and	curvature	of	the	

nuclear	deformation	could	be	varied	by	altering	the	geometry	of	the	nN	array.	

	
2.1.1.14 Cell	migration	

Cell	motility	and	migration	are	reduced	on	nN	arrays.	Cells	are	relatively	immobile	on	solid	

and	hollow	nN	whereas	 they	migrate	 longer	distances	on	 flat	 controls403,455.	 For	example,	

primary	rat	neurons	remained	stationary	over	four	days	on	nN	positioned	in	a	circle	whereas	

they	migrated	up	to	several	hundred	μm	on	the	flat	controls	over	the	same	time	period310.	It	

has	been	shown	that	a	few	nN	are	enough	to	immobilise	cells,	while	a	high	nN	spatial	density	

enables	a	"bed-of-nails"	effect,	where	cells	sit	on	top	of	the	nanowires	and	are	fully	motile520.	

It	has	been	hypothesised	that	migration	may	depend	on	surface	flexibility	since	cells	have	

been	shown	to	migrate	less	on	longer	nN	compared	to	shorter	nN	arrays455,488,506.	

	

2.1.6 Porous	silicon	nanoneedle	arrays		

The	Stevens	group	has	recently	developed	high	aspect	ratio	porous	silicon	nN	that	physically	

interact	with	both	the	cell	membrane	and	the	nucleus389,	and	whose	properties	have	been	

exploited	 for	 intracellular	 sensing	 and	 enhanced	 delivery	 of	 biomolecules	 (Figure	

2.4)389,390,400.	The	nN	are	fabricated	by	combining	MACE428	with	standard	microfabrication.	

The	conical	nanoneedle	has	5	μm	length,	50	nm	apical	width	and	600	nm	base	diameter.	The	

tunable	 tip	 diameter	 is	 less	 than	 50	 nm,	 which	 is	 sufficiently	 below	 the	 cutoff	 diameter	
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established	for	nanoneedle	cytotoxicity427.	These	nN	are	arranged	in	a	square	lattice	with	2	

µm	pitch389.		

	

Porous	 silicon	 is	 a	 highly	 useful	 biomaterial	 since	 it	 has	 a	 high	 surface	 area	 and	 is	

biocompatible.	 Indeed,	 the	porous	 silicon	nN	are	 biocompatible	 both	 in	 vitro	 and	 in	 vivo,	

showing	minimal	impact	on	cell	viability389,390,400,	and	the	porous	nN	have	an	over	300-fold	

increase	 in	 surface	 area	 compared	 to	 a	 solid	 cylindrical	 nanowire	 of	 equivalent	 apical	

diameter	(2.4	×	108	versus	7.8	×	105	nm2).	This	makes	porous	silicon	nN	highly	suitable	for	

intracellular	delivery;	its	high	surface	area	enables	high	concentrations	of	cargo	to	be	loaded.		

	

The	nN	keep	their	structural	integrity	following	in	vitro	and	in	vivo	applications	and	a	failure	

load	of	260	nN	and	a	critical	buckling	load	of	264	nN	has	been	estimated	for	the	nN390.	This	is	

two	orders	of	magnitude	higher	than	the	forces	experienced	during	active	penetration	of	a	

cell	(0.5	to	2	nN427).	Compression	testing	highlighted	the	onset	of	nanoneedle	failure	at	3.1	

μN,	with	terminal	failure	occurring	at	6.2	μN390.	Porous	silicon	is	biodegradable,	producing	

non-toxic	degradation	products521.	The	nN	dissolve	over	time	in	physiologic	conditions,	first	

thinning	and	increasing	in	porosity,	 losing	their	characteristic	after	15	hours,	and	leaving	a	

solid	stump	behind	at	72	hours390.		
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Figure	2.4:	Porous	silicon	nanoneedle	arrays	strongly	interface	with	the	cell	and	can	deliver	cargo	in	vitro	and	in	

vivo,	 adapted	 from	 Chiappini	 et	 al.,	 ACS	 Nano,	 9,	 5500-5509,	 2015389,	 with	 permission	 from	 the	 American	

Chemical	 Society,	 copyright	 2015.	 A)	 Nanoneedles	 (nN)	 show	 progressive	 cytosolic	 interfacing	 and	 nuclear	

exclusion	with	associated	remodeling	of	the	nuclear	envelope	over	the	course	of	eight	hours.	Top	row:	Confocal	

images	at	the	indicated	timepoints	(cell	membrane-	red,	nuclei	-	blue,	nN	–	green),	scale	bars	=	2	µm.	Middle	

row:	Focussed	ion	beam-	scanning	electron	microscopy	(FIB-SEM)	cross	sections	of	cells	interfaced	with	nN,	scale	

bars	=	2	µm.	Bottom	row:	54°	tilt	SEM	impages	showing	retained	cell	morphology,	scale	bars	=	50	nm.	B)	FIB-

SEM	cross	sections	of	nN-mediated	delivery	of	quantum	dots	into	cells.	The	loaded	nN	deliver	quantum	dots	to	

the	 cytosol	 (indicated	by	 red	 arrows).	N	=	nucleus,	 and	C	=	 cytosol,	 scale	bar	 =	 1	µm.	C)	 In	 vivo	 delivery	of	

quantum	dots	by	nN.	Fluorescent	live	imaging	of	the	muscle	and	skin	at	nN	injection	sites.	

	
Two	methods	are	used	to	interface	nN	with	cells	in	vitro:	the	nN	on	bottom	approach	(nN-B)	

and	the	nN	on	top	approach	(nN-T).	The	nN-B	technique	involves	seeding	cells	onto	the	nN,	

and	nN-T	technique	relies	on	the	application	of	a	centrifugal	force	to	induce	cell	membrane	

penetration;	 the	 nN	 is	 centrifuged	 onto	 a	 cell	monolayer.	 Cargo	 is	 delivered	with	 greater	

uniformity	using	the	nN-B	approach	compared	to	the	nN-T	approach,	especially	for	shorter	

time	points389.	However,	the	nN-T	approach	can	be	used	for	in	vivo	interfacing	of	cells	and	is	

a	faster	delivery	method	than	the	nN-B	approach.	

	

Indeed,	the	nN-T	approach	has	been	used	to	deliver	cell-impermeant	quantum	dots389	and	to	

transfect	the	VEGF-165	gene390	 in	vivo.	The	nN-B	approach	has	been	used	to	co-deliver	of	

DNA	and	siRNA	in	vitro	with	an	efficiency	greater	than	90%390.	With	both	interfacing	methods,	

cargo	is	delivered	to	the	cell	cytosol,	bypassing	the	endolysosomal	system389.	The	nN	have	
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also	been	applied	to	live	 intracellular	pH	sensing389	and	cathepsin	B	activity	sensing	across	

normal	and	tumour	human	esophageal	mucosa400.	Cathepsin	B	is	a	cysteine	protease	which	

is	a	known	biomarker	in	a	wide	range	of	solid	tumors522,523.	The	nN	were	functionalised	with	

a	peptide-based	cathepsin	B	cleavable	sensor	and	cancer	cells	could	be	distinguished	from	

healthy	cells	 in	mixed	culture.	When	applied	to	tissue,	 it	was	possible	to	map	cathepsin	B	

activity	across	the	tumour	margin	of	esophageal	adenocarcinoma400.		

	

Regardless	of	the	nanoinjection	strategy	(nN-B	or	nN-T),	confocal	and	dual-beam	focused	ion	

beam–scanning	electron	microscopy	(FIB-SEM)	have	revealed	that	intact	nanoneedles	tightly	

interface	to	the	cytosol	of	cells389,390.	In	some	cases,	the	nN	interface	with	the	nucleus	and	

the	nuclear	envelope	remodels	to	wrap	around	the	nN.	The	nN	do	not	appear	to	penetrate	

through	the	top	side	of	the	cell	membrane,	and	cells	wrap	the	tips	of	their	filopodia	around	

neighbouring	nN.	Cells	therefore	exhibit	flexible	nuclear	and	cell	membrane	rearrangements	

in	response	to	the	porous	silicon	nN	arrays.		

	

2.2 Chapter	aims	

	

Porous	 silicon	nN	arrays	have	been	utilised	as	a	platform	 to	deliver	 cargo	 to	 cells	and	 for	

intracellular	sensing389,390,400,	however	it	is	necessary	to	assess	how	the	nN	interface	with	the	

cells	in	order	to	carry	out	these	functions.	Therefore	the	interaction	between	nN	and	specific	

organelles	is	assessed,	such	as	the	actin	cytoskeleton	and	the	nuclear	membrane,	as	well	as	

cell	mechanobiology,	since	the	nN	are	imposing	force	onto	the	cells.	The	aim	of	this	chapter	

is	to	characterise	how	the	nN	affect	primary	human	cell	behaviour	in	order	to	further	optimise	

nN	design	for	future	applications.	

	

2.3 Materials	and	Methods		

	

2.3.1 Nanoneedle	preparation	

Nanoneedles	were	fabricated	according	to	our	established	protocol390,428,	and	quality	control	

was	carried	out	using	SEM.	The	nN	and	flat	control	substrates	were	 first	cleaned	using	an	

oxygen	plasma	cleaner	 (10	minutes	 -	Plasma	Prep	5,	Gala	 Instrument,	Germany)	and	then	
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functionalised	 with	 3-aminopropyltriethoxysilane	 (APTES,	 Sigma	 Aldrich	 A3648,	 St.	 Louis,	

Missouri;	United	States)	by	liquid	phase	conjugation	in	a	2%	v:v	ethanoic	solution	of	APTES	

for	2	hours.	The	nN	and	 flat	 controls	were	 repeatedly	washed	 in	absolute	ethanol	 (Sigma	

Aldrich	 32221,	 St.	 Louis,	 Missouri;	 United	 States)	 and	 dried	 under	 nitrogen.	 APTES	

functionalised	 nN	 were	 fluorescently	 tagged	 by	 2	 hour	 incubation	 with	 0.0005%	

w/v	5	carboxy-tetramethylrhodamine	N-succinimidyl	ester	(TAMRA,	Sigma	Aldrich	53048,	St.	

Louis,	Missouri;	United	States)	in	phosphate-buffered	saline	(PBS)	or	0.05	mg/ml	fluorescein	

isothiocyanate	isomer	I	(Sigma	Aldrich	F7250,	St.	Louis,	Missouri;	United	States)	in	PBS.	This	

was	followed	by	repeated	washes	with	PBS	and	water.	Non-fluorescent	nN	arrays	and	flat	

silicon	 substrate	 controls	 were	 sterilised	 under	 UV	 light	 for	 at	 least	 20	 minutes	 before	

conducting	 experiments	 with	 cells.	 Nanoneedles	 were	 prepared	 by	 Ciro	 Chiappini	 and	

Michele	Becce	at	Kings	College,	London	and	Imperial	College,	London.	

		

2.3.2 Cell	culture		

Human	umbilical	vein	endothelial	cells	(HUVECs,	Lonza,	Basel,	Switzerland)	were	expanded	

and	seeded	in	Endothelial	Growth	Medium-2	(EGM-2,	Lonza,	Basel,	Switzerland)	according	to	

the	manufacturer’s	instructions.	HUVECs	were	used	between	passage	5-10	and	seeded	at	a	

density	 of	 30,000	 viable	 cells	 /	 cm2	 for	 the	 six	 hour	 experiments	 and	 for	 the	 48	 hours	

experiments	HUVECs	were	seeded	at	3,000	cells	/	cm2	and	12,500	cells	/	cm2	for	flat	and	nN	

substrates,	respectively.		

	

Human	mesenchymal	stem	cells	(hMSCs,	Lonza	Ltd	-	Basel,	Switzerland)	were	expanded	in	

serum-free,	chemically-defined	medium	(MSCGM-CD)	with	supplements	(TheraPEAK,	Lonza,	

Basel,	Switzerland),	according	to	the	manufacturer’s	instructions.	hMSCs	were	seeded	on	nN	

or	flat	samples	in	Minimum	Essential	Medium	alpha	(αMEM,	Gibco	ThermoFisher	Scientific,	

Paisley,	United	Kingdom)	with	10%	v/v	MSC-qualified	foetal	bovine	serum	(FBS,	Gibco)	and	

1%	 v/v	 penicillin/streptomycin	 (P/S,	 Gibco).	 hMSCs	 were	 used	 between	 passage	 4-6	 and	

seeded	at	a	density	of	20,000	viable	cells	/	cm2	for	the	six	hour	experiments.	For	the	48	hour	

experiments	seeding	densities	were	adjusted	on	the	different	substrates	to	avoid	confluent	

overgrowth.	hMSCs	were	seeded	at	2,500	cells	/	cm2	and	8,375	cells	/	cm2	for	flat	and	nN	

substrates,	respectively.	
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2.3.3 Latrunculin	B	treatment		

Cells	were	cultured	flat	or	nN	substrates	in	regular	media	for	five	hours	and	then	the	media	

was	replaced	with	media	containing	either	dimethyl	sulfoxide	control	(DMSO,	Sigma	Aldrich,	

St.	Louis,	Missouri;	United	States,	1:10,000)	or	latrunculin	B	(LatB)	(Sigma	Aldrich,	St.	Louis,	

Missouri;	 United	 States,	 1:10,000	 in	 DMSO,	 final	 concentration	 100	 nM).	 Cells	were	 then	

cultured	 for	 one	 hour	 in	 the	 treated	 condition	 before	 fixation	 for	 immunofluorescent	

labelling.		

	

2.3.4 Immunofluorescent	labelling	and	imaging		

Cells	were	fixed	in	3.7%	w/v	paraformaldehyde	(PFA,	Sigma	Aldrich,	St.	Louis,	Missouri;	United	

States)	in	PBS	for	15	minutes	at	room	temperature,	and	were	then	washed	three	times	for	

five	minutes	in	PBS.	Cells	were	permeabilised	with	0.25%	v/v	Triton	X	(Sigma	Aldrich,	St.	Louis,	

Missouri;	United	States)	for	10	minutes	and	blocked	with	5%	v/v	goat	serum	for	1-2	hours.	

Primary	antibodies	diluted	in	fresh	0.1%	w/v	bovine	serum	albumin	(BSA,	Sigma	Aldrich,	St.	

Louis,	Missouri;	United	States)	in	PBS	were	added	to	the	cells	overnight	at	4˚C	(see	Table	2.2).	

Samples	were	then	washed	three	times	with	PBS	for	five	minutes	before	being	incubated	with	

Alexa	Fluor	secondary	antibodies	(ThermoFisher	Scientific,	Paisley,	United	Kingdom,		1:500)	

in	0.1%	w/v	BSA	for	60-90	minutes	at	room	temperature,	protected	from	light.	Following	this,	

cells	were	washed	three	more	times	with	PBS	for	five	minutes.	In	most	cases,	samples	were	

incubated	 with	 AlexaFluor-conjugated	 phalloidin	 (1:400	 in	 PBS)	 for	 30	minutes	 and	 were	

stained	with	DAPI	 (1:5,000)	 for	5	minutes,	and	stored	upside	down	 in	Vectashield	 (Vector	

Laboratories,	 Peterborough,	 United	 Kingdom)	 in	 glass-bottom	 chamber	 slides	 for	

imaging	 (Nunc,	 ThermoFisher	 Scientific,	 Paisley,	 United	 Kingdom).	 Confocal	 imaging	 was	

performed	on	 a	 Leica	 SP5	microscope	 (Leica	Microsystems,	Wetzler,	Germany).	Widefield	

imaging	was	performed	with	an	Axio	Observer	automated	microscope	(Carl	Zeiss	Meditec,	

Jena,	 Germany).	 Structured	 illumination	 microscopy	 (SIM)	 imaging	 was	 performed	 with	

an	Elyra	PS.1	(Carl	Zeiss	Meditec,	Jena,	Germany).		
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Table	2.2:	Antibody	information	for	immunofluorescent	labelling.	

Target		 Host		 Supplier		 Product	#		 Dilution		

YAP		 mouse		 Santa	Cruz	Biotech		 sc-101199		 1:200		

Vinculin		 mouse		 Sigma	Aldrich		 V9131		 1:200		

Paxillin		 mouse		 BD	biosciences		 610052		 1:200		

pPax		 rabbit		 Abcam		 ab4833		 1:50		

pMLC		 rabbit		 Cell	Signalling		 CST	3671		 1:50		

Lamin-A/C		 mouse		 Santa	Cruz	Biotech		 sc-7292		 1:500		

Lamin-A/C-C		 mouse		 Abcam		 ab8984		 1:200		

Lamin-A/C		 rabbit		 Abcam		 ab26300		 1:1000		

Lamin-B1		 goat		 Santa	Cruz	Biotech		 sc-6217		 1:500		

Caspase-3		 rabbit		 Cell	Signalling		 CST	9661		 1:400		

hnRNP		 mouse		 Santa	Cruz	Biotech		 sc-32301		 1:500		

Ki67		 rabbit		 Abcam		 ab15580		 1:500		

	

2.3.5 Cytoskeleton	stabilisation	buffer	treatment		

For	 treatment	 with	 the	 cytoskeletal	 stabilisation	 buffer	 (CSK,	 vinculin	 images),	 cells	 were	

incubated	with	CSK	 (10	mM	PIPES,	50	mM	NaCl,	3	mM	MgCl2,	300	mM	sucrose,	0.5%	v/v	

Triton-X	100)	for	1	minute	at	4˚C	prior	to	fixation,	following	an	established	protocol524.	

	
2.3.6 Live	cell	imaging	

HUVECs	were	seeded	in	35mm	plates	for	next	day	70%	confluency	(100k/cm2).	A	ratio	of	3:1	

FuGENE®	HD	Transfection	Reagent	(Promega,	E2311):	DNA	(Lifeact	plasmid)	with	1ug	DNA	

was	made	up	in	Opti-MEM®	I	Reduced	Serum	Medium,	GlutaMAX	(Lifetechnologies,	51985-

026)	and	100	uL	was	added	to	the	cells	in	EBM-2	basal	medium	(Lonza	CC-3156)	with	2%	FBS.	

After	 six	 hours	 the	medium	was	 replaced	with	 EGM.	 48	 hrs	 after	 transfection,	 cells	were	

trypsinised	and	seeded	on	the	nanoneedles	in	24	well	plates	at	a	seeding	density	determined	

by	the	transfection	efficiency.	Following	two	hours	of	incubation,	to	allow	adherence	of	cell	

to	the	nN,	the	nN	were	inverted	and	placed	down	in	an	8	well	chamber	slide	containing	EGM	

media,	and	imaged	on	a	widefield	Ti-E	Eclipse	microscope	(Nikon	-Minato,	Japan).	The	cells	

were	imaged	every	15	minutes	for	2	hours	and	45	minutes.	
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2.3.7 Scanning	electron	microscopy	

Cells	on	nN	or	flat	substrates	were	fixed	in	2.5%	v/v	glutaraldehyde	solution	(Sigma	Aldrich,	

St.	Louis,	Missouri;	United	States)	for	one	hour	in	PBS	at	room	temperature,	and	then	washed	

3	 times	 in	 PBS.	 PBS	buffer	was	 substituted	with	 0.1M	 sodium	cacodylate	buffer	 (Electron	

Microscopy	Sciences,	USA)	and	cells	were	washed	twice	 for	 five	minutes.	Cells	were	post-

fixed	 in	 1%	 v/v	 osmium	 tetroxide	 for	 1	 hour	 in	 0.1M	 sodium	 cacodylate	 buffer	 and	

subsequently	 washed	 with	 distilled	 water	 two	 times	 for	 five	 minutes.	 Samples	 were	

dehydrated	 in	a	 series	of	ethanol	dilutions	 (20,	30,	50,	70,	80,	90%	v/v	ethanol	 in	water),	

treated	with	100%	ethanol	four	times	for	five	minutes	after	which	they	were	treated	with	

hexamethyldisilazane	 (HMDS)	 for	 five	minutes	 and	 air-dried.	 Samples	were	mounted	 and	

sputtered	with	10	nm	of	chromium	(Q150,	Quorum,	USA)	and	imaged	using	Sigma300	(Zeiss	

Meditec,	Jena,	Germany)	scanning	electron	microscope	with	working	distance	of	10	mm	and	

an	accelerating	voltage	of	5	keV.	SEM	imaging	taken	with	Sahana	Gopal	and	Michele	Becce,	

Imperial	College,	London.	

		

2.3.8 Quantitative	real-time	polymerase	chain	reaction	(qRT-PCR)		

Cells	on	nN	or	flat	substrates	were	firstly	 incubated	with	Trizol	reagent	(Life	Technologies,	

Carlsbad,	 California,	 United	 States).	 They	 were	 then	 mixed	 with	 chloroform	

(5:1	 Trizol:chloroform),	 and	 this	 mixture	 was	 separated	 by	 centrifugation	 (12,000x	 g,	

15	minutes,	4°C).	The	RNA	was	contained	in	the	aqueous	phase,	and	this	was	isolated	using	

RNeasy	 columns	 (Qiagen).	 cDNA	 was	 then	 synthesised	 using	 a	 reverse	 transcription	 kit	

(Applied	Biosystems	-	Life	Technologies,	Product	#4368814),	and	qRT-PCR	was	carried	out	on	

a	SYBR	Green	master	mix	(Applied	Biosystems	–	Life	Technologies,	Product	#1179401K)	mixed	

with	2-5	ng	cDNA	and	250-500	nM	of	forward	and	reverse	primers,	respectively.	qRT-PCR	was	

processed	using	either	a	StepOne	Plus	or	QuantStudio6	machine	(Applied	Biosystems).	The	

StepOne	Plus	protocol	involved	95°C	for	20	seconds	followed	by	40	cycles	of	denaturation	at	

95°C	 for	3	 seconds	and	annealing	at	a	 temperature	between	55-60°C	 for	30	 seconds.	The	

QuantStudio6	protocol	involved	95°C	for	20	seconds	followed	by	40	cycles	of	denaturation	at	

95°C	for	1	second	and	annealing	at	a	temperature	between	55-60°C	for	20	seconds.	Cycles-

to-threshold	(Ct)	values	were	generated	by	the	ThermoFisher	Scientific	Cloud	Software	for	

qPCR	 file	 processing	 (https://www.thermofisher.com/uk/en/home/cloud.html).	 The	 values	
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were	 then	 manually	 processed	 using	 Excel	 to	 generate	 fold	 change	 expression	 values	

compared	to	the	geometric	mean525	expression	of	housekeeping	genes.	qRT-PCR	analysis	was	

performed	by	Spencer	Crowder,	Imperial	College,	London.	Custom	primers	were	purchased	

from	Invitrogen,	and	tested	for	specificity	prior	to	use.	Sequences	are	listed	in	Table	2.3.		

	

Table	2.3:	qRT-PCR	primer	sequences.		

Gene	

Name		
Accession	Number		 Forward	/	Reverse	Primer	3'-5'		 Amplicon	(bp)		

Total	Primer	

Concentration		

ANKRD1		 NM_014391.2		 AGTAGAGGAACTGGTCACTGG		 138		 500	nM		

		 		 TGGGCTAGAAGTGTCTTCAGAT		 		 		

CTGF		 NM_001901.2		 AGGAGTGGGTGTGTGACGA		 117		 500	nM		

		 		 CCAGGCAGTTGGCTCTAATC		 		 		

FAK		 NM_153831.3		 CAGTGCCTTCTGCAGTTTCC		 292		 500	nM		

		 		 CTTCTGAATGATGCCCCTGACA		 		 		

PXN		 NM_001080855.2		 TGGACAGCCCTACTGTGAAA		 125		 500	nM		

		 		 AGAAGTGTTCAGGGTGCCA		 		 		

VCL		 NM_003373.3		 GAAGAGAGCATTGGCCTCCA		 388		 500	nM		

		 		 AAGCCAGTTCTGAGCAGCAT		 		 		

ZYX		 NM_001010972.1		 TTTCAAAGCCCGGGTGTCAT		 81		 500	nM		

		 		 GCAGGCTTGGTACTGGACTT		 		 		

LMNA		 NM_170707.3		 CGTCGGTGACTCAGTGTTCG		 156		 250	nM		

		 		 GAAGGACAGAGACTGCTCGG		 		 		

LMNB1		 NM_005573.3		 CTCGTCTTGCATTTTCCCGC		 170		 250	nM		

		 		 TGGCGTTTAGAGGAACGGAG		 		 		

PPIA		 NM_021130		 CTTCACACGCCATAATGGC		 273		 500	nM		

		 		 GTGATCTTCTTGCTGGTCTTG		 		 		

RPL13A		 NM_012423		 AAGTACCAGGCAGTGACAG		 100		 500	nM		

		 		 CCTGTTTCCGTAGCCTCATG		 		 		

HPRT		 XM_011531328.1		 TGACACTGGCAAAACAATGCA		 94		 500	nM		

		 		 GGTCCTTTTCACCAGCAAGCT		 		 		

	

2.3.9 Quantification	of	lamin	signal		

ImageJ	software	(National	Institutes	of	Health,	Bethesda,	MD,	USA)	was	used	to	quantify	the	

lamin	 signal	 in	 confocal	 z-stacks	 of	 individual	 cells.	 A	 line	 was	 drawn	 along	 a	 row	 of	 nN	
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interfacing	with	the	nuclear	envelope	in	the	x-y	plane.	From	this	line,	a	reslice	image	was	then	

created	in	either	the	x-z	or	y-z	plane.	The	width	of	the	line	used	to	assess	the	reslice	image	

was	25	pixels	for	Figure	2.20B	and	20	pixels	for	Figure	2.20C.		

	

For	Figure	2.20B	analysis,	a	horizontal	line	of	20	pixel	width	was	drawn	in	the	reslice	image,	

with	the	base	of	the	line	touching	the	base	of	the	nuclear	envelope	and	the	top	of	the	line	

touching	the	tip	of	the	nN.	The	lamin-A	and	lamin-B	signal	was	then	recorded	along	this	line.	

In	another	area	where	the	nN	were	not	interacting	with	the	nuclear	envelope	(i.e.	the	top	

nuclear	envelope	or	the	space	in	between	nN	interfacing),	another	line	of	20	pixel	width	was	

drawn,	and	the	lamin-A	and	lamin-B	signal	values	over	this	line	were	averaged	and	used	as	a	

normalisation	factor	for	the	specific	reslice	image	in	question.		

		

For	Figure	2.20C	analysis,	reslice	images	were	prepared	in	the	same	way,	and	two	additional	

lines	were	prepared	for	measurement	of	signal	within	the	reslice	image.	Two	identical	20	pixel	

width	lines	were	drawn	perpendicular	to	the	nN	height	in	the	y-direction.	One	line	was	placed	

in	the	middle	of	the	nN	z-height	(middle	line)	and	an	identical	line	was	z-shifted	to	the	top	of	

the	nN	z-height	(top	line),	and	signal	for	nN,	lamin-A,	and	lamin-B	channels	were	recorded.	

Similar	to	above,	a	normalisation	line	was	also	recorded	from	an	area	within	the	reslice	along	

a	20	pixel	width	line	where	nN	were	not	interacting.	The	troughs	within	the	nN	signal	were	

detected	from	the	inflexion	points	around	local	maxima	of	the	nN	signal	from	the	middle	line,	

and	lamin-A	and/or	lamin-B	signals	were	integrated	from	trough-to-trough	distances	for	the	

middle	and	top	 lines.	This	analysis	was	performed	because	measurement	of	 lamin-A	or	 -B	

signal	at	specific	points	along	the	nN	width	did	not	reveal	the	accumulation	of	the	protein	

signal	around	the	nN	in	the	y-direction.	Integrated	values	were	subsequently	normalised	to	

the	 respective	 average	 values	 calculated	 from	 the	 normalisation	 line,	 and	 the	 ratio	 of	

integrated	 lamin	 A:B	 at	 the	 nN	 middle	 and	 top	 are	 reported.	 Figure	 2.20C	 analysis	 was	

conducted	with	Spencer	Crowder,	Imperial	College,	London.		

	

2.3.10 Quantitative	cell	morphology	analysis	

Quantification	 of	 cell	 and	 protrusions	 morphology	 was	 performed	 on	 tiled	 widefield	

microscopy	images	using	the	MATLAB	image	analysis	toolbox526.	Background	correction	was	
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performed	by	negating	the	image	with	a	widefield	gaussian	blurred	copy	of	the	image	itself.	

Marker	 controlled	watershed	 segmentation	was	 then	 performed	 on	 the	 DAPI	 channel	 to	

identify	nuclei.	Nuclei	touching	the	border,	or	below	a	threshold	intensity	were	filtered.	To	

identify	the	cell	cytoplasm,	thresholding	was	performed	on	the	actin	channel	to	identify	the	

image	 region	 containing	 cells.	Watershed	 on	 the	 actin	 channel	 resulted	 in	 extensive	mis-

segmentation,	thus	utilising	nuclei	as	markers,	and	the	actin	containing	image	region	as	the	

boundary,	marker	controlled	watershed	segmentation	was	performed	on	the	YAP	channel.	

This	resulted	in	effective	detection	of	cell	boundaries	with	the	substrate	and	with	other	cells.	

Cells	 with	 mean	 actin	 intensity	 similar	 to	 background	 were	 filtered	 out,	 as	 were	 those	

touching	the	border.	Quantitative	cell	morphology	analysis	was	carried	out	by	Samuel	Cooper	

at	the	Institute	of	Cancer	Research	and	Imperial	College,	London.	

	

2.3.11 Feature	extraction		

Features	 describing	 cell,	 and	 protrusion	morphology	 were	 extracted	 from	 cell	 and	 nuclei	

segments.	 For	 intensity	 and	 texture	 properties	 the	 original	 images	 were	 used,	 without	

background	correction,	however	 images	were	 log	 transformed,	and	 subsequently	 the	10th	

percentile	 intensity	 was	 deducted,	 to	 align	 background	 intensity	 to	 zero,	 thus	 reducing	

technical	intensity	variations	between	replicates.	Protrusion	regions	are	defined	by	applying	

a	 large	erosion	and	dilation	operation	 to	 the	whole	 cell	 segment.	 This	 generated	a	highly	

rounded	core,	region	of	cytoplasm	not	in	this	core	are	defined	as	protrusions.	A	list	of	the	

features	extracted	and	in	the	data	tables	is	given	below,	for	linear	discriminant	analysis	(LDA).		

	

2.3.11.1 Morphology	(except	actin	channel	intensity)	

1. Cell	area	
2. Cell	major	axis	length:	length	of	the	equivalent	ellipse	based	upon	second	order	moments	
3. Cell	minor	axis	length:	width	of	the	equivalent	ellipse	
4. Cell	eccentricity:	eccentricity	of	the	equivalent	ellipse	
5. Cell	extent:	proportion	of	pixels	within	the	bounding	box	
6. Cell	solidity:	proportion	of	pixels	in	the	convex	
7. Cell	perimetre:	perimetre	length	of	cell	segment	
8. Cell	roundness:	defined	as	4𝜋 $%&'

(&%)*&+%&,
	

9. Cell	channel	intensity:	mean	actin	intensity:	not	included	for	LDA	
10. Number	of	protrusions	per	cell	
11. Mean	protrusion	area	per	cell		
12. Max	protrusion	area	per	cell	
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13. Total	protrusion	area	per	cell	
14. Mean	length	of	protrusions	per	cell	(major	axis	length	of	equivalent	ellipse)	
15. Max	length	of	protrusion	per	cell	
16. Total	length	of	protrusions	per	cell	
17. Mean	width	of	protrusion	per	cell	(minor	axis	length	of	equivalent	ellipse)	
18. Max	width	of	protrusion	per	cell	
19. Total	width	of	protrusion	per	cell	
20. Mean	 extent	 of	 protrusions	 per	 cell,	 defined	 as	 length	 from	 nuclei	 centre	 of	 mass	 to	

furthest	point	 in	protrusion	 region	minus	 length	 from	nuclei	 centre	of	mass	 to	nearest	
point	in	protrusion	region.		

21. Max	extent	of	protrusion	per	cell	
22. Total	extent	of	protrusion	per	cell	

	
2.3.11.2 Actin	texture	calculated	from	Grey	Level	Co-occurrence	Matrix	(GLCM)	

	
23.	Contrast:	variance	between	neighbouring	pixels	
24.	Correlation:	correlation	between	neighbouring	pixels	
25:	Energy:	angular	second	moment	of	the	image	
26:	Homogeneity:	a	measure	of	how	sharp	are	gradients	within	the	image	

	
2.3.11.3 Additional	features	

	
27.	Nuclear	centroid	X	position	
28.	Nuclear	centroid	Y	position	
29.	Nuclear	orientation	angle	of	equivalent	ellipse	
30.	Cell	orientation	angle	of	equivalent	ellipse	
31.	Mean	intensity	of	central	actin	(following	erosion	of	cytoplasmic	segment	mask)	
32.	Mean	intensity	of	cortical	actin	(mask	of	cytoplasmic	ring	region	that	is	eroded	to	form	
central	region)	
	
2.3.11.4 Protrusion	features	

	
1. Index	of	cell	protrusion.	This	links	protrusions	to	the	unique	cell	ID	in	the	corresponding	

single	cell	data	file.	
2. Protrusion	area	
3. Length	of	protrusion	(major	axis	length	of	equivalent	ellipse)	
4. Width	of	protrusion	(minor	axis	length	of	equivalent	ellipse)	
5. Protrusion	orientation	angle	of	equivalent	ellipse	
6. Extent,	defined	as	length	from	nuclei	centre	of	mass	to	furthest	point	in	protrusion	region	

minus	length	from	nuclei	centre	of	mass	to	nearest	point	in	protrusion	region	
	
Feature	extraction	was	carried	out	by	Samuel	Cooper	at	the	Institute	of	Cancer	Research	and	

Imperial	College,	London.	

	



	
	

87	
	

2.3.12 Linear	discriminant	analysis		

Linear	discriminant	analysis	 (LDA)	between	 flat	and	nN	substrates	was	performed	on	cells	

pooled	over	3	experimental	repeats	for	HUVEC	and	hMSC	cells,	with	two	technical	repeats	for	

two	experiments,	and	one	technical	replicate	for	one	experiment.	Each	cell	type	was	analysed	

independently,	where	cells	were	labelled	as	“flat”	or	“nN”	and	the	features	described	above	

were	 extracted	 for	 all	 cells.	 R2	 values	 for	 HUVEC	 and	 hMSC	 cells	 were	 0.286	 and	 0.343	

respectively;	p	<	0.001	in	both	cases.	Also,	LDA	applied	to	data	following	random	permutation	

of	class	 labels	 led	to	 insignificant	separation.	These	R2	values	correspond	to	75%	and	78%	

correct	substrate	classification	of	HUVEC	and	hMSC	cells	respectively.	The	box	plot	in	Figure	

2.7A	shows	a	random	sample	of	900	cells	from	each	group.	This	analysis	was	conducted	with	

the	Scikit-Learn	module	for	Python.	Linear	discriminant	analysis	was	carried	out	by	Samuel	

Cooper	at	the	Institute	of	Cancer	Research	and	Imperial	College,	London.	

	

2.3.13 Quantifying	actin	stress	fibres	

Actin	stress	fibres	were	quantified	from	confocal	images.	To	highlight	stress	fibres	the	actin	

channel	was	filtered	by	performing	convolution	with	a	6	by	10	kernel	with	the	central	two	

columns	containing	a	positive	value	and	the	outer	four	columns	containing	a	negative	value.	

Convolution	was	performed	with	orientations	of	the	kernel	at	3	degree	intervals	between	0	

and	180	degrees,	the	maximum	value	for	each	pixel	over	60	orientations	was	then	selected.	

Other	kernel	shapes	and	orientation	regimes	were	tested,	however	this	choice	emphasised	

stress	fibres	most	effectively,	as	judged	by	visual	inspection.	

	

Thresholding	 was	 then	 performed	 on	 these	 images,	 and	 the	 subsequent	 binary	 mask	

appeared	to	match	stress	fibres	well.	Regions	below	100	pixels	in	size	were	removed	as	these	

were	largely	noise.	

	

2.3.14 Focal	adhesion	quantification	

To	 identify	 focal	 adhesions,	 a	 similar	 approach	 to	 actin	 stress	 fibre	 identification	 was	

employed.	Confocal	 images	of	cells	 treated	with	cytoskeletal	stabilisation	buffer	 (CSK)	and	

then	stained	for	vinculin	were	used	for	image	analysis.	Vinculin	channel	images	were	filtered	
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by	performing	convolution	with	a	5	by	6	kernel	with	the	central	two	columns	containing	a	

positive	 value	 and	 outer	 two	 columns	 containing	 a	 negative	 value.	 Convolution	 was	

performed	with	orientations	of	the	kernel	at	10	degree	intervals	between	0	and	90	degrees,	

the	 maximum	 value	 for	 each	 pixel	 over	 the	 9	 orientations	 was	 then	 selected.	 Following	

thresholding	 similar	 to	 actin	 bundle	 quantification,	 regions	 below	 10	 pixels	 in	 size	 were	

removed	as	these	were	largely	noise.	

	

Again,	to	determine	the	focal	adhesion	density,	the	number	of	focal	adhesion	regions	in	the	

image,	 divided	 by	 the	 image	 area	 covered	 by	 actin	 (determined	 by	 a	 similar	 threshold	

operation)	 was	 calculated.	 Significance	 was	 determined	 by	 pairwise	 t-test	 between	 10	

analysed	fields	of	view	taken	over	2	experimental	repeats.	Focal	adhesion	quantification	was	

carried	 out	 by	 Samuel	 Cooper	 at	 the	 Institute	 of	 Cancer	 Research	 and	 Imperial	 College,	

London.		

	

2.3.15 YAP	localisation	analysis	

YAP	 intensities	 and	 localisation	were	 calculated	 following	 cell	 and	nuclei	 segmentation	 as	

described	above.	Three	features	on	YAP	localisation	were	recorded:	

	

1. Nuclear	YAP	intensity:	taken	as	the	median	of	the	nuclear	YAP	intensities	

2. Cytoplasmic	YAP	intensity:	the	cytoplasmic	segments	was	eroded	by	a	fixed	width	(10px),	

such	that	pixels	bordering	the	substrate	and	other	cell	were	not	included,	subsequently	

the	median	YAP	intensity	from	this	region	was	taken.		

3. Log	nuclear	to	cytoplasmic	YAP	ratio	

	

YAP	 nuclear	 to	 cytoplasmic	 localisation	 changes	 both	 in	wildtype	 and	 following	 drug	 and	

DMSO	treatment,	were	 recorded	 from	a	pooled	 random	sample	of	180	cells	 taken	over	2	

experimental	repeats,	with	two	technical	repeats	per	experiment.	Significance	of	differences	

was	 calculated	 using	 a	 pair	 wise	 t-test	 between	 single	 cell	 populations.	 YAP	 localisation	

analysis	was	carried	out	by	Samuel	Cooper	at	the	Institute	of	Cancer	Research	and	Imperial	

College,	London.		
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2.3.16 Statistical	analysis		

Statistics	 on	 biochemical	 data	 was	 performed	 using	 GraphPad	 Prism	 software	 (La	 Jolla,	

California,	USA).	When	comparing	two	groups,	a	Student’s	unpaired	t-test	was	performed	and	

when	more	than	two	groups	were	compared,	a	one-way	analysis	of	variance	(ANOVA)	was	

performed,	followed	by	pairwise	comparisons	via	Bonferroni’s	Multiple	Comparison	Test.	For	

the	comparison	of	lamin-A:B	ratios	in	Figure	2.20,	a	non-linear	exponential	curve	was	fit	to	

the	data	set,	and	the	best-fit	values	are	reported.	For	image	analysis,	MatLab	(Mathworks,	

Cambridge,	UK)	was	used	to	analyse	data	and	prepare	charts.	Image	analysis	was	conducted	

by	Samuel	Cooper	at	the	Institute	of	Cancer	Research	and	Imperial	College,	London.	Statistical	

analysis	of	qPRCR	data	and	the	 lamin-A:B	ratios	 in	Figure	2.20	was	carried	out	by	Spencer	

Crowder	at	Imperial	College,	London.	

		

For	 qPCR	 analysis,	 three	 to	 four	 experimental	 replicates,	 with	 at	 least	 two	 biological	

replicates,	were	performed.	For	each	experimental	replicate,	the	expression	of	the	gene	of	

interest	 (GOI)	was	normalised	 to	 the	geometric	mean	of	at	 least	 two	housekeeping	genes	

(HKGs)	following	previous	method,	which	generated	the	ΔCt	values525.	For	each	cell	type,	the	

average	was	calculated	for	the	normalised	GOI	expression	on	flat	samples,	and	the	expression	

of	all	the	other	groups	was	then	normalised	to	these	values.	This	resulted	in	an	expression	

value	equal	to	1	for	HUVEC	or	hMSC	flat	samples,	but	carried	a	non-zero	standard	deviation	

that	 reflected	 the	 intra-experimental	 heterogeneity	 of	 biological	 replicates.	 In	 order	 to	

propagate	this	error,	the	relative	standard	deviation	(RSD)	was	calculated	for	all	groups	of	

interest,	where:	

	

𝑅𝑆𝐷 = 	 (𝑆𝐷_𝐸𝑥𝑝𝑅𝑒𝑝19 + ⋯+ 𝑆𝐷_𝐸𝑥𝑝𝑅𝑒𝑝𝑁9)	/	N	

	

Where	N	=	number	of	 experimental	 replicates	 (N	=	3	–	4)	 and	SD_ExpRep	 represents	 the	

standard	deviation	of	 the	normalised	expression	 for	each	group	within	each	experimental	

replicate.	This	approach	allowed	for	the	variability	within	each	experiment	to	be	propagated.	

Of	note,	for	lamin-A	and	lamin-B	gene	expression	in	Figure	2.18A,	the	expression	of	all	groups	

was	normalised	to	HUVEC	flat	so	that	cell	type-specific	differences	in	lamin	signal	could	be	

observed.		
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For	all	box	plots,	the	25th	and	75th	quartiles	are	shown,	the	line	is	the	median	value,	and	the	

whiskers	extend	to	the	minimum	and	maximum	data	points,	unless	the	point	is	a	statistical	

outlier	 (and	 is	 therefore	 shown	 in	 red).	 For	 all	 experiments,	 p	 <	 0.05	 was	 considered	

significant.		

	

2.4 Results		

	

2.4.1 Cell	viability	

A	number	of	cell	types	have	previously	been	interfaced	with	porous	silicon	nN	arrays	without	

a	 loss	 in	 cell	 viability389,390,400.	 For	 example,	 HeLa	 cells	 have	 been	 shown	 to	 retain	 their	

physiologic	metabolic	activity	and	normal	proliferation	in	nN	arrays	over	the	course	of	five	

days390.	However,	the	viability	of	primary	human	cells	on	nN	has	not	yet	been	determined.	

Two	different	primary	human	cell	types,	human	umbilical	vein	endothelial	cells	(HUVECs)	and	

human	mesenchymal	stem	cells	(hMSCs),	were	therefore	seeded	on	nN	arrays	for	six	hours	

and	24	hours,	48	hours,	and	72	hours.	On	visual	inspection,	cells	appeared	viable	for	up	to	72	

hours.	The	six	hour	timepoint	was	selected	as	the	timepoint	to	assess	cell-nN	interactions,	

since	there	is	less	nN	degradation	at	this	timepoint,	enabling	an	assessment	of	primary	human	

cells	 with	 sharp	 high-aspect	 ratio	 structures,	 as	 opposed	 to	 blunted	 structures	 after	 24	

hours390.		

	

Next,	the	viability	and	proliferation	of	HUVECs	and	hMSCs	was	assessed	six	hours	post	nN	

interfacing.	In	order	to	achieve	this,	cells	were	immunofluorescently	labelled	for	caspase-3,	

since	caspase-3	is	a	frequently	activated	protease	in	mammalian	cell	apoptosis527.	Moreover,	

cells	were	also	immunofluorescently	labelled	with	Ki67	to	assess	cell	proliferation,	since	the	

Ki-67	protein	is	present	during	all	active	phases	of	the	cell	cycle	but	is	absent	in	resting	cells528.	

Culture	 on	 nN	 did	 not	 stimulate	 an	 apoptotic	 response	 or	 abolish	 cell	 proliferation	 in	

comparison	 to	 flat	 controls,	 as	 indicated	 by	 negative	 staining	 for	 caspase-3	 and	 positive	

staining	for	Ki67,	respectively	(Figure	2.5).		
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Figure	2.5:	Nanoneedle	arrays	minimally	affect	cell	viability.	Proliferation	of	primary	human	cells	was	retained	

on	 nanoneedle	 (nN)	 arrays,	 demonstrated	 by	 positive	 staining	 for	 Ki67	 (magenta),	 and	 apoptosis	 was	 not	

activated,	since	there	is	an	absence	of	caspase-3-positive	cells	(green).	DAPI	–	blue.	Scale	bars	=	100	μm.	

	

2.4.2 Cell	morphology	and	the	actin	cytoskelton	

Although	cells	showed	minimal	loss	of	viability	on	nN	arrays,	they	displayed	morphological	

alterations,	 as	 compared	 to	 the	 flat	 substrate	 controls	 (Figure	 2.6A-B).	 Scanning	 electron	

microscopy	(SEM)	demonstrated	that	cells	directly	interact	with	the	nN,	extending	membrane	

projections	which	clasp	around	individual	nN	(Figure	2.6A).	 Indeed,	membrane	projections	

have	previously	been	shown	to	extend	and	clasp	around	these	nN	arrays389,390	and	other	nN	
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arrays309	in	other	cell	types,	and	filopodia	membrane	extensions	have	been	shown	to	play	a	

significant	role	in	topography	sensing,	preferentially	interacting	with	nN	over	flat	controls490.	

	

HUVECs	 tended	 to	 form	 multiple	 membrane	 projections	 in	 all	 directions	 on	 nN	 arrays,	

whereas	hMSCs	often	became	highly	elongated	with	one	or	two	protrusions	extending	from	

the	centre	(Figure	2.6A-B).	Moreover,	on	closer	inspection,	the	actin	cytoskeleton	of	HUVECs	

was	shown	remodel	around	the	nN,	whereas	linear	fibres	of	actin	were	demonstrated	on	flat	

controls	(Figure	2.6C-D).	On	nN	arrays,	promintent	actin	structures	at	the	cell	centre	showed	

an	absence	of	immunofluorescence	at	nN	locations,	and	the	cortical	actin	at	the	cell	periphery	

was	shown	to	be	pinned	around	the	nN	(Figure	2.6D).	Interesingly,	actin	has	previously	been	

shown	 to	 be	 pinned	 around	 nN	 along	 cell	 edges,	 and	 it	 has	 been	 suggested	 that	 this	

contributes	to	increased	cell	adhesion	on	nN	vs.	flat	controls,	through	a	physical	entrapment	

of	the	cells308.	

	

	



	
	

93	
	

	
	

Figure	2.6:	Nanoneedle	arrays	interact	with	cells	and	affect	cell	morphology.	A)	Scanning	electron	microscopy	

(SEM)	images	show	that	nanoneedles	(nN)	interact	with	primary	human	cells	six	hours	post	seeding.	Scale	bars	

=	 10	 μm.	 B)	 Widefield	 immunofluorescence	 images	 of	 the	 actin	 cytoskeleton	 showed	 alterations	 to	 cell	

morphology	 on	 nN	 compared	 to	 flat	 controls	 (green	 –	 phalloidin).	 HUVECs	 displayed	 altered	 membrane	

protrusions	on	nN	whereas	hMSCs	aligned	with	the	nN	array.	Scale	bars	=	50	μm.	C)	HUVECs	formed	linear	actin	

fibres	on	flat	substrate	controls,	scale	bar	=	10	μm.	D)	HUVECs	showed	actin	cytoskeleton	remodelling	on	nN	

arrays.	Left	panel:	Promintent	actin	structures	at	the	cell	centre	showed	an	absence	of	immunofluorescence	at	

nN	locations	whereas	the	cortical	actin	at	the	cell	periphery	was	shown	to	be	pinned	around	the	nN,	scale	bar	=	

20	 μm.	 Middle	 panel:	 zoom	 in	 of	 promintent	 actin	 structures	 at	 the	 cell	 centre,	 showing	 an	 absence	 of	

immunofluorescence	at	nN	locations,	scale	bar	=	5	μm.	Right	panel:	zoom	in	of	cortical	actin	at	the	cell	periphery,	

pinning	around	the	nN,	scale	bar	=	5	μm.	SEM	image	taken	wih	Sahana	Gopal,	Imperial	College,	London.	

	
Twenty-five	 features	 of	 cell	 morphology	 and	 actin	 features	 were	 therefore	 compared	 by	

linear	 discriminate	 analysis	 (LDA)	 for	 both	 cell	 types	 on	 nN	 arrays	 vs.	 flat	 substrates	 (by	

Samuel	 Cooper,	 Imperial	 College,	 London	 and	 the	 Institute	 of	 Cancer	 Research,	 London)	

(Figure	2.7).	LDA	is	a	statistical	technique	which	classifies	a	categorical	dependent	label	(the	
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cell	type	and	substrate)	and	then	compares	this	to	continuous	independent	variables	(the	cell	

shape	descriptors).	The	LDA	analysis	could	indeed	distinguish	the	cell	types	on	the	flat	and	nN	

substrates	 using	 cell	 shape	 descriptors	 and	 actin	 features	 (Figure	 2.7A).	 The	 best	

discriminators	 between	 nN	 and	 flat	 cultured	 cells	 were	 actin	 texture,	 as	well	 as	 features	

describing	cell	protrusions	(Figure	2.7B).	Moreover,	for	HUVECs,	there	was	a	clear	reduction	

in	cell	area	on	nN	arrays.		

	

	
	
Figure	2.7:	Linear	discriminant	analysis	can	distinguish	cells	on	flat	and	nanoneedle	substrates.	A)	Twenty-five	

shape	and	actin	features	were	compared	by	linear	discriminant	analysis	(LDA)	for	the	two	cell	types	on	the	flat	

and	nN	substrates	(mean	+/-	standard	deviation	(S.D.)),	and	B)	the	parameter	which	was	most	affected	by	nN	

arrays	is	actin	homogeneity.	Image	analysis	was	conducted	by	Samuel	Cooper	at	the	Institute	of	Cancer	Research	

and	Imperial	College,	London.		

	

For	 both	 cell	 types,	 nN	 significantly	 reduced	 actin	 stress	 fibre	 formation,	 suggesting	 a	

reduction	in	intracellular	tension	on	nN	arrays	(Figure	2.8A).	This	is	in	line	with	the	literature,	

since	a	significant	decrease	in	the	number	of	actin	filaments	has	previously	been	shown	for	

cells	 seeded	on	other	vertical	nN	arrays411.	Moreover,	HUVECs	and	hMSCs	both	displayed	

protrusions	which	were	significantly	longer	(higher	length/width	ratio)	and	which	extended	

further	 from	the	nucleus	on	nN	 (Figure	2.8B-C).	HUVECs	also	displayed	a	 reduced	ratio	of	

cortical-to-central	actin	on	nN	(Figure	2.8D).	Additionally,	the	protrusions	of	hMSC	aligned	

along	the	nN	array,	indicating	that	nN	can	guide	protrusion	formation	(Figure	2.8E)	(image	

analysis	carried	out	by	Samuel	Cooper).	Remodelling	of	the	actin	cytoskeleton	has	also	been	

shown	 in	 other	 nN	 systems.	 For	 example,	 F-actin	 has	 been	 shown	 to	 reorganise	 into	

characteristic	puncta	at	nN	locations	on	nN	arrays410,417,455,	and	has	also	been	shown	to	align	

along	the	nN	array500.	
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Figure	2.8:	Nanoneedle	arrays	remodel	the	actin	cytoskeleton.	A)	Image	analysis	showed	reduced	stress	fibre	

formation	 (actin	 bundling)	 on	 nanoneedles	 (nN)	 compared	 to	 flat	 substrates	 for	 both	 cell	 types	 (box	 plots,	

minimum/maximum,	mean	+/-	standard	deviation).	B-C)	Image	analysis	of	the	actin	cytoskeleton	revealed	that	

cells	on	nN	show	longer	protrusions	with	higher	aspect	ratios	compared	to	 flat	controls.	D)	HUVECs	showed	

decreased	levels	of	cortical	versus	central	actin	on	nN	(green	–	phalloidin),	as	seen	in	deconvolved	maximum	

projection	 confocal	 immunofluorescence	 images	 and	 image	 analysis	 data.	 Scale	 bars	 =	 50	 μm.	 E)	 The	 actin	

cytoskeleton	 of	 hMSCs	 aligned	 along	 the	 nN	 array,	 as	 seen	 in	 deconvolved	 maximum	 projection	 confocal	

immunofluorescence	images	and	image	analysis	data.	Scale	bars	=	50	μm.		

	
Nanoneedles	were	also	shown	to	stimulate	a	direct	physical	response	by	the	cytoskeleton	at	

sites	of	engagement.	Dense	actin	rings	formed	at	sites	of	nN	interaction	 in	both	cell	types	

(Figure	2.9),	as	previously	shown	on	other	nN	arrays195,518.	The	actin	rings	formed	at	various	

heights	along	the	nN	(Movie	2.1),	and	live	cell	imaging	of	the	actin	cytoskeleton	showed	that	

the	rings	are	dynamic	and	short-lived	(Movie	2.2).	These	actin	rings	are	likely	to	be	located	at	

sites	of	high	membrane	curvature	and	altered	membrane	tension28,	since	actin	engagement	

is	required	when	the	cell	membrane	is	under	tension,	and	actin	dynamics	are	essential	for	

membrane	invagination29,30.		
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Figure	2.9:	Actin	rings	form	at	the	sites	of	nN	interaction.	A)	Structured	illumination	microscopy	(SIM)	imaging	

of	HUVEC	actin	 rings	 (single	plane).	 B)	Deconvolved	 confocal	microscopy	of	 hMSC	actin	 rings	 (single	plane).	

Green	–	phalloidin,	scale	bars	=	10	μm.	C)	Actin	rings	were	located	around	the	nN	(deconvolved	confocal	z-stack;	

green	–	phalloidin,	red	–	nN).	Scale	bars	=	1	μm.		

	
2.4.3 Focal	adhesions	and	phosphorylated	myosin	light	chain	

The	 significant	 morphological	 and	 actin	 response	 suggests	 that	 nN	 influence	 the	

mechanosensing	 cell	 machinery.	 Since	 cell	 spreading	 and	 cytoskeletal	 tension	 have	 been	

shown	 to	 correlate	 with	 FA	 maturation322,	 FA	 were	 assessed	 on	 nN	 arrays,	 by	

immunofluorescently	labelling	vinculin	and	paxillin	FA	proteins.	Both	cell	types	formed	dense	

focal	 adhesions	 (FAs)	 on	 flat	 substrates,	 and	 smaller,	 more	 diffuse	 FA	 staining	 patterns	

appeared	on	nN	(Figure	2.19	&	2.11).	Indeed,	dot-like	evenly	distributed	focal	complexes	have	

previously	been	shown	on	cells	cultured	on	other	nN	arrays,	compared	to	strong	fibrillar	FA	

on	flat	substrate	controls411.	

	

Vinculin	can	be	found	in	an	active	and	inactive	form;	the	active	extended	form	of	vinculin	is	

localised	to	FA	sites	and	is	connected	to	the	actin	cyctoskeleton,	whereas	the	folded	inactive	

form	is	located	in	the	cytosol67.	Since	inactive	vinculin	is	not	bound	to	the	cell	cytoskeleton,	

vinculin	was	stained	in	the	presence	of	cytoskeleton	stabilisation	bufer	(CSK),	which	removes	

inactive	vinculin	which	 is	not	bound	to	the	actin	cytoskeleton	(Figure	2.10A).	 Indeed	very,	

little	active	vinculin	was	present	on	nN	compared	to	flat	controls,	as	shown	by	vinculin	FA	

adhesion	density	 image	analysis	 (performed	by	Samuel	Cooper)	 (Figure	2.10B).	Gene-level	

expression	of	multiple	FA	components,	including	focal	adhesion	kinase	(FAK),	paxillin	(PAX),	

vinculin	(VCL),	and	zyxin	(ZYX),	were	significantly	downregulated	on	nN	in	both	cell	types	(all	
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qPCR	data	carried	out	with	Spencer	Crowder,	Imperial	College,	London)	(Figure	2.10C).	Zyxin	

is	a	hallmark	of	mature	FAs529	and	the	downregulation	of	zyxin	suggests	that	mature	FA	were	

unable	to	form	on	nN	arrays.	
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Figure	 2.10:	 Nanoneedle	 arrays	 affect	 vinculin	 focal	 adhesion	 formation.	 A)	 Confocal	 maximum	 projection	

images	six	hours	post	seeding	of	vinculin	(green)	focal	adhesions	in	HUVECs	and	hMSCs	seeded	on	nanoneedles	

(nN)	and	flat	controls	with	and	without	cytoskeleton	stabilisation	buffer	(CSK).	CSK	removes	 inactive	vinculin	

which	is	not	bound	to	the	actin	cytoskeleton.	All	cells	counterstained	with	DAPI	(cyan).	Clear	punctate	structures	

of	vinculin	were	seen	on	flat	substrates	whereas	smaller	and	more	diffuse	vinculin	structures	were	seen	on	nN	

arrays.	Scale	bars:	top	panel	=	25	μm,	lower	two	panels	=	50	μm.	B)	A	significant	reduction	in	vinculin	FA	density	

on	nN	was	seen	(box	plots,	minimum/maximum;	mean	+/-	S.D.;		N	=	3).	C)	PCR	analysis	showed	that	a	number	

of	FA	components	were	downregulated	on	nN	arrays	(focal	adhesion	kinase	(FAK),	paxillin	(PAX),	vinculin	(VCL),	

and	zyxin	(ZYX);	qPCR,	N	=	3,	mean	±	S.D.).	*	p	<	0.05,	**	p	<	0.01,	***	p	<	0.001	between	groups	as	indicated	by	

the	 lines.	 For	 each	 experimental	 replicate,	 the	 expression	 of	 the	 gene	 of	 interest	 was	 normalised	 to	 the	



	
	

99	
	

geometric	mean	 of	 at	 least	 two	 housekeeping	 genes.	 FA	 image	 analysis	 analysis	was	 conducted	 by	 Samuel	

Cooper	at	the	Institute	of	Cancer	Research	and	Imperial	College,	London.	

	
As	with	the	vinculin	immunofluorescence	staining,	HUVECs	on	flat	substrates	demonstrated	

dense	paxillin	staining	located	at	the	end	of	actin	stress	fibres.	This	is	expected	for	a	planar	

substrate	 upon	 which	 cells	 can	 readily	 form	 FAs	 and	 spread.	 However,	 HUVECs	 on	 nN	

exhibited	unordered	and	diffuse	 staining	patterns	 for	both	actin	 (green)	and	paxillin	 (red)	

(Figure	2.11A).	Phosphorylated	paxillin	(pPax)	is	a	marker	of	FA	maturation	and	the	reduction	

in	punctate	structures	of	pPax	on	nN	confirmed	the	limited	maturation	of	FAs	on	nN	(Figure	

2.11B).		
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Figure	2.11:	Nanoneedle	arrays	affect	paxillin	focal	adhesion	formation.	A)	Deconvolved	confocal	z-stacks	of	actin	

(green)	and	paxillin	 (red)	of	HUVECs	on	nN	arrays	and	 flat	 controls.	Actin	and	paxillin	were	diffusely	 spread	

throughout	the	cytosol	on	nN	whereas	dense	paxillin	structures	terminated	actin	stress	fibres	on	flat	controls.	

B)	Punctate	structures	of	phosphorylated	paxillin	(pPax)	indicated	FA	maturation	on	flat	substrates,	and	reduced	

and	diffuse	pPax	signal	was	seen	on	nN.	Scale	bars	=	50	μm.		

	

Hampered	FAs	suggests	an	alteration	in	actomyosin	contractile	machinery,	since	a	reduction	

in	FA	would	prevent	 the	cytoskeleton	 from	binding	 to	 the	cells	ECM	effectively.	 Indeed,	a	

reduction	in	stress	fibres	was	demonstrated	on	nN	arrays	(Figure	2.8A)	and	a	visual	decrease	

in	 active,	 phosphorylated	 myosin	 light	 chain	 (pMLC)	 intensity	 could	 be	 seen	 at	 the	 cell	

periphery	on	nN	compared	to	flat	controls	(Figure	2.12A).	The	reduction	in	pMLC	intensity	on	

nN	 was	 confirmed	 by	 immunofluorescent	 image	 analysis	 (Figure	 2.12B)	 (image	 analysis	

conducted	 by	 Samuel	 Cooper	 at	 the	 Institute	 of	 Cancer	 Research	 and	 Imperial	 College,	

London).	
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Figure	 2.12:	 Nanoneedle	 arrays	 affect	 phosphorylated	 myosin	 light	 chain	 levels.	 A)	 Confocal	 maximum	

projection	images	of	phosphorylated	myosin	light	chain	(pMLC)	six	hours	post	seeding	on	nanoneedles	(nN)	and	

flat	controls.	Scale	bars	=	50	μm.	B)	Quantification	of	pMLC	signal	intensity	confirmed	a	significant	reduction	for	

both	cell	types	cultured	on	nN,	as	compared	to	their	respective	controls	(box	plots,	minimum/maximum,	mean	

+/-	S.D.	N	≥	4).	The	stronger	signal	on	flat	substrates	indicated	more	active	actomyosin	contractile	machinery.	*	

p	<	0.05,	**	p	<	0.01,	***	p	<	0.001	between	groups	as	indicated	by	the	lines.	pMLC	image	analysis	analysis	was	

conducted	by	Samuel	Cooper	at	the	Institute	of	Cancer	Research	and	Imperial	College,	London.	

	

2.4.4 YAP/TAZ	mechanosensors	

Biophysical	 stimuli	 regulate	 the	 functionality	of	 the	 transcription	co-factors	yes-associated	

protein	 (YAP)	 and	 transcriptional	 coactivator	 with	 a	 PDZ-binding	 motif	 (TAZ)4.	 When	

cytoskeletal	 tension	can	be	generated,	YAP	and	TAZ	 localise	within	 the	nucleus,	activating	

their	 transcriptional	 program.	 However,	 when	 tension	 is	 interrupted,	 the	 co-factors	 are	

localised	in	the	cytosol	and	their	activity	is	reduced4.	Indeed,	the	nuclear/cytosolic	YAP	ratio	

decreased	on	nN	for	both	cell	types	(Figure	2.13A-B)	(image	analysis	carried	out	by	Samuel	

Cooper),	 and	 expression	 of	 the	 YAP	 target	 genes	 ankyrin	 repeat	 domain	 1	 (ANKRD1)	 and	

connective	tissue	growth	factor	(CTGF)	was	significantly	decreased	(Figure	2.13C),	indicating	

reduced	functional	YAP	activity.		
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Figure	 2.13:	 Nanoneedle	 arrays	 affect	 yes-associated	 protein	 (YAP)	 localisation	 and	 activity.	 A)	 Confocal	

microscopy	showed	nuclear	YAP	protein	localisation	on	flat	substrates,	and	cytosolic	localisation	on	nanoneedles	

(nN).	Scale	bars	=	50	μm.	B)	Image	analysis	demonstrated	a	significant	reduction	in	the	nuclear	to	cytoplasmic	

ratio	of	YAP	on	nN,	(minimum/maximum;	mean	+/-	SD;	N	=	4).	C)	PCR	analysis	indicated	reduced	expression	of	

the	YAP	target	genes	ankyrin	repeat	domain	1	(ANKRD1)	and	connective	tissue	growth	factor	(CTGF),	(	N	=	4,	

mean	±	S.D.).	*	p	<	0.05,	**	p	<	0.01,	***	p	<	0.001	between	groups	as	indicated	by	the	lines.	Image	analysis	

analysis	was	conducted	by	Samuel	Cooper	at	the	Institute	of	Cancer	Research	and	Imperial	College,	London.	
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Cell	 spreading	 has	 been	 shown	 to	 modulate	 YAP	 transcriptional	 activity	 and	 nuclear	

accumulation	through	Rho/ROCK9.	Indeed,	on	flat	substrates,	cell	area	correlated	highly	with	

YAP	 nuclear/cytosolic	 ratio	 (HUVEC:	 ρ	 =	 0.592;	 hMSC:	 ρ	 =	 0.465).	 However,	 on	 nN	 this	

correlation	 was	 notably	 lower	 (HUVEC:	 ρ	 =	 0.184;	 hMSC:	 ρ	 =	 0.263,	 Figure	 2.14)	 (image	

analysis	carried	out	by	Samuel	Cooper).	Indeed,	the	correlations	were	significantly	different	

(HUVEC:	p	<	0.001;	hMSC:	p	=	0.0183,	Fischer’s	z-transformation).	Therefore,	the	nN	system	

causes	a	loss	of	correlation	between	YAP	localisation	and	cell	area.		

	

	
	

Figure	2.14:	Nanoneedle	arrays	cause	a	reduction	in	YAP	correlation	with	cell	area.	Cell	area	and	nuclear	YAP	

localisation	showed	greater	correlation	on	flat	substrates	compared	to	nN	arrays	(N	=	3).	Image	analysis	analysis	

was	conducted	by	Samuel	Cooper	at	the	Institute	of	Cancer	Research	and	Imperial	College,	London.	

	

The	 actomyosin	 contractile	 machinery	 has	 been	 shown	 to	 play	 a	 role	 in	 regulating	 YAP	

activation4,9.	 Efforts	 were	 therefore	 made	 to	 assess	 whether	 the	 actomyosin	 contractile	

machinery	 played	 a	 role	 in	 YAP	 activation	 on	 nN	 arrays.	 When	 treated	 with	 the	 actin	

depolymerising	 agent	 latrunculin	 B	 (LatB),	 the	 YAP	 ratio	 on	 control	 substrates	 was	

significantly	reduced	to	levels	comparable	to	those	of	nN,	while	LatB	treatment	on	nN	only	

modestly	reduced	the	YAP	ratio	(Figure	2.15)	(image	analysis	carried	out	by	Samuel	Cooper).	

Therefore,	the	actomyosin	contractile	machinery	was	shown	to	regulate	YAP	activation	on	nN	

arrays.	 These	 data	 confirm	 that	 nN	 functionally	 alter	 the	 activity	 of	 mechanoresponsive	
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transcription	 cofactors,	 and	 highlight	 the	 role	 of	 the	 actomyosin	 contractile	machinery	 in	

modulating	these	events.		

	

	
	

Figure	2.15:	YAP	localisation	is	controlled	by	the	actomyosin	machinery	on	nN	arrays.	YAP	localisation	following	

latrunculin	 B	 (LatB)	 actin	 depolymerisation.	 LatB	 treatment	 of	 cells	 on	 flat	 substrates	 reduced	 nuclear	 YAP	

localisation	to	levels	comparable	to	untreated	cells	on	nN.	LatB	treatment	of	cells	on	nN	caused	a	much	smaller	

reduction	in	nuclear	localisation.	(minimum/maximum;	mean	+/-	S.D.;	N	=	3).	*	p	<	0.05,	**	p	<	0.01,	***	p	<	

0.001	between	groups	as	indicated	by	the	lines.	Image	analysis	analysis	was	conducted	by	Samuel	Cooper	at	the	

Institute	of	Cancer	Research	and	Imperial	College,	London.	

	

2.4.5 The	nucleus	

The	nuclear	envelope	was	also	affected	at	sites	of	nN	engagement.	The	nucleus	was	shown	

to	remodel	around	the	nN,	and	DNA	was	physically	displaced	at	nN	sites,	as	demonstrated	by	

areas	devoid	of	DAPI	signal	(Figure	2.16).	Nuclear	deformation	has	previously	been	shown	on	

other	 nN	 arrays195,389,412,	 however	 the	 effects	 of	 this	 nuclear	 deformation	 have	 not	 been	

investigated.	Therefore,	rupture	of	the	nuclear	envelope	was	assessed	on	nN	arrays.	nN	were	

shown	to	maintain	an	intact	nuclear	envelope,	as	evidenced	by	retention	of	heterogeneous	

nuclear	ribonucleoprotein	(hnRNP)	within	the	nucleus	(Figure	2.17).		

	

	



	
	

105	
	

	
	
Figure	2.16:	Nanoneedle	arrays	 interact	with	 the	nucleus.	Structured	 illumination	microscopy	 (SIM)	of	DAPI-

stained	nuclei	and	fluorescent	nanoneedles	(nN)	showed	physical	displacement	of	the	nucleus	at	nN	sites	(single	

plane;	cyan	–	DAPI,	red	–	nN).	Scale	bars	=	5	μm.		
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Figure	2.17:	Nanoneedle	 arrays	do	not	 cause	nuclear	 leakage.	 Cells	maintained	 intact	 nuclei	 on	nN	with	no	

nuclear	leakage,	as	shown	by	nuclear	localisation	of	heterogeneous	ribonucleoprotein	particle	1	(hnRNP)	within	

DAPI	stained	nuclei	(hnRNP	-	red,	DAPI	-	cyan).	Scale	bars	=	50	μm.	

	
2.4.6 Nuclear	lamins	

In	 order	 to	 understand	 how	 the	 nN	 specifically	 interact	 with	 the	 nuclear	 envelope,	 the	

localisation	and	expression	of	A-	and	B-type	lamins	was	analysed.	Lamins	are	the	intermediate	

filaments	that	provide	structural	integrity	to	the	nuclear	envelope7.	The	relative	expression	

of	lamin-A	(LMNA)	increased	for	both	cell	types	on	nN,	as	compared	to	their	respective	flat	

control,	while	lamin-B	(LMNB)	expression	remained	unchanged	(Figure	2.18A).	Interestingly,	

the	gene-level	expression	of	 the	 linker	of	nucleoskeleton	and	cytoskeleton	(LINC)	complex	

members,	Nesprin-2	(SYNE2)	and	SUN2	(SUN2),	was	unchanged	(Figure	2.18B).		
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Figure	2.18:	Nanoneedle	arrays	increase	levels	of	LMNA	but	not	LMNB.	A)	PCR	analysis	showed	increased	LMNA	

but	 not	 LMNB	 expression	 on	 nanoneedles	 (nN)	 whereas	 B)	 there	 was	 no	 change	 in	 the	 other	 linker	 of	

nucleoskeleton	and	cytoskeleton	(LINC)	complex	components	SYNE2	and	SUN2	(N	=	4,	mean	±	S.D.).	*	p	<	0.05,	

**	p	<	0.01,	***	p	<	0.001	between	groups	as	indicated	by	the	lines.	

	
Since	 there	was	 an	 alteration	 in	 lamin	 gene	 levels	 on	nN	arrays,	microscopy	of	 the	 lamin	

proteins	 was	 performed	 on	 nN	 arrays.	 Structured	 illumination	 microscopy	 (SIM)	 showed	

intense	 lamin-A	signal	at	sites	where	nN	impinged	on	the	nucleus	(Figure	2.19A).	Of	note,	

lamin	 remodelling	 was	 not	 observed	 at	 all	 nN	 sites	 (24%	 of	 hMSCs	 and	 37%	 of	 HUVECs	

demonstrated	remodelled	nuclei),	but	where	strong	impingement	was	evident,	lamin-A	was	

distributed	throughout	the	whole	length	of	the	nN	interface	whereas	lamin-B	localised	mainly	

around	the	base	of	nN	(Figure	2.19B).		
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Figure	2.19:	Lamin-A	protein	levels	increase	at	nanoneedle	locations,	but	lamin-B	levels	do	not.	A)	Structured	

illumination	microscopy	(SIM)	of	lamin-A-stained	nuclei	(single	plane)	demonstrated	a	higher	intensity	of	lamin-

A	at	nN	locations	compared	to	the	outer	nuclear	envelope	and	rings	of	lamin-A	were	seen	around	the	individual	

nN.	 Scale	 bars	 =	 5	 μm.	 B)	 SIM	 imaging	 showed	 that	 lamin-A	 localises	 through	 the	 nanoneedle	 (nN)	 length	

whereas	lamin-B	distributed	primarily	at	the	base	of	the	nN	(single	plane;	magenta	–	lamin-A,	yellow	–	lamin-B).	

Scale	bars	=	5	μm.		

	
2.4.7 Lamin	quantification	

Reslice	 images	 of	 the	 x-z	 plane	 from	 confocal	 z-stack	 images	 (Figure	 2.20A)	 enabled	

quantification	of	lamin-A	and	B	signal	along	the	nuclear	envelope	as	it	wrapped	around	the	

nN,	and	was	normalised	to	the	signal	measured	at	non-nN	locations	in	the	nuclear	membrane	
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to	generate	fold-change	values	(Figure	2.20B).	At	sites	of	remodelling,	lamin-A	signal	more	

than	doubled	on	 average	 and	 increased	up	 to	 four-fold	 relative	 to	non-nN	 sites,	whereas	

lamin-B	signal	was	mostly	unchanged,	indicating	that	the	nN	stimulate	a	dynamic	response	of	

lamin-A,	but	not	lamin-B.	In	order	to	further	illustrate	the	lamin	type-specific	response	along	

the	nN	height,	the	ratio	of	lamin-A:B	was	measured	along	a	straight	line	in	the	x-direction	of	

reslice	images,	one	at	the	middle	of	the	nN	and	one	toward	the	top.	The	lamin-A:B	ratio	at	

mid-height	or	at	the	tip	of	the	nN	showed	an	exponential	relationship	(Figure	2.20C).	For	a	

given	increase	in	A:B	ratio	at	mid-height,	a	corresponding	exponential	rise	in	the	A:B	ratio	at	

the	nN	top	was	observed	according	to	the	best-fit	relationship:	y	=	0.63e0.63x.	The	lamin-A:B	

ratio	 at	 the	 nN	 tip	 varied	 between	 0.6	 and	 7.95.	 At	 nN	 locations	 that	 do	 not	 stimulate	

remodelling,	 the	 lamin-A:B	 ratio	 remained	 ~1	 throughout	 the	 entire	 nN	 length;	 however,	

when	remodelling	does	occur,	the	observed	increase	 in	ratio	at	the	nN	middle	predicts	an	

exponential	increase	at	the	nN	top.	

	

	
	

Figure	2.20:	Quantification	of	lamin-A	vs.	lamin-B	localisation.	A)	Reslice	images	of	the	x-z	plane	from	confocal	

z-stack	images;	lamin-A	signal	increased	around	nN,	whereas	lamin-B	remained	constant.	(red	–	nN,	yellow	–	

lamin-B,	magenta	–	 lamin-A).	Scale	bar	=	2	μm.	B)	 Image	analysis	of	 lamin-A	and	B	 intensity	along	the	basal	

nuclear	 envelope	 normalised	 to	 the	 signal	 measured	 in	 the	 nuclear	 membrane	 at	 non-nN	 locations.	 C)	

Normalised	intensity	values	of	lamin-A	and	lamin-B	at	the	middle	and	top	of	nN.	At	sites	of	nuclear	remodelling	

(i.e.	lamin-A	/	lamin-B	>	1)	the	A:B	ratio	increased	exponentially	along	the	nanoneedle	axis	(R2	=	0.808,	n	=	69	

nN	sites,	n	=	14	cells,	N	=	3).	***	p	<	0.001	between	groups	as	indicated	by	the	lines.	
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2.4.8 Nanoneedle	degradation	

After	48	hours	in	culture	at	37	°C,	nN	were	mostly	degraded,	as	demonstrated	by	SEM	imaging	

of	the	nN	(Figure	2.21).	It	has	previously	been	shown	that	nN	lose	their	structural	integrity	

between	 8	 and	 14	 hours	 and	 that	 complete	 degradation	 occurs	 at	 72	 hours.	 Moreover,	

inductively	coupled	plasma	atomic	emission	spectroscopy	(ICP-AES)	has	previously	been	used	

to	quantify	Silicon	release	into	solution	by	nN	arrays,	and	Silicon	release	per	hour	plateaus	at	

48	hours390.		

	
	

Figure	2.21:	Nanoneedles	degrade	at	48	hours.	Scanning	electron	microscopy	(SEM)	images	shows	degradation	

of	nanoneedles	(nN)	after	48	hours	in	culture;	only	stumps	remain.	Scale	bars	=	1	μm,	2	μm	inset.	SEM	images	

taken	by	Michele	Becce,	Imperial	College,	London.	

	

Therefore,	cell	mechanobiology	was	tested	on	nN	arrays	after	48	hours	of	culture,	to	assess	

if	there	was	any	bio-molecular	based	recovery	on	the	nN	arrays	once	they	had	degraded	to	

resemble	the	flat	control	substrates.	Indeed,	following	48	hours	of	culture	on	nN	arrays,	the	

cells	 recovered	 the	 characteristics	observed	on	 flat	 control	 substrates	at	 six	hours	 (Figure	

2.22).	 Cell	 morphology	 and	 stress	 fibres	 were	 restored	 to	 an	 extent	 (more	 notably	 for	

HUVECs),	and	actin	rings	were	not	observed	at	48	hours.	Moreover,	punctate	vinculin-rich	

FAs	resembling	those	found	on	flat	contols	re-appeared	once	the	nN	had	degraged	after	48	

hours	and	YAP	appeared	more	nuclear	on	nN	at	48	hours	vs.	six	hours	of	incubation.	Finally,	

DNA	was	no	longer	physically	displaced	at	nN	sites	at	48	hours	of	culture	on	nN,	since	there	
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were	 no	 areas	 devoid	 of	 DAPI	 signal,	 and	 lamin-A	 remodelling	was	 absent	 at	 sites	 of	 nN	

engagement	48	hours	post	nN	interfacing.	A-type	lamin	levels	have	been	shown	to	respond	

to	changes	in	stiffness	after	24	hours273,	and	cells	seeded	on	nN	therefore	had	the	required	

time	to	restore	their	A-type	lamin	levels	on	nN	once	they	had	degraded	at	48	hours.	

		

	
	

Figure	 2.22:	 Following	 48	 hours	 of	 culture	 on	 nN,	 the	 flat	 phenotype	 is	 restored.	 Cells	 exhibited	 a	 spread	

morphology	(green	–	phalloidin,	scale	bars	=	50	μm),	punctate	vinculin-rich	focal	adhesions	(red	–	vinculin,	cyan	

–	DAPI,	scale	bars	=	25	μm),	nuclear	YAP	localisation	(green,	scale	bars	=	50	μm),	and	an	unimpinged	nucleus	

(magenta	–	lamin-A,	cyan	–	DAPI,	scale	bars	=	5	μm).		

	

Image	analysis	showed	that	the	ratio	of	nuclear/cytosolic	YAP	was	partially	recovered	to	levels	

on	flat	controls	once	the	nN	had	degraded	at	48	hours	(Figure	2.23A)	(image	analysis	carried	

out	by	 Samuel	Cooper).	Moreover,	 the	density	of	 FAs	on	nN	at	 48	hours,	 as	 indicated	by	
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vinculin	staining,	was	similar	to	what	was	measured	on	flat	control	samples	at	6	hours	(Figure	

2.23B)	(image	analysis	carried	out	by	Samuel	Cooper).	The	mechanoresponsive	characteristics	

at	48	hours	were	therefore	similar	to	culture	on	a	flat	substrate:	with	mature	FA,	engaged	

actomyosin	machinery	and	restored	nuclear	envelope	morphology.		

	

	
Figure	2.23:	Quantification	of	YAP	localisation	and	focal	adhesion	density	following	48	hours	of	cell	culture	on	

nN.	A)	Image	analysis	showed	an	increase	in	nuclear	YAP	levels	at	48	hours	compared	to	six	hours	post	seeding	

on	nN	arrays	and	B)	increased	focal	adhesion	(vinculin)	density	(box	plots,	minimum/maximum,	mean	+/-	S.D.).	

n	=	3,	*	p	<	0.05	between	groups	as	indicated	by	the	lines.	Image	analysis	was	conducted	by	Samuel	Cooper	at	

the	Institute	of	Cancer	Research	and	Imperial	College,	London.		

	

2.5 Discussion	

	

Cells	 dynamically	 respond	 to	physicochemical	 cues	 from	 the	extracellular	 environment.	 In	

most	material	systems,	signals	are	sensed	at	the	cell	membrane	and	transduced	into	a	range	

of	 biological	 effects;	 forces	 are	 not	 directly	 inflicted	 on	 organelles.	 Techniques	 such	 as	

micropipette	aspiration143,	optical/magnetic	tweezers530,	and	atomic	force	microscopy531	can	

achieve	direct	interaction	with	organelles;	but	these	approaches	require	direct	application	of	

force,	potentially	damaging	 the	cells,	 and	 the	applied	 forces	are	 short-lived.	Microcontact	

printing515,532	and	micropillar	arrays492,533,534	have	been	used	to	alter	long-term	nuclear	shape	

however	these	deformations	are	on	a	µm	scale.	Therefore,	these	techniques	do	not	reveal	

how	organelles	respond	to	physical	stimuli	in	physiologically-relevant	conditions.		
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This	 chapter	 demonstrates	 that	 nN	 arrays	 can	 be	 used	 as	 a	 technique	 to	 simultaneously	

stimulate	 different	mechanoresponsive	 organelles	 for	 long	 periods	 of	 time	without	 direct	

application	of	force	and	at	a	physiologically-relevant	nm	scale.	Direct	force	was	not	applied	

since	cells	were	seeded	onto	nN	by	gravity	and	active	cellular	processes	then	enabled	tight	

interfacing	between	nN	and	the	cell	organelles.	Indeed,	the	cell	membrane,	actin	fibres	and	

nucleus	of	cells	were	simultaneously	stimulated	in	primary	human	cells	with	minimal	impact	

on	 cell	 viability.	 Nanoneedle	 arrays	 therefore	 facilitate	 the	 study	 of	 intracellular	

mechanosensory	 elements	 and	 their	 associated	 pathways	 in	 physiologically	 relevant	

conditions,	and	provide	a	strategy	to	modulate	their	behaviour.		

	

Classical	 mechanosensing	 pathways	 were	 modulated	 by	 nN	 interfacing.	 Diminished	 FA	

formation,	 reduced	 phosphorylation	 of	 MLC,	 inhibited	 nuclear	 translocation	 of	 YAP,	 and	

downregulation	of	target	genes	ANKRD1	and	CTGF	emphasise	the	mechanosensory	nature	of	

this	event.	This	 is	 in	 line	with	the	 literature,	since	YAP	functionality	has	been	shown	to	be	

modulated	 by	 Rho/ROCK	 activation,	 and	 the	 nuclear	 localisation	 and	 subsequent	

transcriptional	activity	of	YAP	correlate	with	increased	actomyosin	tension	and	reduced	FA	

formation4,9.		

	

Nanoneedle	arrays	have	previously	been	shown	to	modulate	the	classical	mechanosensing	

machinery	of	cells.	For	example,	membrane	projections	have	been	shown	to	 interact	with	

nN309,389,390,490;	 the	 actin	 cytoskeleton	 has	 been	 demonstrated	 to	 remodel	 around	

nN195,308,410,417,455,518,	 and	 has	 been	 shown	 to	 align	 along	 the	 nN	 arrays500;	 dot-like	 focal	

complexes	have	been	described	at	nN	locations411;	cytosolic	YAP	has	been	demonstrated	on	

titanium	nanotubes509;	and	nuclear	deformation	around	nN	has	been	described195,389,412.		

	

A	novel	finding	in	this	chapter	is	that	YAP	cytosolic	localisation	does	not	always	correlate	with	

cell	 area.	 In	 previous	work,	 limited	 cell	 spreading	 via	 patterning	 of	 adhesive	 proteins	 has	

indicated	that	intracellular	tension	can	be	attenuated	on	stiff	substrates,	but	this	effect	has	

always	 been	 a	 function	 of	 cell	 area4,9.	 Similarly,	 on	 flat	 substrates	 in	 our	 study,	 cell	 area	

correlated	 strongly	 with	 YAP	 nuclear/cytoplasmic	 ratio	 (Figure	 2.14);	 however,	 the	

correlation	weakened	significantly	for	cells	cultured	on	nN.	Cells	on	nN	therefore	exhibited	a	
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state	of	 low-tension	with	a	 large	spread	area,	a	situation	which	 is	not	observed	on	planar	

substrates	or	micropillars	of	varying	elasticity4.		

	

Actin	 fibres	directly	 responded	to	 the	presence	of	nN,	 forming	rings	at	sites	of	 interfacing	

(Figure	2.9,	Movie	2.1).	This	is	likely	to	be	the	reason	why	the	actin	network	lost	the	linearity	

and	bundle	formation	that	is	typically	observed	on	stiff	substrates	(Figure	2.8A).	Nonetheless,	

cells	on	nN	 retained	a	degree	of	 cytoskeletal	 tension,	 as	evidenced	by	 the	ability	of	 actin	

depolymerising	 agents	 to	 reduce	 the	 YAP	 ratio,	 reaching	 levels	 comparable	 to	 similarly	

treated	controls	(Figure	2.15).		

	

A	further	novel	result	was	that	nN	were	able	to	stimulate	a	dynamic	remodelling	process	of	

A-type,	but	not	B-type,	lamin	proteins	(Figure	2.18-2.20).	In	structural	models	of	the	nuclear	

envelope,	 lamin-A	exhibits	a	viscous	response	to	resist	deformation	whereas	 lamin-B	 is	an	

elastic	 component	 that	 preserves	 nuclear	 shape10.	 Indeed,	 lamin-A	 is	 required	 to	 prevent	

nuclear	envelope	 rupture	 in	 the	presence	of	external	 forces	both	 in	 isolated	nuclei530	and	

intact	cells143,	and	 lamin-A	expression	scales	with	 tissue	stiffness10	 in	order	 to	protect	 the	

sensitive	nuclear	components	from	external	pressures.	In	this	system,	lamin-A	responded	to	

the	mechanical	 stimulus	 by	 accumulating	 at	 nN	 sites,	 with	 the	 lamin-A:B	 ratio	 increasing	

towards	the	nN	tip	(Figure	2.20C).	Diverging	properties	in	lamin-A	versus	lamin-B	localisation	

and	remodelling	was	demonstrated	 in	response	to	direct	nuclear	stimulus,	which	provides	

further	evidence	for	the	role	of	A-type	lamins	to	respond	to	physical	stress	in	living	cells.		

	

Finally,	the	degradation	of	nN	at	48	hours	in	culture	caused	cell	phenotype	to	return	to	what	

was	 observed	 on	 flat	 substrates	 (Figure	 2.22).	 All	 the	 mechanoresponsive	 elements	

considered	 were	 rescued	 by	 nN	 degradation,	 resulting	 in	 formation	 of	 dense	 FAs	 and	

continuous	actin	fibres,	recovery	of	nuclear	YAP	localisation,	and	restoration	of	nuclear	shape	

and	envelope	(A-type	lamin)	composition.	This	highlights	how	nN	interfacing	causes	an	active	

cellular	response,	and	the	reversal	of	these	behaviours	upon	nN	degradation	verifies	the	role	

of	the	physical	nano-features	in	driving	changes	in	mechanoresponsive	organelles.		
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2.6 Conclusion	

	

Porous	 silicon	 nN	 arrays	 have	 been	 shown	 to	 mechanically	 stimulate	 remodelling	 of	

organelles	 in	a	reversible	manner	without	 loss	of	cell	 integrity.	nN	directly	 interacted	with	

canonical	 mechanobiology	 pathways	 since	 they	 prevented	 the	 formation	 of	 stable	 FA	

complexes	 at	 the	 cell-material	 interface,	 modulated	 cytoskeletal	 organisation	 and	

intracellular	tension,	and	prevented	YAP	nuclear	localisation.	Moreover,	they	induced	direct	

remodelling	 of	 the	 nuclear	 envelope	 associated	 with	 an	 alteration	 in	 the	 localisation	

of	nuclear	lamins,	the	intermediate	filaments	that	provide	structural	integrity	to	the	nuclear	

envelope.	Finally,	these	behaviours	were	specifically	due	to	the	nNs	since	the	effects	were	

lost	upon	nN	degradation	after	48	hours.	These	findings	highlight	a	novel	material	to	direct	

cell	phenotype	through	biophysical	interaction	with	mechanoresponsive	organelles.	

	

2.7 Future	directions	

	

Mechanistic	experiments	could	be	carried	out	to	address	how	the	YAP	and	lamin-A	responses	

are	 connected.	 This	 would	 involve	 over-expression	 and	 knockdown	 of	 YAP	 and	 lamin-A,	

respectively.	 For	 example,	 the	 overall	 YAP	 response	 to	 lamin-A	 over-expression	 and	

knockdown	could	be	measured	using	a	YAP	luciferase	reporter	and	by	image	analysis.	Since	

matrix	stiffness	promotes	A-type	lamin	dephosphorylation	at	Ser22,	which	regulates	A-type	

lamin’s	 turnover	 and	physical	 properties273,	 phosphorylated	 lamin-A	 could	be	assessed	by	

immunofluorescence.	 Moreover,	 lamin-A,	 phosphorylated	 lamin-A	 and	 lamin-B	 Western	

blots	 could	 be	 performed	 to	 assess	 whether	 relative	 protein	 levels	 change	 in	 the	 same	

manner	as	 the	gene	 levels.	Nuclear	 translocation	of	RARG	could	be	measured	since	RARG	

levels	scale	with	matrix	elasticity	and	levels	have	been	shown	to	be	directly	affected	by	lamin-

A	 knockdown	 or	 overexpression10.	 Further	 experiments	 could	 be	 conducted	with	 LatB	 to	

assess	 whether	 the	 lamin-A	 response	 is	 due	 to	 direct	 physical	 interaction	 with	 the	 nN,	

cytoskeletal	tension,	or	a	combination	of	both.		

	

It	would	be	interesting	to	see	how	various	lamin	mutations	alter	the	nuclear	morphology	and	

YAP	 response	 to	 nN,	 as	 well	 as	 the	 other	 mechanosensing	 organelles.	 Ideally,	 3	 –	 5	
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transgenic/mutants	would	be	obtained	 that	 represent	different	disease	 states	 (e.g.	LMNA	

N195K/N195K	 to	 model	 dilated	 cardiomyopathy	 and	 cells	 can	 be	 transfected	 with	 the	

progerin	mutant	plasmid	from	AddGene	(#17663)).		

	

Since	 FA	 and	 actin	 contractility	 is	 compromised	 on	 nN	 arrays,	 cell	 motility	 could	 be	

investigated	on	nN	arrays.	Live	cell	imaging	could	be	carried	out	on	actin	labelled	cells	and	

the	cells	could	be	imaged	over	48	hours.	Membrane	protrusions	could	be	assessed	as	well	as	

migration	speed	and	displacement.		

	

Finally,	the	nN	arrays	could	be	fabricated	with	different	porosities,	tip	diameters,	lengths,	and	

densities.	Moreover,	 the	 surface	 functionalisation	 of	 the	 nN	 could	 also	 be	modified.	 Cell	

properties	such	as	settling,	morphology,	nuclear	impingement,	YAP	localisation,	FA	density	

and	lamin-A	levels	could	then	be	assessed	on	nN	arrays	with	these	different	geometries	and	

surface	chemistries.	A	model	might	be	created	to	predict	cell	behaviour	on	different	nN	array	

types.	 A	 proper	 quality	 control	 method	 should	 be	 developed	 for	 the	 nN	 arrays	 if	 these	

experiments	 are	 to	 be	 conducted.	 Nanoneedle	 dimensions	 could	 be	 thoroughly	 assessed	

using	SEM,	in	particular	the	shape	of	the	nN	tips	and	a	certain	number	of	nN	tips	could	be	

assessed	in	different	areas	within	the	nN	array.	Following	this,	the	homogeneity	of	any	nN	

functionalisation	 could	 be	 confirmed	 using	 fluorescenct	 labelling	 techniques	 or	 raman	

spectroscopy.	A	bioassay	could	then	be	developed	to	confirm	that	cells	respond	similarly	to	

different	batches	of	nN	arrays	and	also	to	different	nN	arrays	within	a	batch.	For	example,	the	

cells	actin	homogeneity	could	be	assessed,	since	this	phenotype	is	highly	altered	when	cells	

are	seeden	on	nN	compared	to	flat	controls.		
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3 Microscopy	of	the	cell-matrix	interface	

	
The	 epithelial-to-mesenchymal	 transition	 (EMT)	 is	 a	 critical	 event	 in	 the	 formation	 of	

fibroblast/mesenchymal	 cells	 and	 relates	 to	 development	 of	 epithelial-derived	metastatic	

cancer	cells.	The	interaction	between	epithelial	cells	and	the	basement	membrane	(BM),	a	

specialised	 form	 of	 the	 extracellular	 matrix,	 may	 be	 pivotal	 in	 controlling	 EMT.	 The	 BM	

contains	“cryptic”	sites,	which	can	be	mechanically	or	proteolytically	cleaved	as	fragments	

during	EMT,	and	the	role	of	one	such	fragment,	a	fragment	of	the	laminin-111	BM	protein	

(laminin	β1-fragment),	is	assessed	during	EMT.	This	laminin	β1-fragment	is	known	to	interact	

with	α3β1-integrin	and	has	been	suggested	to	interfere	with	transforming	growth	factor-beta	

1	(TGF-β1)	mediated	EMT535,536.	The	effect	of	the	laminin	β1-fragment	on	TGF-β1	signalling	in	

EMT	is	further	explored	in	this	chapter.	

	

Normal	murine	mammary	gland	epithelial	(NMuMg)	cells	were	seeded	in	well	plates	for	24	

hours	and	were	then	replenished	with	fresh	media	(control),	or	treated	with	TGF-β1	with	or	

without	 the	 laminin	 β1-fragment.	 24	 hours	 later,	 TGF-β1	 signalling	 was	 assessed	 using	

microscopy	 and	Western	 blotting.	 The	 laminin	 β1-fragment	 was	 shown	 to	 affect	 TGF-β1	

nuclear	 factor	 kappa-light-chain-enhancer	 of	 activated	 B	 cells	 (NF-κB)	 p65	 nuclear	

translocation	by	Western	blotting.	However,	HCI	analysis	showed	no	alterations	in	NF-κB	p65,	

pSmad3	or	YAP	nuclear	translocation;	Smad7,	lamin	AC	or	MT1-MMP	intensity;	or	FA	number	

when	comparing	control	cells,	cells	treated	with	TGF-β1,	and	cells	treated	with	TGF-β1	and	

laminin	 β1-fragment.	 Moreover,	 there	 was	 no	 change	 in	 migration	 with	 TGF-β1	 with	 or	

without	the	laminin	β1-fragment.	
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3.1 Introduction	

	
3.1.1 The	epithelial-to-mesenchymal	transition		

The	 epithelial-to-mesenchymal	 transition	 is	 a	 reversible	 process	 which	 allows	 polarised	

epithelial	 cells	with	 tight	 cell-cell	 junctions	 that	 are	 attached	 to	 the	basement	membrane	

(BM)	 to	 assume	 a	motile	mesenchymal	 phenotype	with	 front-rear	 polarity	 and	 increased	

production	 of	 fibrillar	 ECM	 components,	 such	 as	 collagen	 type	 1	 (Figure	 3.1)537.	 EMT	 is	

necessary	 for	 a	 number	 of	 processes	 including	 gastrulation,	 embryo	 formation	 and	 organ	

development538–543;	 wound	 healing,	 tissue	 morphogenesis/regeneration,	 and	 tissue	

fibrosis544–548.	EMT	is	also	involved	in	cancer	metastasis	in	which	cancer	cells	are	disseminated	

from	the	primary	tumour549–554.	

	

EMT	 involves	 extensive	 cross-talk	 between	 different	 signalling	 pathways.	 Small	 mothers	

against	decapentaplegics	 (Smads),	Wnt,	protein	kinase	B	 (Akt),	FAK	and	mitogen-activated	

protein	 kinase	 (MAPK)	 signalling	 results	 in	 a	 switch	 from	 E-	 to	 N-cadherin,	 and	 EMT-

transcription	factor	(snai1,	snai2,	twist,	zeb1,	zeb2),	vimentin	and	MMP	up-regulation555–559.	

EMT	is	regulated	by	ECM	receptors	(e.g.	integrins),	hypoxia,	and	a	number	of	growth	factors	

(e.g.	 transforming	 growth	 factor	 beta	 (TGF-β),	 and	 tyrosine	 kinase	 receptors)18,536,560.	 The	

underlying	BM,	which	primarily	consists	of	laminin	and	collagen	type	IV	proteins,	is	degraded	

during	EMT	and	the	mesenchymal	cells	are	able	to	migrate	away	from	the	original	epithelial	

layer.	 The	molecular	mechanisms	 of	 BM	 remodelling	 during	 EMT,	 and	 the	 role	 played	 by	

matrix	metalloproteinases	(MMPs)	are	still	under	investigation18.	

	

EMT	 has	 been	 classified	 into	 three	 different	 subtypes:	 type	 1	 EMT	 is	 associated	 with	

implantation,	 embryo	 formation,	 and	 organ	 development,	 and	 it	 generates	mesenchymal	

cells	which	do	not	cause	fibrosis	or	induce	an	invasive	phenotype;	type	2	EMT	is	associated	

with	wound	healing,	tissue	regeneration	and	organ	fibrosis,	and	it	generates	fibroblasts	as	a	

part	of	 repair-associated	events	and	are	associated	with	trauma	and	 inflammation;	 type	3	

EMT	occurs	in	neoplastic	cells	which	have	gone	epigenetic	and	genetic	changes	to	produce	

invasive	cancerous	cells537.	Although	there	are	many	similarities	in	the	different	forms	of	EMT,	
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it	must	be	noted	 that	 EMT	has	mostly	been	 investigated	 in	 cancer	 (type	3	EMT),	 and	 the	

findings	in	cancerous	EMT	might	not	hold	true	for	EMT	in	fibrosis	or	gastrulation,	for	example.	

		

	
	
Figure	3.1:	The	epithelial	to	mesenchymal	transition,	modified	from	C.	M.	Horejs	et	al.	Eur.	J.	Cell	Biol.	95,	427–

440	(2016)18,	with	permission	from	Elsevier,	copyright	2016.	Epithelial	cells	lose	their	adherens	junctions	and	

tight	junctions	and	transition	to	a	migratory	mesenchymal	phenotype.	This	disrupts	the	basement	membrane	

via	activated	membrane-bound	matrix	metalloproteinases	(MT-MMPs)	and	secreted	matrix	metalloproteinases	

(MMPs)	and	mesenchymal	cells	can	penetrate	the	basement	membrane	(BM)	using	their	 invadopodia;	actin-

rich	membrane	structures	which	form	at	the	leading	edge	of	migrating	cells.	MMPs	interact	with	the	BM	and	

release	fragments	of	the	BM	proteins	laminin	and	collagen	type	IV,	exposing	integrins	which	had	previously	been	

bound	to	the	BM.		

	

3.1.2 The	basement	membrane	

The	ECM	forms	a	thin	BM,	covering	almost	all	organs	and	all	body	cavities561.	The	BM	is	largely	

synthesised	by	the	cells	that	rest	on	it	and	its	precise	composition	varies	from	tissue	to	tissue	

and	even	from	region	to	region	in	the	same	BM562.	The	BM	primarily	consists	of	laminin	and	

collagen	 type	 IV,	 which	 are	 interconnected	 by	 nidogen	 and	 the	 heparan	 sulphate	

proteoglycan	perlecan	or	agrin	(Figure	3.2)16,26,563–566.	These	proteins	form	insoluble	networks	

which	provide	a	structural	role	and	also	influence	the	behaviours	of	associated	cells16.	The	

BM	 has	 a	 small	 pore	 size,	 which	 prevents	 the	 pathogenic	 migration	 of	 cells565,567,568.	 For	

example,	 the	 BM	beneath	 an	 epithelium	prevents	 fibroblast	 in	 the	 underlying	 connective	

tissue	from	making	contact	with	the	epithelial	cells	but	enables	macrophages,	lymphocytes,	

and	nerve	processes	to	pass	through.	Larger	cells	are	only	able	to	travel	through	the	BM	with	

the	 help	 of	 force	 and/or	 enzymes18,569–574.	 The	 BM	 is	 important	 in	 tissue	 regeneration	
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following	 an	 injury	 since	 it	 provides	 a	 scaffold	 along	 which	 the	 regenerating	 cells	 can	

migrate575.	Finally,	the	BM	comprises	cryptic	sites,	usually	hidden	within	the	tertiary	structure	

of	the	protein	or	within	the	BM,	that	can	regulate	biological	processes	such	as	migration576.	

These	cryptic	sites	can	be	mechanically	or	proteolytically	revealed	by	MMPs,	exposing	new	

binding	sites	for	cell	receptors	and	initiating	a	cellular	response577,578.		

	

Basement	 membrane	 components	 are	 able	 to	 self-assemble	 and	 form	 a	 sheet-like	

structure17,579,580.	 In	 tissues,	 laminins	 and	 type	 IV	 collagen	 preferentially	 polymerise	while	

bound	to	receptors	on	the	surface	of	the	cells	that	produce	them.	Cell-surface	receptors	such	

as	 integrins	 (especially	b1	 integrins),	 dystroglycans	 and	 sulphated	glycolipids	 facilitate	 the	

initial	 deposition	 of	 laminin	 polymers	 via	 site-specific	 interactions581–584.	 Type	 IV	 collagen	

polymers	then	associate	with	the	laminin	polymers	on	the	cell	surface	via	nidogen/enactin	

and	perlecan	bridging585,586,	forming	an	independent	covalently	bound	network	providing	the	

BM	with	mechanical	strength587,588.	This	scaffold	then	provides	specific	interaction	sites	for	

other	BM	constituents589.	For	example,	growth	factors,	such	as	fibroblast	growth	factor	(FGF),	

bone	morphogenetic	proteins	(BMPs)	and	TGF-β	are	tethered	to	the	basement	membrane	

and	accumulated	via	the	heparan	sulphate	proteoglycans590,591.	
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Figure	3.2:	The	structure	of	the	basement	membrane,	modified	from	C.	M.	Horejs	et	al.	Eur.	J.	Cell	Biol.	95,	427–

440	 (2016)18,	 with	 permission	 from	 Elsevier,	 copyright	 2016.	 A)	 Collagen	 type	 IV	 and	 laminin	 are	 the	 key	

components	of	the	basement	membrane	(BM).	Secreted	collagen	heterotrimers	form	triple	helical	assemblies	

containing	7S	domains.	These	assemblies	oligomerise	into	cross-linked	tetramers	which	can	form	a	polymeric	

collagen	scaffold	due	to	 interactions	between	the	C-terminal	NC1.	Laminins	consist	of	an	α-,	β-,	and	γ-chain	

which	form	a	cross-like	tertiary	structure,	containing	three	short	and	one	long	arm.	Nidogen	interacts	with	one	

of	the	short	arms.	The	BM	interacts	with	the	cell	membrane	through	integrins,	sulfatides,	and	α-dystroglycan.	

These	 structures	 can	bind	 to	 the	 laminin	C-terminal	 LG	domains,	 perlecan	 and	agrin.	 B)	 The	BM	consists	 of	

covalently	 linked	 collagen	 type	 IV	 heterotrimers	 interconnected	 with	 pre-assembled	 laminins	 via	 agrin	 or	

perlecan	and	nidogen.	

	
A	 controlled	 turnover	 of	 ECM	macromolecules	 is	 essential	 for	many	 important	 biological	

processes.	Understanding	how	cells	invade	and	remodel	BM	boundaries	is	of	key	importance	

since	it	is	a	crucial	step	in	many	developmental	processes,	leukocyte	trafficking,	and	pathogen	

entry	 into	 host	 tissues,	 and	 remains	 one	 of	 the	 least	 understood	 mechanisms	 in	 cancer	

progression13,592,593.	 BM	 disassembly	 occurs	 during	 EMT18,	 and	 is	 a	 critical	 early	 step	 in	

gastrulation	EMT,	marking	the	beginning	of	mesoderm	and	endoderm	formation540,594.	It	is	

still	unclear	as	to	how	BM	breakdown	during	transmigration	is	regulated	due	to	the	difficulty	

of	experimentally	examining	cell–basement	membrane	interactions	during	invasion	events	in	

vivo,	and	most	of	the	mechanistic	understanding	of	invasion	has	been	derived	from	in	vitro	

studies13,564,588,595.	The	BM	is	challenging	to	assess	due	to	its	complexity	and	insolubility	and	

in	 vitro	 studies	 have	 consisted	 of	 artificial	matrices	 and	 denuded	 acellular	 BM	which	 are	

unable	to	mimic	the	dynamic	physical	and	biochemical	environment	of	the	BM	effectively564.	
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A	 number	 of	 general	 mechanisms	 for	 BM	 breakdown	 have	 been	 proposed,	 involving	

mechanical	force	and	physical	displacement,	localised	loss	of	BM	receptors,	and	proteolysis	

of	BM	proteins	by	MMPs18,569–574.	Real-time	analysis	of	cell–BM	interactions	in	living	model	

organisms	will	be	essential	to	understand	the	mechanisms	underlying	invasion564.		

	

Anchor	 cell	 invasion	 in	 C.	 elegans	 has	 been	 used	 as	 a	 system	 to	 assess	 the	 molecular	

mechanisms	involved	in	BM	breakdown	and	cell	invasion	in	vivo592.	When	C.	elegans	larvae	

undergo	development,	juxtaposed	gonadal	and	epidermal	BMs	separate	the	nascent	uterine	

and	vulval	tissues596.	The	anchor	cell	is	a	specialised	uterine	cell,	which	invades	through	these	

two	BMs	using	invadopodia597,	as	a	means	to	initiate	attachment	between	the	outer	uterine	

and	 vulval	 tissues596,598.	 Shortly	 following	 membrane	 invasion,	 anchor	 cells	 extend	 their	

invadopodia	into	one	single	protrusion	across	the	structure597,599	and	this	has	also	been	seen	

in	other	invading	cells	seeded	on	a	denuded	BM89,600.	BM	invasion	events	tend	to	cause	a	loss	

of	the	BM	at	the	site	of	transmigration594,601–605.	Dissolution	of	the	BM	has	been	suggested	

based	on	the	increase	in	type	IV	collagen	degradation	products	at	the	sites	of	invasion	in	vitro	

and	the	increase	in	protease	(e.g.	MMP)	expression	in	invading	cells606–608.	However,	anchor	

cell	 imaging	 experiments	 have	 revealed	 that	 the	 BM	 is	 moved	 aside	 by	 invasive	 cell	

protrusions597.	This	does	not	make	the	role	of	proteases	redundant	since	they	increase	BM	

pliancy	 for	 displacement	 and	 they	may	 be	 required	 for	 initial	 BM	 breaching564.	 After	 the	

anchor	cell	breaches	the	BM,	the	BM	gap	widens	and	this	has	been	shown	to	be	independent	

of	BM	deposition	or	degradation604.	Instead	the	BM	slides	over	the	invaginating	and	actively	

dividing	 vulval	 and	 the	 vulval	 cells	 generate	 tension	 forces	 that	 shift	 the	 BM	 as	 they	

invaginate.		

	

Basement	membrane	breaching	by	mechanical	force	has	been	also	shown	in	mouse	embryos	

cultured	in	engineered	microcavities605.	Mechanical	forces	are	exerted	between	the	embryo	

and	the	maternal	uterine	tissue	and	this	induces	BM	breaching	and	subsequent	epiblast	cell	

transmigration.	Moreover,	in	the	chick	embryo,	RhoA	activity	and	microtubule	dynamics	play	

an	essential	role	in	BM	disassembly;	a	decrease	in	RhoA	levels	leads	to	a	destabilisation	of	

microtubules	which	causes	BM	disassembly594.		
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It	 has	 been	 hypothesised	 that	 MMPs	 are	 essential,	 yet	 not	 exclusive,	 in	 facilitating	 BM	

remodelling.	However,	 the	 specific	 interactions	between	BM	proteins	 and	MMPs	 remains	

unsolved13,564,609.	A	number	of	BM	protein	fragments	have	been	reported	to	be	released	by	

MMPs	and	this	has	been	demonstrated	in	various	in	vivo	models	and	patient-derived	samples.	

However,	the	specific	receptor	interactions,	bioactivities	and	potential	cell-BM-cell	feedback	

mechanisms	have	been	investigated	in	very	few	of	these	fragments18.	The	investigation	into	

these	 proteolytic	 mechanisms	 will	 be	 helped	 by	 the	 development	 of	 sophisticated	 mass	

spectrometry	protocols610	and	proteomic	analysis	will	increase	our	understanding	in	how	the	

BM	can	affect	EMT	signalling55,611–613	and	the	mechanisms	of	BM	breakdown	in	vivo.		

	

The	 Overall	 laboratory	 at	 the	 University	 of	 British	 Columbia	 has	 founded	 the	 field	 of	

“degradomics”	which	 applies	 proteomic	 techniques	 to	 assess	 the	 range	 of	 proteases	 and	

protease-substrates	 found	within	 a	 cell,	 tissue	 or	 organism.	Most	 importantly,	 proteomic	

techniques	 have	 been	 developed	 to	 identify	 proteomic	 products	 in	 vivo,	 and	 protein	

substrates	and	exact	cleavage	sites	can	be	determined	 in	 the	same	analysis	by	specifically	

enriching	 mature	 protein	 N-termini	 and	 neo-N-termini	 of	 proteins	 using	 isotopic	

labelling614,615.	 This	 technique,	 known	 as	 Terminal	 Amine	 Isotopic	 Labelling	 of	 Substrates	

(TAILS)	has	shown	that	MMPs	regulate	signalling	pathways	as	well	as	degrading	the	ECM616	

and	could	show	promise	in	revealing	the	mechanisms	in	BM	breakdown	in	vivo.	A	next	step	

in	deciphering	MMP-BM	crosstalk	will	be	to	generate	BM	fragments	in	vitro	using	intact	BM	

and	to	show	release	and	bioactivities	in	adequate	in	vivo	models535.	MMP-knockout	models	

need	to	be	developed	and	the	possibility	to	study	live	cell	migration	and	capture	the	action	

of	MT-MMPs	using	high-resolution	imaging	techniques	will	further	increase	our	knowledge	of	

MT-MMP-basement	membrane	interplay617,618.	The	inhibition	of	MMPs	to	prevent	EMT	has	

failed	in	initial	clinical	trials,	and	a	greater	understanding	of	how	BM	affect	EMT	may	provide	

new	strategies	to	target	pathological	BM	turnover	and	EMT.	

	

3.1.2.1 Basement	membrane	proteins	

	
3.1.2.1.1 Laminins	

Laminins	are	a	 family	of	BM	proteins	which	play	a	crucial	 role	 in	cell	adhesion,	migration,	

differentiation,	phenotype	stability	and	provide	resistance	to	apoptosis619.	Laminins	interact	
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with	cells	via	cell	membrane	receptors	such	as	integrins	and	dystroglycan,	initiating	a	number	

of	signalling	pathways620,621.	16	different	mammalian	isoforms	of	laminin	have	been	described	

so	far,	consisting	of	12	different	laminin	chains	and	these	isoforms	show	differences	in	chain	

length	and	domain	architecture	but	are	highly	conserved	between	different	species.	Laminin	

isoforms	are	 coiled-coil	 heterotrimers	 containing	an	α-,	β-,	 and	ƴ-	 chain	assembled	 into	a	

cruciform	shape,	held	together	by	disulphide	bonds.	The	C-termini	of	the	three	chains	form	

an	 α-helical,	 coiled-coil	 domain	 and	 the	 α-chain	 has	 a	 C	 terminal	 ending	 in	 a	 G	 domain	

consisting	of	5	LG	sub-domains	which	is	the	major	site	of	cell-laminin	adhesion.	The	N-termini	

of	the	α-,	β-,	and	γ-	chains	allow	laminin	polymerisation	and	therefore	provide	a	key	role	in	

maintaining	BM	integrity620.		

3.1.2.1.1.1 Laminin-111	

Laminin-111	is	one	of	the	first	ECM	proteins	expressed	during	embryonic	development	which	

assembles	and	stabilises	the	BM622,623.	The	Laminin-111	isoform	consists	of	α1β1ƴ1	chains565,	

and	it	is	able	to	modulate	ECM	function	when	modified	by	other	proteins624–626.	In	particular,	

laminin-111	can	be	cleaved	by	different	MMPs,	resulting	in	a	loosened	BM,	facilitating	cell	

migration624,626–628	and	processes	such	as	EMT536.	The	crystal	structure	of	the	heterotrimeric	

integrin-binding	 region	 of	 laminin-111	 has	 recently	 been	 revealed	 at	 2.13	Å	 resolution629.	

Laminin-111	has	three	short	arms	coming	from	the	α1-,	β1-,	and	γ1-chains	which	form	the	

laminin	network	and	MMP-2	cleavage	of	the	β1-chain	short	arm	is	believed	to	disassemble	

the	laminin	network	and	thus	the	basement	membrane536.	The	γ1	tail	lies	above	the	LG1	and	

LG2	domains	of	the	α	chain	and	it	has	been	proposed	that	is	this	complex	surface	that	the	

integrins	recognise629.		

	

3.1.2.1.2 Collagen		

Collagen	 is	 a	 glycine	 and	 proline-rich	 protein	 that	 is	 a	major	 component	 of	 the	 ECM	 and	

connective	 tissues.	 Collagen	 exists	 in	many	 forms:	 28	 different	 collagen	 types	 have	 been	

identified,	and	more	than	40	distinct	α-chains	have	been	recognised	in	humans630,631.	Type	I,	

II,	III,	V,	and	XI	collagens	are	fibrillar	collagens.	Type	I	is	the	most	common	form	of	collagen	

and	 is	 found	 in	 skin,	 tendon,	and	bone.	Fibril-associated	collagens	 include	 type	 IX	and	XII,	

these	decorate	the	surface	of	collagen	fibrils,	and	are	thought	to	link	the	fibrillar	collagens	to	

each	other	and	the	ECM.	Type	 IV	and	VII	are	network	 forming	collagens.	Type	 IV	collagen	
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molecules	assemble	into	a	meshwork	that	constitutes	a	major	part	of	mature	BM,	while	type	

VII	molecules	form	dimers	that	assemble	into	specialised	anchoring	fibrils.		

	

Fibrillar	 collagen	 consists	 of	 a	 long,	 stiff,	 triple	 stranded	 helical	 structure,	 in	 which	 three	

polypeptide	α-chains,	are	wound	around	each	other	into	a	rope	like	superhelix.	This	structure	

that	is	characterised	by	amino-	and	carboxy-terminal	propeptide	sequences,	which	border	a	

series	of	Gly-X-Y	repeats	(where	X	and	Y	describe	any	amino	acids	but	are	frequently	proline	

and	hydroxyproline)632.	The	C-terminal	propeptide	initiates	triple	helix	formation	in	the	rough	

endoplasmic	reticulum.	Procollagen	is	then	secreted	by	the	cells	into	the	extracellular	space,	

and	collagen	type-specific	metalloproteinase	enzymes	then	cleave	the	procollagen	to	form	

collagen	by	removing	the	amino-	and	carboxy-propeptides630,631,633,634.		

	

After	cleavage	of	procollagen	into	collagen,	microfibrils	begin	to	form	at	the	cell	surface635.	

The	process	of	fibril	formation	is	driven	partly	by	the	tendency	of	the	collagen	molecules	to	

self-assemble,	 since	 they	 are	 more	 than	 a	 thousand-fold	 less	 soluble	 than	 procollagen	

molecules.	The	fibrils	begin	to	form	close	to	the	cell	surface,	often	in	deep	infoldings	of	the	cell	

membrane	 where	 secretory	 vesicles	 fuse	 with	 the	 cell	 surface.	 The	 underlying	

cortical	 cytoskeleton	 can	 therefore	 influence	 the	 sites,	 rates,	 and	 orientation	 of	 fibril	

assembly.	Indeed,	cells	help	organise	the	collagen	fibrils	they	secrete	by	exerting	tension	on	

the	ECM.	The	microfibrils	mature	to	fibrils	with	the	help	of	accessory	macromolecules	and	

cell	 adhesion	 receptors635,636.	 Lysyl	 oxidase	 catalyses	 the	 formation	 of	 intramolecular	 and	

intermolecular	covalent	crosslinks	between	collagen	molecules,	enabling	mature	fibres	to	be	

formed637–640.	These	fibres	are	bundled	together	within	a	connective	tissue	and	form	linear	

structures	capable	of	transmitting	tensile	forces	through	stabilising	 interactions	with	fibril-

associated	collagens	with	interrupted	triple	helices	(FACIT)	collagens	and	small	leucine-rich	

repeat	proteoglycans	(SLRPs)20,641.		

	

3.1.2.1.2.1 Type	IV	collagen	

Type	IV	collagen	is	a	non-fibrillar	collagen	whose	abundance	increases	with	age	comprising	

more	than	50%	of	adult	BM642.	It	comprises	six	genetically	distinct	α-chains	(α1(IV)	to	α6	(IV))	

that	assemble	 into	three	heterotrimers	 (α1α1α2,	α3α4α5,	α5α5α6),	with	α1	and	α2	being	
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present	 in	 every	 tissue643.	 Type	 IV	 collagens	 exist	 in	 several	 isoforms	which	 have	 a	more	

flexible	structure	than	the	fibrillar	collagens	since	their	triple-stranded	helix	is	interrupted	in	

26	regions,	allowing	multiple	bends.	They	are	not	cleaved	after	secretion,	but	interact	via	their	

uncleaved	 terminal	 domains	 to	 assemble	 extracellularly	 into	 a	 flexible,	 sheet-like,	 multi-

layered	 network.	 Secreted	 protomers	 form	 triple	 helical	 assemblies	 with	 N-terminal	 7S	

domains	 that	 oligomerise	 into	 cross-linked	 tetramers	 covalently	 stabilised	 by	 disulphide	

bonds	 and	 lysine-hydroxylysine	 crosslinks.	 Additional	 interactions	 between	 the	 C-

terminal	NC1	domains	result	in	a	dense	polymeric	collagen	scaffold	promoting	the	significant	

stability,	 insolubility	 and	 small	 pore	 size	 of	 basement	 membranes.	 Sulphilimine	 chemical	

bonds	 further	 stabilise	 the	 collagen	 scaffold	 by	 covalently	 linking	 methionine	 and	

hydroxylysine	residues	at	the	interface	of	adjoining	triple	helical	protomers644.		

	

3.1.2.2 Integrin-basement	membrane	crosstalk	in	EMT	

Integrins	are	involved	in	almost	all	elements	of	EMT	signalling	and	the	interaction	between	

specific	 integrins	 and	 certain	 BM	 domains	 is	 constantly	 changing	 during	 EMT578,645.	MMP	

mediated	degradation	of	the	BM	leads	to	a	dynamic	switch	in	integrin-interactions	since	the	

BM	network	is	broken,	causing	a	loss	of	receptor	binding	sites.	Moreover,	mesenchymal	cells	

deposit	ECM,	increasing	the	abundance	of	collagen	type	I,	type	II,	and	fibronectin,	leading	to	

the	expression	and	re-localisation	of	collagen	and	fibronectin	binding	integrins	such	as	α5β1	

and	αVβ1.	The	re-localisation	and	loss	of	integrin	receptor	binding	sites	causes	“cryptic”	sites	

in	the	BM	to	be	exposed18.		

	

Over	 the	course	of	EMT,	 the	 loss	of	epithelial	 junction	causes	actin	 stress	 fibre	 formation	

which	results	in	integrin-clustering	at	the	leading	edge	of	the	cell.	EMT	reorganises	cadherin,	

adheren	and	tight	junctions	and	these	all	contain	transmembrane	proteins	linked	to	the	actin	

cytoskeleton	(e.g.	Zonula	occludens-1	(ZO-1))646–648.	Integrins	directly	contribute	to	EMT	via	

integrin-linked	 kinase	 (ILK).	 This	 initiates	 remodelling	 of	 the	 cytoskeleton	 and	 activates	

nuclear	 factor	 kappa-light-chain-enhancer	 of	 activated	 B	 cells	 (NF-κB).	 Activated	 NF-κB	

translocates	to	the	nucleus	and	activates	key	EMT	transcription	factors	(EMT-TFs)18.	Integrins	

can	also	signal	through	the	p38	MAPK	pathway	and	PI-3-K555,649.	Moreover,	it	has	been	shown	

that	β1-integrin	signalling	 is	required	for	TGF-β-activation	through	the	MAPK	pathway	and	
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epithelial	plasticity650,	and	that	the	β1-integrin	binding	partner	disabled-2	(Dab2),	is	necessary	

for	TGF-β1-induced	EMT651.		

	

Crosstalk	 between	 E-cadherin,	 TGF-β-receptors	 and	 integrins	 is	 also	 important	 in	 EMT	

signalling.	Endocytosis	of	E-cadherin	causes	Ras-related	protein	1	(Rap1)	activation,	which	is	

a	GTPase	involved	in	focal	adhesion	formation	and	the	cytoplasmic	activation	of	integrins652.	

Moreover,	ILK	causes	a	down-regulation	in	E-cadherin	expression653	and	adherens	junctions	

are	disrupted	when	RhoA	and	Ras-related	C3	botulinum	toxin	substrate	1	(Rac1)	are	activated	

by	β1-integrin654,655.	It	has	been	further	proposed	that	clustering	of	α3-integrin	with	the	TGF-

β-receptor	and	E-cadherin	is	required	for	the	phosphorylation	of	β-catenin	at	tyrosine	residue	

654	and	complex	formation	with	p-Smad2.	The	nuclear	translocation	of	this	complex	initiates	

EMT	of	alveolar	epithelial	cells	to	myofibroblasts	in	a	lung	fibrosis	model656–658.	Finally,	Horejs	

et	al.	have	shown	that	a	cryptic	laminin	fragment	can	bind	to	α3-integrin,	triggering	changes	

in	MMP-2,	MMP-9,	E-cadherin	and	EMT-TF	expression536.	

	

3.1.3 Matrix	metalloproteinases	

Matrix	metalloproteinases	 (MMPs)	 are	 zinc	 dependent	 cellular	 enzymes	 belonging	 to	 the	

metzincin	 group	 of	 proteases	 which	 are	 responsible	 for	 the	 cleavage	 of	 almost	 all	 ECM	

proteins.	To	date,	25	vertabrate	MMPs	and	22	human	homologues	have	been	described659–

661.	 MMPS	 play	 an	 important	 role	 in	 matrix	 remodelling	 in	 embryonic	 development,	

angiogenesis,	and	wound	healing.	They	are	also	essential	in	pathological	processes	such	as	

inflammation	 and	 cancer,	 with	 fibrosis	 and	 cancer	 showing	 elevated	 expression	 levels	 of	

MMPs662–664.	 MMPs	 recognise	 and	 cleave	 specific	 sequences	 of	 ECM	 proteins	 releasing	

protein	 fragments18,665,666	 and	 are	 involved	 in	 regulating	 extracellular	 tissue	 signalling	

networks610.	Indeed	MMP-1,	MMP-2,	MMP-3,	MMP-7,	MMP-9,	MMP-10,	MMP-12,	and	MT1-

MMP	(MMP-14)	have	been	shown	to	process	either	purified	or	recombinant	collagen	type	IV	

and/or	laminin.	

	

MMPs	 are	 heavily	 regulated	 both	 intracellularly	 and	 extracellularly	 to	 ensure	 that	 ECM	

proteins	are	processed	at	different	cell	stages667.	MMPs	can	be	activated	by	several	cytokines	

including	interleukin-1	(IL-1),	tumour	necrosis	factor-α	(TNF-α)	or	TGF-β,	nitric	oxide	or	micro-
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RNA610,	which	activate	intracellular	signalling	pathways	such	as	extracellular	signal-regulated	

kinase	 (ERK)	1/2	MAPK.	MMP	activity	 is	 then	controlled	through	transcription,	proenzyme	

activation,	non-specific	proteinase	inhibitors	(e.g.	α2-macroglobulin),	and	tissue	inhibitors	of	

metalloproteinases	 (TIMPs)610.	TIMPs	are	endogenous	protein	 regulators	of	MMPs,	and	of	

families	 such	 as	 the	 disintegrin	 metalloproteinases	 (ADAM	 and	 ADAMTS)668.	 They	 are	

therefore	 critical	 in	 influencing	 the	 ECM,	 cell	 adhesion	 molecules	 and	 many	 cytokines,	

chemokines	and	growth	factors.	

	

MMPs	 can	 be	 categorised	 as	 either	 secreted	 inactive	 proenzymes	 or	 membrane	 bound	

membrane	type	MMPs	(MT-MMPs)669.	Secreted	MMPs	are	inactive	until	their	pro-domain	is	

cleaved;	 the	 pro-domain	 contains	 a	 “cysteine	 switch”	 sequence	 motif	 in	 which	 the	 free	

cysteine	 residue	 interacts	 with	 the	 catalytic	 zinc	 ion	 preventing	 interaction	 with	 the	

substrate670.	The	MMP	is	activated	when	water	 is	able	to	 interact	with	the	zinc	 ion	at	 the	

MMP	enzyme’s	active	site	due	to	a	change	in	conformation,	pulling	out	the	cysteine	residue.	

This	 activation	 occurs	 extracellulary	 either	 by	 protease-mediated	 activation	 (by	 another	

protease	 or	 by	 auto-activation),	 oxidant-mediated	 activation	 or	 matrix-mediated	

activation670,	whilst	TIMPs	inhibit	most	of	the	secreted	MMPs671.	MMPs	secreted	as	 latent	

pro-enzymes	include	MMP-1,	MMP-8,	peptidase	M9,	MMP-3,	MMP-7,	MMP-2	and	MMP-9672.	

MT-MMPs	 are	 anchored	 to	 the	 membrane	 via	 a	 transmembrane	 domain	 or	 a	

glycosylphosphatidylinocitol	(GPI)-anchor	and	play	a	role	in	modifying	the	immediate	cellular	

environment	since	they	act	at	the	cell	surface673,674.	MT1-MMP	is	the	most	studied	MT-MMP	

and	has	been	shown	to	promote	cell	migration	since	it	has	been	implicated	in	BM	breakdown	

and	in	cell	invasion	through	collagen	and	laminin	degradation675.		

	

3.1.3.1 MMP	involvement	in	EMT	

MMPs	are	heavily	involved	in	EMT676–690.	For	example,	MMP-2,	MMP-9,	MT1-MMP	and	MMP-

3	have	been	correlated	 to	EMT	processes92,558,680,685,691–699.	During	EMT,	 there	 is	 increased	

expression	of	MMP-2	and	MMP-9,	 thus	enhancing	ECM	protein	degradation	and	enabling	

invasion685.	MMPs	additionally	target	certain	transmembrane	proteins,	for	example	MMP-3	

can	activate	EMT	in	tumour	cells	by	shedding	of	E-cadherin,	causing	nuclear	localisation	of	β-

catenin700,701;	and	MMP-2	has	been	shown	to	activate	 tubular	EMT	 independently	of	TGF-

β1702.	 Furthermore,	MMP-3	 can	 induce	 EMT	 through	 increased	 expression	 and	 activity	 of	
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rac1B,	 which	 results	 in	 increased	 levels	 of	 cellular	 reactive	 oxygen	 species,	 leading	 to	

increased	 snail1	 expression694.	 Snail,	 a	 key	 EMT	 transcription	 factor,	 has	 been	 shown	 to	

mobilise	MT-MMPs696,703.	MMP-2	and	MMP-3	are	 required	 for	mammary	gland	branching	

morphogenesis,	a	developmental	EMT	process	recapitulated	in	the	adult,	which	facilitates	the	

invasion	 of	 mammary	 epithelial	 cells	 into	 the	 stromal	 mammary	 fat	 pad688.	 Moreover,	

increased	 expression	 of	MMPs	 in	 epiblast	 cells	 during	 gastrulation	 has	 been	measured	 in	

several	developmental	EMT	models684,704.	

	

EMT-related	 processes	 in	 cancer	 metastasis	 and	 tissue	 fibrosis	 can	 be	 correlated	 with	

elevated	MMP	levels	and	thus	specific	MMP	levels	could	potentially	be	used	as	prognostic	

factors705.	MMPs	have	been	viewed	as	promising	targets	for	inhibiting	epithelial	cell	migration	

and	transition.	However,	clinical	trials	of	MMP	suppression	in	tumour	models	using	synthetic	

MMP	inhibitors	have	been	unsuccessful	to	date	due	to	their	redundancy,	tissue	specificity	

and	 dosage	 dependence,	 and	 because	 the	 role	 of	 specific	 MMPs	 has	 not	 yet	 been	 fully	

understood705,706.		

	

3.1.3.1.1 MT1-MMP	

MT1-MMP/	MMP-14	is	one	of	the	critical	proteinases	involved	in	cell	migration	and	it	is	found	

at	 invadopodia	 sites.	 Invadopodia	 are	 dynamic	 actin	 and	 cortactin	 rich	 protrusions	 of	 the	

plasma	 membrane	 which	 mediate	 ECM	 degradation	 through	 the	 local	 deposition	 of	

proteases.	 Invadopodia	are	found	on	cancer	cells	and	are	similar	to	podosomes	of	normal	

cells.	MT1-MMP	accumulates	at	the	edge	of	invadopodia	and	has	been	described	as	the	main	

invadopodial	 ECM	 protease113,707–709.	 During	 EMT,	 MT1-MMP	 becomes	 concentrated	 at	

invadopodia	 via	 intracellular	 trafficking79.	 MT1-MMP	 is	 produced	 as	 a	 latent	 ~72	 kDa	

transmembrane	 zymogen	 and	 is	 converted	 into	 a	 ~60kDa	 catalytically	 active	 protease	 via	

furin-like	 proprotein	 convertases	 during	 its	 journey	 to	 the	 cell	 membrane710.	 There	 is	 a	

constant	 flow	 of	 active	MT1-MMP	 to	 the	 cell	membrane	 via	 endocytosis	 and	 exocytosis.	

Rather	than	being	trafficked	through	to	endoplasmic	reticulum,	to	the	Golgi	apparatus	and	

then	to	the	cell	membrane	through	the	biosynthetic	pathway,	MT1-MMP	is	internalised	and	

then	 redirected	 to	 invadopodia	 in	 late	 endosomes	 along	 microtubules711.	 Following	

attachment	of	MT1-MMP-positive	endosomes	to	the	cell	membrane	for	several	minutes,	the	
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endosomes	detach	rather	than	collapsing	into	the	cell	membrane712.	Docking	cycles	enable	

MT1-MMP	to	adapt	to	changing	ECM	microenvironments711.		

	

MT1-MMP	enhances	cell	migration	by	degrading	the	ECM,	releasing	cell	surface	molecules	to	

give	migratory	signals	and	by	activating	extracellular	signal-regulated	protein	kinase	(ERK)	and	

other	secreted	MMPs.	MT1-MMP	degrades	the	ECM	both	directly	and	indirectly.	MT1-MMP	

directly	degrades	a	number	of	ECM	components	including	collagen	type	I,	II	and	III,	laminin-1	

and	-5,	fibronectin,	vitronectin,	fibrin	and	aggrecan713,714.	MT1-MMP	indirectly	degrades	the	

ECM	by	activating	proMMP-2715	and	proMMP-13716	at	the	cell	surface.	MT1-MMP	knockouts	

are	 the	 only	 lethal	 MMP-mutants	 in	 which	 mice	 develop	 abnormalities	 and	 die	 at	 three	

weeks717–719.	MT1-MMP-/-/MMP-2-/-	double	mutant	mice	cannot	survive	early	postnatal	life,	

and	MMP9	cannot	compensate	for	MT1-MMP-/-/MMP-2-/-	mutations720.		

	

3.1.3.1.2 MMP-2	and	MMP-9	

MMP-2	and	MMP-9	can	be	distinguished	from	the	other	secreted	MMPs	by	a	collagen-binding	

domain	 within	 their	 catalytic	 domain.	 This	 collagen-binding	 domain	 consists	 of	 three	

fibronectin	type	II	repeats	and	is	involved	in	the	binding	of	collagenous	substrates,	elastin,	

fatty	acids	and	thrombospondins721.	MMP-2	and	MMP-9	are	secreted	as	inactive	zymogens	

(proMMP-2:	72	kDa,	proMMP-9:	92	kDa)	and	are	activated	by	cleavage	of	a	prodomain	(MMP-

2:	65	kDa;	MMP-9:	82	kDa)	through	a	number	of	mechanisms.	The	major	activation	route	of	

proMMP-2	on	the	cell	surface	is	through	the	formation	of	a	molecular	complex	containing	

proMMP-2	(via	its	PEX	domain),	MT1-MMP	(via	its	catalytic	domain)	and	TIMP-2.	This	causes	

clustering	of	proMMP-2	in	the	vicinity	of	a	TIMP-free,	active	MT1-MMP	which	initiates	the	

activation	of	 proMMP-2.	MMP-2	 can	 also	 be	 activated	by	MMP-1,	MMP-7,	 thrombin	 and	

activated	protein	C.	MMP-2	expression	can	be	increased	by	the	ERK-MAPK	pathway	through	

FAK	and	by	the	PI3K/Akt	pathways	through	NF-κB722–724.	MMP-9	can	be	activated	by	plasmin,	

trypsin-2,	MMP-2,	MMP-13	(activated	by	MMP-2)	and	MMP-3	(activated	by	plasmin)659.	NF-

ĸB	 is	 involved	 in	 MMP9	 production725,726	 and	 activation	 of	 AP-1	 and	 NF-κB	 transcription	

factors	is	insufficient	but	absolutely	required	for	upregulation	of	MMP9726.	

Once	activated,	the	gelatinases	are	can	degrade	various	components	of	the	ECM,	in	particular	

they	can	degrade	type	IV	collagen.	When	epithelial	cells	undergo	EMT	they	start	expressing	

MMP-2,	 and	 MMP-2	 has	 been	 further	 linked	 to	 EMT	 due	 to	 its	 involvement	 in	 BM	
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degradation,	enabling	cell	migration679.	MMP-9	is	also	involved	in	BM	degradation	and	can	

induce	 the	 EMT	by	 disrupting	 the	 E-cadherin/β-catenin-	 adhesion	 complex727.	 Gelatinases	

have	garnered	much	attention	since	they	are	often	overexpressed	in	malignant	tumours	and	

this	expression	is	often	associated	with	the	aggressiveness	of	the	tumour728.	

	

3.1.4 α3β1-integrin		

The	α3β1–integrin	 is	one	of	the	main	BM	receptors	and	is	 involved	in	maintaining	cell-cell	

junctions,	 cytoskeleton	 assembly,	 cell	 migration	 (due	 to	 its	 interactions	 with	 tetraspanin	

proteins),	and	MMP	regulation	via	 the	CD147/EMMPRIN	protein657,729–734.	α3β1-integrin	 is	

highly	expressed	in	epithelial	cells	and	mediates	cell–matrix	interactions	with	its	major	ligand	

laminin-332	as	well	as	another	ECM	ligands735.	α3β1	is	also	found	along	lateral	cell	borders	in	

association	with	E-cadherin	in	adherens	junctions736,737,	and	this	colocalisation	is	believed	to	

contribute	 to	 the	 assembly	 and	 maintenance	 of	 cell–cell	 contacts	 and	 normal	 barrier	

function729,738,739.	 Interestingly,	 it	 is	 possible	 to	 distinguish	 the	 α3β1-integrin	 receptors	

associated	with	the	cadherin–catenin	complex	(cell-matrix	adhesion)	and	those	involved	in	

binding	laminin	(cell-cell	adhesion)737.	Mutations	in	the	gene	encoding	the	α3	subunit	(ITGA3)	

have	been	linked	to	a	congenital	nephrotic	syndrome,	interstitial	lung	disease	and	a	mild	form	

of	epidermolysis	bullosa740–742.	α3	knockout	mice	have	a	perinatal-lethal	phenotype743	and	

defects	can	be	seen	in	the	structural	organisation	of	the	BM744.	α3	knockout	also	produces	

kidney	 tubule	 defects,	 reduced	 branching	 morphogenesis	 in	 the	 lungs,	 and	 mild	 skin	

blistering743.	Indeed,	α3	knockout	mice	have	demonstrated	crucial	roles	for	α3-integrin	in	skin	

tumour	 formation745,	 regulation	 of	 contractility	 in	 mammary	 myoepithelial	 cells746,	

directional	migration	and	wound	re-epithelialisation	in	the	skin747.		

	

Laminin-332	is	a	key	ligand	for	α3β1-mediated	adhesion748,749,	however,	a	large	number	of	

other	 extracellular	 ligands	 have	 also	 been	 reported	 for	 α3β1,	 including	 fibronectin,	

Engelbreth-Holm-Swarm	 (EHS)-laminin/laminin-111,	 and	 collagens750–753.	 The	 α3A	 subunit	

(one	of	2	isoforms	of	the	α	3	subunit)	has	been	detected	in	FAs	in	several	cell	types	cultured	

on	fibronectin,	kalinin/laminin-332,	EHS-laminin/laminin-111,	type	IV	collagen,	or	vitronectin.	

In	contrast,	α5	and	αV	integrins	are	only	seen	in	FAs	when	cells	are	grown	on	their	known	

ligands.	Transfection	of	α3A	into	K562	cells	(which	do	not	express	endogenous	α3A)	does	not	
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cause	adhesion	 to	EHS	 laminin/laminin-111,	collagens,	entactin/nidogen,	or	 fibronectin754–

756;	therefore,	α3Aβ1	is	not	sufficient	for	initial	cell	adhesion	to	these	matrix	proteins.	Initial	

cell	adhesion	to	these	ligands	most	likely	requires	other	integrins	and	α3β1-integrin	is	likely	

to	be	a	secondary	receptor	with	post-cell-adhesion	functions.	Precedent	for	post-adhesion	

integrin	 function	has	 also	been	 shown	 for	αVβ3	 in	HUVECs,	where	 it	 is	 important	 for	 cell	

adhesion	maintenance,	but	not	for	initial	cell	attachment757.		

	

Laminin-111	and	laminin-332	are	both	ligands	for	the	α6β1-integrin,	while	α3β1-integrin	only	

shows	affinity	for	laminin-332;	these	two	laminin	isoforms	can	therefore	distinguish	the	roles	

of	α3β1-integrin	α6β1-integrin758.	Similar	adhesion	of	normal	skin	human	fibroblasts	has	been	

seen	 on	 laminin-111	 and	 -332	 however	 the	 two	 laminin	 isoforms	 promote	 different	 cell	

shapes;	 laminin-111	 promotes	 filopodia-like	 structures,	 whereas	 laminin-332	 promotes	

lamellipodia	formation.	The	actin	cytoskeleton	is	similarly	ordered	however	FA	proteins	such	

as	 vinculin,	 talin	 and	 paxillin	 show	 different	 arrangements.	 They	 form	 thick	 and	 short	

aggregates	localised	at	the	end	of	“actin	stress	fibres”	on	laminin-111,	whereas	they	formed	

dots	or	streaks	clustered	on	a	long	portion	of	actin	microfilaments	on	laminin-332.	Cross-talk	

between	α6β1-integrin	and	α3β1-integrin	has	also	been	shown;	when	α3β1-integrin	is	ligated	

it	is	integrated	into	focal	adhesions	and	can	regulate	the	clustering	of	α6β1	integrins	and	can	

regulate	FA	proteins758.	

	

α3β1–integrin	has	been	connected	to	E-cadherin	and	cytoskeletal	organisation	in	a	number	

of	cell	types729,733.	Association	of	α-actinin	with	the	cadherin–catenin	complex	is	reduced	in	

cells	deficient	in	α3β1-integrin729,	and	it	has	been	suggested	that	the	CD151-α3β1	complex	

controls	the	stability	of	E-cadherin	mediated	cell–cell	adhesion	by	regulating	the	expression	

of	the	membrane	protein	tyrosine	phosphatase	PTPμ	and	its	association	with	the	E-cadherin-

catenin	complex737.	Indeed,	it	has	been	shown	in	vitro	that	α3β1-integrin–deficient	collecting	

duct	epithelial	cells	assemble	actin	stress	fibres	instead	of	a	subcortical	actin	cytoskeleton,	

and	 show	 reduced	 association	between	α-actinin	 and	 the	 cadherin–catenin	 complex729.	 A	

recent	study	has	shown	that	α3β1–integrin	can	coordinate	cross-talk	between	the	Smad	and	

β-catenin	 signalling	 pathways	 and	 therefore	 regulates	 MMPs	 and	 response	 to	 TGF-β1	

activation657,734.	After	TGF-β1	stimulation,	wild-type	epithelial	cells	can	internalise	complexes	

of	E-cadherin	and	TGF-β1	receptors,	generate	phospho-Smad2	(p-Smad2)–pY654–β-catenin	
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complexes,	and	up-regulate	mesenchymal	target	genes.	This	is	not	possible	in	cells	expressing	

an	H245A	mutant	preventing	α3-integrin	 from	engaging	with	E-cadherin.	Although	Smad2	

phosphorylation	remains	unchanged,	p-Smad2–pY654–β-catenin	complexes	do	not	form	in	

the	absence	of	α3	or	when	α3β1	is	mainly	engaged	on	laminin-332	or	E-cadherin	in	adherens	

junctions,	leading	to	attenuated	EMT.	This	suggests	that	α3β1	coordinates	cross	talk	between	

β-catenin	and	Smad	signalling	pathways	as	a	function	of	extracellular	contact	cues,	regulating	

responses	to	TGF-β1	activation657.	Interestingly,	mouse	mammary	gland	epithelial	(NMuMG)	

cells	contain	nuclear	Y654-phosphorylated	β-catenin	however	when	they	are	treated	with	

TGFβ1	nuclear	Y654-phosphorylated	β-catenin	cannot	be	identified535.		

	

The	ECM	metalloproteinase	inducer	(CD147/EMMPRIN)	 is	a	transmembrane	protein	which	

shows	 similar	 characteristics	 to	 the	 immunoglobulin	 superfamily759,760.	 It	 has	been	argued	

that	CD147/EMMPRIN	association	with	integrins	regulates	several	biological	processes,	such	

as	 BM	 formation,	 cell	 adhesion,	 signalling	 and	 MMP	 production,	 by	 regulating	

integrin/laminin	 binding761.	 It	 has	 been	 shown	 that	 CD147/EMMPRIN	 can	 stimulate	MMP	

secretion	in	fibroblasts	upon	interaction	with	α3β1-integrin,	however	it	does	not	localise	with	

FAs732,759,762.	Moreover,	 CD147/EMMPRIN	 co-localises	with	 α3β1-integrins	 in	 human	 7721	

hepatoma	cells	resulting	in	an	increase	in	FAK,	p-FAK,	paxillin	and	p-paxillin	expression,	and	

CD147/EMMPRIN	has	been	linked	to	PI3K	via	intracellular	Ca2+	regulation763.	Finally,	blocking	

of	 CD147/EMMPRIN	 has	 been	 shown	 to	 reverse	 the	 inhibitory	 effects	 of	 a	 laminin	 β1-

fragment	 which	 binds	 to	 α3β1-integrin	 and	 decreases	 MMP-2,	 MMP-9,	 and	 E-cadherin	

expression	 in	 mouse	 embryonic	 stem	 cells536.	 This	 suggest	 that	 there	 is	 an	 interaction	

between	α3β1-integrin	and	CD147/EMMPRIN	which	regulates	these	processes.	

	

3.1.5 TGF-β1	induced	epithelial-to-mesenchymal	transition	

Transforming	 growth	 factor	 beta	 (TGF-β)	 is	 a	 family	 of	 multifunctional	 cytokines	 which	

includes	 3	 isoforms	 (TGF-β1,	 TGF-β2,	 and	 TGF-β3).	 Each	 isoform	 is	 composed	 of	 a	 signal	

peptide	which	directs	the	isoform	to	the	endoplasmic	reticulum,	a	large	N-terminal	domain	

known	 as	 the	 latency-associated	 peptide	 (LAP)	 and	 a	 short	 C-terminal	 domain764.	 The	

isoforms		are	25	kDa	homodimers	and	each	subunit	consists	of	around	112	amino	acids.		The	

amino	acid	sequence	identity	between	the	mature	human	TGF-β1	and	TGF-β2,	TGF-β1	and	
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TGF-β3,	or	TGF-β2	and	TGF-β3	is	71%,	76%,	or	80%,	respectively.	In	culture,	all	three	isoforms	

show	 similar	 function	 and	 behave	 as	 inhibitors	 of	 normal	 and	 transformed	 epithelial	 cell	

growth765,766.	 TGF-β	 ligands	 are	 secreted	 by	 many	 cell	 types,	 including	 macrophages,	 as	

inactive	 precursors	 which	 are	 either	 directly	 activated	 or	 embedded	 in	 the	 ECM	 to	 be	

activated	at	a	later	point767.	Inactive	TGF-β	ligands	are	bound	to	latency-associated	peptides	

and	can	be	activated	by	the	lytic	action	of	MMPs	or	through	conformational	changes	induced	

by	integrins768,769.	When	activated,	TGF-β	can	bind	to	TGF-β-receptors	(TGF-βRs).	The	TGF-β	

receptor	complex	consists	of	a	tetrameric	structure	with	two	different	homodimers,	TGF-βRI	

and	TGF-βRII:	TGF-β	binds	to	active	TGF-βRII,	recruiting	TGF-βRI	to	form	a	complex770.	Both	

of	 the	 receptors	 are	 serine/threonine	 kinases,	 and	 following	 TGF-β	 binding,	 TGF-βRII	

phosphorylates	the	cytoplasmic	domain	of	TGF-βRI,	which	then	phosphorylates	intracellular	

proteins	such	as	Smads771–774.		

	

TGF-β	 is	 involved	 in	 regulating	 cell	 growth,	 differentiation,	 and	development775–779.	 TGF-β	

signalling	 generally	 involves	 ligand-induced	 oligomerisation	 of	 serine/threonine	 receptor	

kinases	 and	 phosphorylation	 of	 Smad2	 and	 Smad3	 cytoplasmic	 signalling	 molecules.	 The	

activated	Smad	molecules	 then	 translocate	 to	 the	nucleus	and	complex	with	 transcription	

factors,	 modulating	 transcription.	 TGF-β	 signalling	 can	 also	 affect	 Smad-independent	

pathways	 such	 as	 the	 ERK	 1/2	MAPK	 pathway,	 FAK/	 Src	 pathway,	 phosphatidylinositol-3-

kinase	(PI3K)/	AKT	pathway,	Wnt/	β-catenin	pathway,	NF-ĸB	pathway	and	pathways	involving	

Rho-like	GTPases780–784.	TGF-β1,	TGF-β2,	and	TGF-β3	are	all	able	to	induce	EMT,	however	TGF-

β1	is	the	most	commonly	used	isoform	in	the	context	of	EMT	research649,732,772,785,	and	is	the	

most	commonly	found	isoform	in	human	tissues786.	

	

3.1.5.1 The	canonical	Smad	pathway	

In	 the	 canonical	 TGF-β-initiated	 Smad	 pathway,	 TGF-β	 binds	 to	 the	 TGF-βRII	 which	

phosphorylates	TGF-βR1	which	then	phosphorylates	Smad2	and	Smad3.	pSmad2	and	pSmad3	

then	 associate	 with	 Smad4,	 forming	 a	 trimeric	 Smad	 complex	 which	 translocates	 to	 the	

nucleus,	increasing	the	expression	of	EMT-related	transcription	factors	such	as	snai1	(snail),	

snai2	 (slug)	 and	a	downregulation	 in	 the	expression	of	epithelial	 cadherin	 (E-cadherin).	 E-

cadherin	is	a	calcium-dependent	transmembrane	cell-cell	adhesion	glycoprotein	involved	in	

epithelial	 cell	 behaviours,	 tissue	 formation	 and	 cancer	 suppression787.	 E-cadherin’s	
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extracellular	domain	is	involved	in	cell-cell	adhesion788	and	its	intracellular	domain	forms	a	

high	affinity	interaction	with	β-catenin	and	thus	α-catenin,	F-actin	and	vinculin789,790.		

	

The	Smad	pathway	is	inhibited	by	Smad6	and	Smad7	(Figure	3.3)649,771,773.	Smad7	is	a	nuclear	

protein	which	can	translocate	to	the	cytoplasm	and	complex	with	E3	ubiquitin	ligase	smurf2.	

Here,	 it	 binds	 to	 the	 TGF-β1R	 complex,	 inhibiting	 the	 Smad	 pathway	 by	 blocking	

phosphorylation	of	Smad2	and	Smad3791–793.	 Interestingly,	Smad7	has	also	been	shown	to	

exert	its	inhibitory	effect	on	TGF-β1	signalling	in	the	nucleus794.		
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Figure	3.3:	Canonical	TGF-β	Smad	signalling.	TGF-β	binds	to	the	transmembrane	TGF-β	receptor	(TGF-βR)	at	the	

cell	surface.	The	TGF-β	receptor	complex	consists	of	two	different	serine/threonine	kinase	homodimers,	TGF-

βRI	 and	 TGF-βRII.	 TGF-β	 binds	 to	 TGF-βRII,	 which	 recruits	 TGF-βRI	 to	 form	 a	 complex.	 TGF-βRII	 then	

phosphorylates	the	cytoplasmic	domain	of	TGF-βRI,	which	phosphorylates	Smad2	and	Smad3.	Phosphorylated	

Smad2	and	Smad3	(pSmad2	and	pSmad3,	respectively)	establish	a	trimeric	Smad	complex	with	Smad4	which	

translocates	to	the	nucleus.	Here,	it	regulates	the	transcription	of	target	genes	such	as	snail1	and	snail2,	which	

decrease	 E-cadherin	 expression,	 through	 physical	 interaction	 and	 functional	 cooperation	 with	 DNA	 binding	

transcription	 factors	 (X)	 and	 cAMP-regulated-enhancer-binding	 protein	 (CBP)	 or	 p300	 co-activators.	 This	

pathway	 can	 be	 inhibited	 by	 competition	 from	 Smad6	or	 Smad7.	 Smad7	 inhibits	 the	 TGF-β/Smad	 signalling	

pathway	 by	 competing	 with	 Smad2	 and	 Smad3	 for	 TGF-βRI	 binding	 and	 has	 also	 been	 shown	 to	 exert	 its	

inhibitory	effect	on	TGF-β1	signalling	in	the	nucleus.	

	

3.1.5.2 Erk	1/2	MAPK	pathway	

Mitogen-activated	protein	kinases	(MAPKs)	are	a	family	of	serine/threonine	protein	kinases	

involved	in	various	cellular	activities	such	as	proliferation,	migration,	differentiation,	stress	

response,	 apoptosis,	 and	 survival795.	 Some	 examples	 of	 MAPKs	 include	 the	 extracellular	
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signal-regulated	kinase	1	and	2	 (Erk1/2),	 the	c-Jun	N-terminal	 kinases	1-3	 (JNK1-3)/	 stress	

activated	 protein	 kinases	 (SAPK1A,	 1B,	 1C),	 the	 p38	 isoforms	 (p38α,	 β,	 γ,	 and	 δ),	 and	

Erk5796,797.	The	Erk1/2	MAPK	pathway	can	be	activated	by	interaction	between	integrins	and	

growth	factors	or	by	TGF-β	activation,	while	JNK	and	p38	kinases	respond	to	stress	stimuli,	

like	osmotic	shock796,797.	

	

When	 the	 ERK1/2	 MAPK	 pathway	 is	 activated	 by	 TGF-β,	 the	 Src	 homology	 2	 domain-

containing-transforming	A	(SHCA)	associates	with	TGF-β	receptor	I,	and	is	phosphorylated	at	

tyrosine	and	serine798.	This	reveals	a	docking	site	for	growth	factor	receptor	bound	protein	2	

(GRB2)	and	Son	of	Sevenless	(SOS)	which	initiates	the	pathway.	When	ERK	1/2	is	inhibited,	

TGF-β-induced	EMT	is	repressed	in	vitro649,797,799–801.	ERK	activation	is	important	in	EMT802,803,	

since	it	is	required	for	disassembly	of	cell	adherens	junctions	and	induction	of	cell	motility	by	

TGF-β.	 Indeed	ERK’s	 target	 genes	 are	 involved	 in	 cell-matrix	 interaction,	 cell	motility,	 and	

endocytosis802.	Moreover,	ERK	can	also	phosphorylate	receptor-activated	Smads,	 including	

Smad1,	Smad2	and	Smad3,	to	regulate	their	activities804–807.	For	example,	phosphorylation	of	

Smads	by	ERK	inhibits	Smad	activity,	which	has	been	invoked	to	explain	how	oncogenic	Ras	

overrides	TGF-β-mediated	growth	arrest	in	cancer	cells805.	Moreover,	ERK	substrates,	such	as	

AP-1	family	members,	can	interact	and	function	in	conjunction	with	Smads	to	regulate	gene	

expression803,808,809.	

	

In	 the	 p38	 and	 JNK	MAPK	 pathways,	 ubiquitin	 ligase	 TNF	 receptor	 associated	 6	 (TRAF6)	

associates	with	 the	 TGF-β	 receptor	 complex,	 leading	 to	 TGF-	 β	 -activated	 kinase	 1	 (TAK1)	

kinase	 activation,	 and	 then	 p38	 and	 JNK	 MAPK	 pathway	 activation649.	 The	 receptor-
associated	factor	6	(RAF6)-TAK1-JNK/p38	pathway	is	involved	in	in	TGF-β-induced	apoptosis	

and	also	plays	a	role	in	TGF-β-induced	EMT.	Inhibition	of	p38	activity	impairs	TGF-β-mediated	

changes	in	cell	shape	and	reorganisation	of	the	actin	cytoskeleton810,811,	and	TRAF6	knock-

down	 inhibits	 TGF-β-mediated	 EMT812.	 Moreover,	 global	 inhibition	 of	 β1-integrin	 matrix	

binding	 by	 blocking	 antibodies	 has	 been	 shown	 to	 abrogate	 active	 TGF-β1-mediated	 p38	

MAPK	 activation	 and	 EMT	 in	 mammary	 cells650.	 Thus,	 activation	 of	 the	 TRAF6-TAK1-p38	

pathway	is	required	for	TGF-β-induced	EMT.	
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3.1.5.3 Focal	adhesion	kinase	(FAK)/Src	pathway	

Focal	 adhesion	 kinase	 (FAK)	 has	 been	 shown	 to	 be	 key	 mediator	 of	 TGF-β	 signalling	 in	

fibroblasts813.	FAK	is	an	intracellular	protein-tyrosine	kinase	which	acts	as	a	central	mediator	

of	signalling	in	integrins	and	other	cell	surface	receptors.	It	has	a	role	in	normal	cell	migration,	

since	it	is	important	for	FA	turnover,	but	also	contributes	to	pathogenesis	of	cancer	and	other	

diseases814.	For	example,	FAK	is	expressed	at	higher	levels	in	invasive	tumours	compared	to	

benign	pre-neopastic	tumours784,815,	and	FAK	activation	has	been	linked	to	tissue	fibrosis,	with	

FAK	inhibition	decreasing	lung	fibrosis26,816.		

	

FAK	acts	as	a	signalling-protein	scaffold	which	enables	the	assembly	and	maturation	of	focal	

contacts817,	 and	 is	 also	 involved	 in	 the	 disassembly	 of	 FAs	 through	 the	 activation	 of	

intracellular	 proteases	 such	 as	 calpain818	 and	 extracellular	 MMPs819–821.	 Maximal	 FAK	

activation	occurs	when	it	is	associated	with	the	Src	nonreceptor	tyrosine	kinase.	Src	activation	

is	an	early	event	following	integrin	activation	and	clustering	and	this	clustering	also	causes	

FAK	autophosphorylation	at	 tyrosine	residue	397.	This	creates	a	binding	site	 for	Src	which	

mediates	phosphorylation	of	 FAK	at	 tyrosine	 residue	576,	577	and	other	 residues	 such	as	

tyrosine	 58164,822,823.	 FAK	 can	 then	work	 at	maximal	 catalytic	 activity	which	 results	 in	 the	

activation	of	several	signalling	pathways	such	as	the	ERK2/MAPK	cascade	and	small	GTPases	

such	as	Rac	and	Rho824.		

	

3.1.5.4 PI3K/AKT	pathway	

The	phosphoinositide	3-kinase/protein	kinase	B	(PI3K/AKT)	signalling	pathway	is	involved	in	

proliferation,	 apoptosis	 and	migration,	 and	 is	 strongly	 linked	 to	 pro-survival825–827.	 During	

TGF-β-induced	 EMT,	 the	 PI3K/AKT	 pathway	 activates	 the	 mTOR	 and	 S6kinase1	 pathway,	

which	collaborates	and	is	essential	for	the	activation	of	snail1.	When	the	PI3K/AKT	pathway	

is	blocked	in	mammary	gland	epithelial	cells,	phosphorylation	of	Smad2	is	inhibited	in	Smad-

dependent	 TGF-β-induced	 EMT.	 This	 suggests	 that	 there	 is	 an	 interaction	 between	 the	

PI3K/Akt	and	Smad	signalling	pathways784,828,829.	

	

PI3K/Akt	has	also	been	linked	to	the	FAK	signalling	pathway.	TGF-β	stimulation	recruits	the	

p85	subunit	of	PI3K	to	FAK,	and	this	acts	as	a	scaffold	to	organise	this	signalling	complex.	PI3K	

acts	as	a	branch	point	for	the	activation	of	p21	activated	kinase	(PAK2)-Abl	(Abelson	kinase)	
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and	 Akt-mechanistic	 target	 of	 rapamycin-1	 (mTOR1)	 profibrotic	 pathways830,	 without	 the	

need	for	Src	and	tyrosine	kinase	activity831.	RhoA	has	also	been	shown	to	be	involved	in	the	

PI3K/Akt	 pathway	 through	 TGF-β.	 Mouse	 mammary	 epithelial	 cells	 transfected	 with	

dominant-negative	RhoA	mutant	(N19RhoA)	show	a	significant	reduction	in	the	levels	of	Akt	

phosphorylation832.	

	

3.1.5.5 Wnt/β-catenin	pathway	

Three	Wnt	pathways	have	been	characterised:	the	canonical	Wnt	pathway,	the	noncanonical	

planar	cell	polarity	pathway,	and	the	noncanonical	Wnt/calcium	pathway833.	β-catenin	 is	a	

sub-unit	of	the	cadherin	protein	complex	which	acts	as	a	key	regulator	of	the	canonical	Wnt	

pathway,	as	well	as	regulating	cell-cell	adhesion.	β-catenin	is	continuously	degraded	by	the	

axin	complex	in	the	cytoplasm	until	Wnt	binds	to	its	receptor	Frizzled	(Fz)	and	co-receptor	

lipoprotein	 receptor-related	protein	5/6	 (LRP5/6),	causing	 it	 to	 translocate	 to	 the	nucleus.	

During	TGF-β-induced	EMT,	β-catenin	is	phosphorylated	and	forms	a	complex	with	pSmad2,	

E-cadherin	and	α3β1-integrin	at	the	cell	membrane.	Following	this,	β-catenin	and	pSmad2	are	

internalised	 and	 transported	 to	 the	 nucleus657,834.	 In	 the	 nucleus,	 β-catenin	 binds	 to	

lymphocyte	 enhancer	 factor/T-cell	 transcription	 factor	 (Lef/TCF)	 and	 stimulates	 the	

transcription	of	Wnt	target	genes,	such	as	MMP-7,	fibronectin,	snail	and	twist.	

	

3.1.5.6 The	NF-ĸB	pathway	

The	NF-ĸB	family	is	composed	of	5	subunits,	RelA/p65,	c-Rel,	RelB,	p50/p105,	and	p52/p100,	

which	can	bind	to	DNA	as	hetero-	or	homodimers,	regulating	gene	expression	and	a	number	

of	biological	processes835–837.	It	has	been	shown	to	be	involved	in	immune	and	inflammatory	

responses	as	well	as	cell	proliferation,	migration,	differentiation	and	apoptosis838,839.	Nf-ĸB	is	

also	involved	in	cell	and	tissue	morphogenesis,	including	proliferation	and	branching	of	the	

mammary	gland840,	and	is	heavily	involved	in	cancer	initiation	and	progression841.	

	

NF-ĸB	 is	 most	 commonly	 found	 as	 a	 heterodimer	 of	 p50	 and	 p65/RelA	 transcriptional	

activator	domain.	In	the	canonical	pathway,	NF-ĸB	dimers	are	inhibited	by	IĸB	proteins	which	

prevent	DNA	binding	and	cause	cytoplasmic	localisation	of	NF-ĸB.	Pro-inflammatory	cytokines	

such	 as	 TNF-α	or	 IL-1	 can	phosphorylate	 and	degrade	 IĸB,	 releasing	 and	 enabling	 nuclear	

translocation	of	NF-ĸB	and	thus	the	induction	of	NF-ĸB	responsive	genes842–844.	In	the	nucleus,	
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active	NF-κB/Rel	 complexes	 induce	 target	 expression	 either	 alone	 or	 in	 combination	with	

other	transcription	factors	including	activator	protein	1	(AP-1),	Ets,	and	signal	transducer	and	

activator	of	transcription	(Stat)	proteins.	

	

NF-ĸB	has	been	shown	to	be	essential	for	both	the	induction	and	maintenance	of	EMT	and	

has	been	shown	to	promote	EMT	even	in	the	absence	of	TGF-β	in	Ras-transformed	mammary	

epithelial	 cells844.	 Indeed,	 several	 NF-κB	 binding	 sites	 have	 been	 identified	 along	 the	

promoters	of	snail,	slug,	sip1	and	twist1	genes845,	and	overexpression	of	the	NF-ĸB	p65	 in	

non-transformed	mammary	epithelial	cells	results	in	the	loss	of	epithelial	markers,	including	

E-cadherin,	a	gain	of	mesenchymal	markers	such	as	vimentin	and	an	elevated	expression	of	

the	transcriptional	repressors,	ZEB-1/ZFHX1A846	and	ZEB-2/ZFHX1B/Smad-interacting	protein	

(SIP1)847.	NF-ĸB	p65,	p65/RelA	is	required	for	Smad7	activation,	thus	linking	the	NF-ĸB	and	

TGF-β-Smad-dependent	 pathways	 843,848.	 Moreover,	 TGF-β	 has	 been	 shown	 to	 activate	

canonical	 IKK-NF-κB	 signalling	 through	 activation	 of	 TGF-β–activated	 kinase-1	 (TAK1)848	

(Figure	3.4).	
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Figure	3.4:	TGF-β	nuclear	factor	kappa-light-chain-enhancer	of	activated	B	cells	(NF-ĸB)	signalling	.	NF-ĸB	is	most	

commonly	 found	 as	 a	 heterodimer	 of	 p50	 and	 p65/RelA	 transcriptional	 activator	 domain.	 Inactive	 NF-κB	 is	

present	in	the	cytosol	bound	to	the	inhibitory	protein	IκBα.	TGF-β	receptor	binding	causes	the	inhibitor	of	IκB	

kinase	 (IKK)	 to	 be	 activated	 either	 through	 autophosphorylation	 or	 through	 phosphorylation	 by	 a	 series	 of	

mitogen-activated	kinases	(MAP3K)	including	TGF-β–activated	kinase-1	(TAK1).	IKK	phosphorylates	IκBα	which	

results	 in	proteasome-mediated	degradation	of	 IκBα.	The	active	complex	of	NF-κB	 is	 then	 liberated	and	can	

translocate	to	the	nucleus	and	act	as	a	transcription	factor.	

	
3.1.5.7 Rho-like	GTPases	

The	 Rho-like	GTPases,	 including	 RhoA,	 Rac	 and	 Cdc42,	 play	 important	 roles	 in	 controlling	

dynamic	 cytoskeletal	 organisation,	 cell	motility,	 and	 gene	 expression	 through	 a	 variety	 of	

effectors849.	TGF-β	activates	RhoA-dependent	signalling	pathways	via	either	Smad-dependent	

or	independent	routes	to	induce	stress	fibre	formation	and	mesenchymal	characteristics	in	

epithelial	cells850,851.	TGF-β	also	induces	tight	 junction	dissolution	during	EMT	by	recruiting	

Cdc42	to	the	receptor	complex852	and	by	triggering	degradation	of	RhoA	at	cell	protrusions853.		
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3.1.6 The	laminin	β1-fragment	

Proteolysis	of	 the	BM	by	MMPs	can	generate	protein	fragments	with	various	bioactivities.	

These	protein	fragments	are	hidden	within	the	intact	BM	and	are	activated	only	on	release	

from	the	BM	by	certain	MMPs	or	force-induced	unfolding18.	Therefore	they	are	also	known	

as	“cryptic”	BM	fragments	or	matricryptic	sites576,854–857.	These	fragments	reveal	an	additional	

layer	of	BM-cell	crosstalk	involving	a	shift	in	integrin-mediated	interactions.	

	

	
	
Figure	3.5:	The	laminin	β1-fragment,	A)	modified	from	Horejs,	C.	M.	et	al.,	Proc.	Natl.	Acad.	Sci.	111,	5908–5913	

(2014),	with	permission	from	the	National	Academy	of	Sciences,	copyright	2014,	and	B)	modified	from	C.	M.	

Horejs	et	al.,	Eur.	J.	Cell	Biol.	95,	427–440	(2016)18,	with	permission	from	Elsevier,	copyright	2016.	A)	A	schematic	

presentation	of	the	cross-shaped	laminin-111	heterotrimer.	The	laminin-111	heterotrimer	consists	of	α1,	β1,	

and	γ1	chains.	The	N-terminal	regions	of	the	α1,	β1,	and	γ1	chains	form	the	short	arms	of	the	laminin	molecule,	

and	their	C-terminal	regions	associate	to	form	a	long	α-helical	coiled	coil.	The	α1	chain	continues	for	another	

∼1,000	residues	after	the	coiled	coil,	and	its	C	terminal	ends	in	a	G	domain	consisting	of	5	LG	sub-domains.	The	

laminin	β1-fragment,	released	by	MMP-2,	is	indicated	in	red.	B)	The	5	LG	sub-domains	are	the	major	site	of	cell-

laminin	adhesion	whereas	the	N-termini	of	the	α-,	β-,	and	γ-	chains	allow	laminin	polymerisation	and	therefore	

provide	a	key	role	in	maintaining	basement	membrane	integrity.	

	

A	biologically-active	laminin	β1-fragment	from	the	N-terminal	region	of	the	β1-chain	(β1-LN-

LE1-4)	can	be	generated	by	MMP-2	processing	within	the	BM	(Figure	3.5)536.	This	laminin	β1-

fragment	can	be	recombinantly	produced	as	a	stable	60	kDa	protein	which	suggests	that	it	

could	either	be	released	as	a	soluble	factor	or	remain	within	the	ECM858.	Horejs	et	al.	have	

demonstrated	 that	 the	 laminin	 β1-fragment	 modulates	 EMT	 via	 α3β1–integrin/ECM	
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metalloproteinase	inducer	(EMMPRIN)	complex	in	mouse	and	human	embryonic	stem	cells	

(ESCs)536.	When	cells	are	exposed	to	the	laminin	β1-fragment	with	EMT	inducing	TGF-	β1,	the	

laminin	β1-fragment	causes	a	down-regulation	of	MMP-2	compared	to	TGF-β1	addition	alone.	

During	EMT,	MMPs	are	upregulated	to	allow	the	cells	to	escape	the	dense	surrounding	BM	

and	to	remodel	the	ECM.	Since	laminin	β1-fragment	is	a	product	of	MMP-2,	and	its	addition	

to	cells	down-regulates	MMP-2,	it	may	provide	a	negative-feedback	mechanism	on	MMP-2	

regulation.	This	could	be	potentially	relevant	in	tissue	homeostasis	and	might	offer	a	strategy	

to	regulate	excess	MMP-2	production	in	pathological	EMT.	Horejs	et	al.	also	found	that	TIMP1	

and	TIMP2,	known	inhibitors	of	MMP,	and	snai1	and	snai1,	the	transcriptional	inhibitors	of	E-

cadherin,	 were	 significantly	 down-regulated	 upon	 laminin	 β1-fragment	 addition	 in	 vitro.	

Blocking	of	CD147/EMMPRIN	reversed	the	effects	of	the	laminin	β1-fragment	on	E-cadherin,	

MMP-2	 and	MMP-9	 expression	 whereas	 it	 had	 no	 effect	 on	 N-cadherin,	 snai1	 and	 snai2	

expression.	The	laminin	β1-fragment	can	therefore	trigger	cell	responses	and	is	not	cleaved	

for	the	sole	purpose	of	membrane	remodelling.	Interestingly,	no	changes	in	EMT	regulation	

are	 seen	 when	 cells	 are	 exposed	 to	 full-length	 laminin-111	 or	 other	 full-length	 laminin	

isoforms535,536.		

	

The	 effects	 of	 the	 laminin	 β1-fragment	 have	 recently	 been	 assessed	 on	 NMuMG	 cells.	

NMuMG	cells	have	extensively	been	used	as	a	model	to	study	TGF-β1-induced	EMT	changes	

in	epithelial	cells	in	vitro859,	and	mammary	gland	branching	is	a	developmental	EMT	process	

during	puberty	and	therefore	a	valid	model	system	relevant	in	both	development	and	disease.	

Immunoprecipitation	has	demonstrated	the	specific	interaction	of	the	laminin	β1-fragment	

with	 α3-integrin,	 but	 not	 with	 α6-integrin,	 in	 NMuMG	 cells.	 To	 elucidate	 the	 pathways	

affected	by	binding	of	the	laminin	β1-fragment	to	α3-integrin,	NMuMG	cells	were	cultured	in	

the	absence	or	presence	of	soluble	laminin	β1-fragment	with	TGF-β1.	NMuMG	cells	treated	

with	TGF-β1	alone	 show	an	expected	upregulation	of	p-Smad2,	p-Smad3,	 snail,	 and	MT1-	

MMP	protein	levels649.	Treatment	with	the	laminin	β1-fragment	decreases	the	upregulation	

of	p-Smad3,	snail	and	MT1-MMP	but	does	not	show	an	effect	on	p-Smad2.	Specific	blocking	

of	α3-integrin	using	a	blocking	antibody	in	the	presence	of	the	laminin	β1-fragment	rescues	

the	upregulation	of	p-Smad3,	snail	and	MT1-MMP.	This	suggests	that	the	laminin	β1-fragment	

affects	 TGF-β1	 signalling	 by	 interfering	 with	 α3-integrin	 functionality.	 Finally,	 there	 is	 no	

significant	alteration	in	collagen	type	I	gene	expression	and	collagen	deposition	in	response	
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to	 treatment	 with	 TGF-β1.	 Similar	 results	 are	 also	 shown	 for	 primary	 mouse	 peritoneal	

mesothelial	 cells.	 Nuclear	 extracts	 were	 used	 to	 show	 that	 the	 addition	 of	 laminin	 β1-

fragment	leads	to	changes	in	total	protein	phosphorylation	levels	and	nuclear	localisation	of	

both	p-Smad3	and	snail,	but	not	p-Smad2.	Moreover,	nuclear	tyrosine	654-phosphorylated	β	

-catenin	was	not	detected	in	cells	treated	with	the	laminin	β1-fragment	and	TGF-β1,	while	it	

was	detected	in	control	cells	that	were	not	treated	with	TGF-	β1658.		

	

The	laminin	β1-fragment	has	been	incorporated	into	a	biomaterial	in	order	to	prevent	tissue	

fibrosis.	Tissue	fibrosis	is	promoted	by	MMP	breakdown	of	tissue	structures	such	as	the	BM,	

and	the	laminin	β1-fragment	could	provide	a	successful	strategy	to	inhibit	this	process	since	

it	inhibits	MMPs535.	The	laminin	β1-fragment	has	been	immobilised	on	a	flexible	electrospun	

poly(e-caprolactone)	 (PCL)	 membrane860	 via	 the	 deposition	 of	 a	 polydopamine	 (pDA)	

coating861.	 This	 strategy	 enables	 the	 laminin	 β1-fragment	 to	 be	 interfaced	with	 epithelial	

tissue	 in	 a	 localised	 manner,	 circumventing	 off-target	 effects	 associated	 with	 the	

administration	 of	 soluble	 compounds.	 The	 laminin	 β1-fragment	 functionalised	 PCL	

membrane	was	directly	interfaced	with	epithelial	cells	and	tissues,	resulting	in	inhibition	of	

MMP-2	expression	and	activity,	and	changes	in	EMT-related	molecules	and	E-cadherin	at	the	

gene	and	protein	level	both	in	vitro	and	in	vivo.	When	interfaced	with	peritoneal	tissue,	the	

membrane	decreased	matrix	deposition	associated	with	fibrosis.	Moreover,	it	was	shown	to	

rescue	 the	 peritoneal	 BM	 in	 explanted	 peritoneal	 mesothelium	 and	 explanted	 bladder	

urothelium,	as	well	as	in	a	mouse	model	of	TGF-β1-induced	peritoneal	fibrosis535.	

	

3.2 Chapter	Aims	

	

It	has	previously	been	shown	that	TGF-β1	treatment	causes	an	increase	in	pSmad3	and	Snail	

and	a	decrease	 in	E-cadherin	expression	 in	NMuMG	cells535.	Moreover,	 TGF-β1	 treatment	

causes	 nuclear	 translocation	 of	 snail,	 pSmad2	 and	 pSmad3,	 confirming	 their	 activation.	

Laminin	β1-fragment	addition	with	TGF-β1	lowered	these	effects	(except	for	pSmad2)	and	it	

was	 shown	 that	 these	 effects	 occurred	 downstream	 of	 α3β1–integrin535.	 The	 laminin	 β1-

fragment	has	been	shown	to	specifically	interact	with	α3β1–integrin535,536	and	similar	results	

are	seen	on	TGF-β1	addition	with	α3-integrin	blocking	and	TGF-β1	addition	with	laminin	β1-
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fragment535.	This	suggests	that	the	laminin	β1-fragment	affects	TGF-β1	signalling	by	affecting	

α3-integrin	functionality.	 It	has	also	been	shown	that	MT1-MMP	and	MMP-2	expression	is	

decreased	when	the	laminin	β1-fragment	is	added	with	TGF-β1	compared	to	TGF-β1	alone535.		

	

This	chapter	uses	advanced	microscopy	techniques	to	assess	how	the	laminin	β1-fragment	

affects	TGF-β1	signalling	pathways	in	NMuMG	cells	in	vitro,	and	how	this	might	change	cell	

phenotype.	Since	previous	studies	have	shown	that	the	laminin	β1-fragment	interacts	with	

α3β1–integrin535,536,	the	aim	was	to	assess	the	localisation	of	α3β1–integrin	and	the	laminin	

β1-fragment	 using	 super-resolution	 microscopy.	 Following	 this,	 high	 content	 image	 (HCI)	

analysis	was	used	in	an	attempt	to	verify	previous	pSmad3,	E-cadherin,	and	MMP	(MT1-MMP	

and	MMP-2)	western	blot	results535.	The	level	and	localisation	of	the	NF-κB	p65	transcription	

factor	 was	 assessed	 by	 western	 blot	 and	 HCI,	 and	 its	 impact	 on	 cell	 migration	 was	 also	

measured	 (Western	 blot	 conducted	 by	 Patrícia	 Barros	 da	 Silva).	 The	 number	 and	 area	 of	

vinculin,	paxillin	and	phosphorylated	FAK	FA	proteins	was	calculated	by	HCI	analysis	following	

TGF-β1	+/-	 laminin	β1-fragment	addition.	MT1-MMP,	cortactin	and	BM	proteins	were	also	

imaged.	 Finally,	 YAP	 and	A-type	 lamin	nuclear	 localisation	 and	 intensity	were	 assessed	 to	

investigate	 whether	 the	 laminin	 β1-fragment	 altered	 the	 cell’s	 mechanotransductive	

response.	

	

3.3 Materials	and	Methods	

	

3.3.1 TGF-β1	reporter	cells		

140,	 000	 HEK-Blue™	 TGF-β	 cells	 were	 seeded	 in	 a	 96	 well	 plate	 (Starsted,	 Nümbrecht,	

Germany)	in	DMEM,	4.5	g	/	l	glucose,	2-4	mM	L-glutamine,	10%	(v/v)	fetal	bovine	serum,	50	

μg	/	ml	penicillin,	50	μg	/	ml	streptomycin,	100	μg	/	ml	Normocin™.	Following	24	hours	of	

incubation	at	37°C	with	5%	CO2,	two	different	batches	of	TGF-β1	(T7039,	Sigma	Aldrich,	St.	

Louis,	 Missouri;	 United	 States)	 or	 media	 alone	 (control)	 was	 added	 and	 the	 cells	 were	

incubated	 for	 another	 24	 hours	 under	 the	 same	 conditions.	 A	 further	 condition	 was	

conducted	 where	 media	 was	 added	 to	 a	 well	 containing	 no	 cells	 (media).	 20	 µl	 of	 the	

supernatant	was	then	removed	and	added	to	80	µl	paranitrile	phosphate	on	 ice.	This	was	

incubated	at	37°C	with	5%	CO2	for	10	minutes,	until	a	colour	change	was	visible.	100	µl	NaOH	
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(1	M-3	M)	was	added	to	stop	the	reaction	and	the	absorbance	of	the	solution	was	read	at	405	

nm	on	a	Varioskan™	LUX	multimode	microplate	 reader	 (Thermo	Scientific,	Paisley,	United	

Kingdom).	

	

3.3.2 TGF-β1	reconsitution	

400	 µl	 ddH2O	 was	 added	 to	 the	 TGF-β1	 stock	 solution	 (T7039,	 Sigma	 Aldrich,	 St.	 Louis,	

Missouri;	United	States)	and	was	vortexed	to	make	a	solution	of	5	µg	/	ml.	Working	aliquots	

were	prepared	by	adding	400	µl	stock	of	the	stock	solution	and	2	mg	/	ml	BSA	(sterile	filter	

0.2	microfilter	(Starsted,	Nümbrecht,	Germany)	first)	to	1500	µl	PBS	to	make	up	a	working	

solution	of	1	µg	/	ml.	

	

3.3.3 Cell	culture		

Normal	 Murine	 Mammary	 gland	 epithelial	 cells	 (NMuMG;	 ATCC®	 CRL1636™)	 were	

maintained	 in	 Dulbecco’s	 modified	 Eagle	 Medium	 with	 high	 glucose	 (DMEM;	 Life	

Technologies,	 Carlsbad,	 California,	 United	 States)	 with	 10%	 (v/v)	 FBS	 (Life	 Technologies,	

Carlsbad,	 California,	 United	 States),	 10	 μg	 /	ml	 insulin	 (Sigma	Aldrich,	 St.	 Louis,	Missouri;	

United	 States),	 and	 100	 μg	 /	 ml	 penicillin-streptomycin	 (Life	 Technologies,	 ,	 Carlsbad,	

California,	 United	 States)	 at	 37°C	with	 5%	 CO2.	 Cells	were	 harvested	with	 0.05%	 (v/v)	 1X	

trypsin-EDTA	(Life	Technologies,	Carlsbad,	California,	United	States)	and	passaged	at	80-90%	

confluence.		

	

The	 epithelial-to-mesenchymal	 transition	 was	 initiated	 24	 hours	 after	 cell	 seeding	 by	

complementing	the	medium	with	10	ng	/	ml	TGF-β1	(Sigma	Aldrich,	St.	Louis,	Missouri;	United	

States).	Laminin	β1-fragment	was	added	24	hours	after	cell	seeding	at	a	concentration	of	1	

μg	/	ml.	Cells	were	incubated	for	24	hours	at	37°C	and	5%	CO2.	

	

3.3.4 Recombinant	laminin	β1-fragment	production	

The	recombinant	laminin	β1-fragment	was	produced	as	described	in	the	literature535,536,858.	

Human	embryonic	kidney	HEK293	c18	cells	(American	Type	Culture	Collection)	were	used	

for	protein	production.	The	HEK293	cells	were	cultured	at	37 °C	with	5%	CO2	in	Dulbecco's	
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modified	Eagle's	medium	(DMEM)/nutrient	mixture	F-12	(Invitrogen)	containing	10%	(v/v)	

fetal	bovine	serum	(FBS;	Life	Technologies),	2 mM	glutamine	(Gibco),	10	units/ml	penicillin	

(Gibco),	 100 μg/ml	 streptomycin	 (Gibco)	 and	 250 μg/ml	 Geneticin	 (Gibco).	 The	 HEK293	

cells	were	then	transfected	with	the	C-His	p-CEP-P0	plasmid	expressing	the	60kDa	laminin	

β1-fragment	 using	 FuGENE	 6	 (Roche	 Diagnostics)	 and	 selected	with	 1 μg/ml	 puromycin	

(Sigma).	The	transfected	cells	were	grown	to	confluence	in	HYPERFlask	vessels	(Corning).	

Once	 confluent,	 the	 cells	 were	 washed	 twice	 with	 PBS	 and	 incubated	 with	 serum-free	

medium	for	3	weeks	with	weekly	medium	changes.	The	laminin	β1-fragment	was	purified	

from	serum-free	conditioned	medium	by	nickel	affinity	chromatography	using	5 ml	HisTrap	

FF	columns	(GE	Healthcare)	and	an	ÄKTA	FPLC	System	(GE	Healthcare).	The	purified	laminin	

β1-fragment	was	 concentrated	 to	1 mg/ml	using	Amicon	ultracentrifugal	10 K	molecular	

weight	cutoff	 (MWCO)	units	 (Fisher	Scientific	UK),	analysed	by	SDS–PAGE	and	stored	at	

−20 °C.	The	laminin	β1-fragment	was	produced	by	Christine-Maria	Horejs	and	Patrícia	Barros	

da	Silva	at	the	Karolinska	Institutet,	Stockholm.	

	

3.3.5 Confocal	and	high	content	imaging	

For	 each	 experiment,	 5,000	 cells	 were	 seeded	 96-well	 plate	 (Greiner	 Sensoplate™	 glass	

bottom	 multiwell	 plates,	 Sigma	 Aldrich,	 St.	 Louis,	 Missouri;	 United	 States)	 for	

immunofluorescence	analysis.	Cells	were	 fixed	 in	3.7%	w/v	paraformaldehyde	(PFA,	Sigma	

Aldrich,	St.	Louis,	Missouri;	United	States)	in	PBS	for	15	minutes	at	room	temperature,	and	

were	 then	 washed	 three	 times	 for	 five	 minutes	 in	 PBS.	 Cells	 were	 permeabilised	 with	

0.25%	 v/v	 Triton	 X	 (Sigma	 Aldrich,	 St.	 Louis,	 Missouri;	 United	 States)	

for	10	minutes	and	blocked	with	5%	v/v	goat	serum	for	1-2	hours.	Primary	antibodies	diluted	

in	 fresh	 0.1%	w/v	 bovine	 serum	 albumin	 (BSA,	 Sigma	 Aldrich,	 St.	 Louis,	Missouri;	 United	

States)	in	PBS	were	added	to	the	cells	overnight	at	4˚C	(see	Table	3.1).	Samples	were	then	

washed	three	times	with	PBS	for	five	minutes	before	being	incubated	with	Goat	anti	Rabbit/	

Mouse	 IgG	 (H+L)	 Secondary	 Antibody,	 Alexa	 Fluor	 488	 (ThermoFisher	 Scientific,	 Paisley,	

United	Kingdom,		1:500)	in	0.1%	w/v	BSA	for	60-90	minutes	at	room	temperature,	protected	

from	light.	Following	this,	cells	were	washed	three	more	times	with	PBS	for	five	minutes.	In	

most	cases,	samples	were	incubated	with	AlexaFluor	594-conjugated	phalloidin	(1:400	in	PBS)	

for	 30	 minutes	 and	 were	 stained	 with	 DAPI	 (1:5,000)	 for	 5	 minutes,	 and	 stored	
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in	Vectashield	(Vector	Laboratories,	Peterborough,	United	Kingdom).	Confocal	imaging	was	

performed	on	a	Zeiss	 LSM800	microscope	 (Carl	 Zeiss	Meditec,	 Jena,	Germany)	with	a	20x	

objective	 lens.	 Widefield	 and	 live	 imaging	 was	 performed	 with	 a	 Zeiss	 Cell	 Observer	

microscope	 (Carl	 Zeiss	 Meditec,	 Jena,	 Germany)	 with	 a	 10x	 objective	 lens.	 Structured	

illumination	microscopy	(SIM)	imaging	was	performed	with	an	Elyra	PS.1	(Carl	Zeiss	Meditec,	

Jena,	Germany).		

	

High	content	 image	analysis	was	performed	using	CellProfiler	software862,863	and	protocols	

for	 focal	 adhesion	 analysis	 and	 nuclear,	 perinuclear	 and	 cytosolic	 intensity	 analysis	 were	

developed	 with	 the	 help	 of	 Petter	 Ranefall,	 Uppsala	 University	 and	 Science	 For	 Life	

Laboratory,	Sweden.	Whole	96	wells	were	 imaged	using	 the	 tiling	 function	on	a	Zeiss	Cell	

Observer	microscope	(Carl	Zeiss	Meditec,	Jena,	Germany)	with	a	10x	objective	lens.	Channel	

1	was	the	protein	of	interest,	channel	2	was	a	nuclear	stain	(DAPI)	and	channel	3	was	an	actin	

stain	(phalloidin)	which	enabled	the	cell	body	to	be	located.	Three	biological	replicates	were	

imaged	 and	 then	 each	 separate	 tile	 within	 the	 96	 well	 plate	 image	 was	 assessed	 using	

CellProfiler	software.	For	subcellular	intensity	analysis,	the	cell	nuclei	were	segmented	using	

an	adaptive	thresholding	method	computing	the	optimal	ellipse	 fit	 for	each,	based	on	the	

DAPI	 channel,	 the	 cell	 body/	 cytosol	 was	 segmented	 from	 the	 actin	 channel,	 and	 then	 a	

perinuclear	 ring	 was	 drawn	 10	 pixels	 around	 the	 identified	 nucleus.	 The	 intensity	 of	 the	

protein	of	interest	channel	was	assessed	in	the	nucleus,	cytosol	and	in	the	perinuclear	ring	

regions.	For	the	focal	adhesion	analysis,	the	same	ellipse	fit	based	segmentation	method	was	

used	where	the	typical	diameter	of	a	focal	adhesion	was	set	to	3-6	pixels.	The	logarithmic	

mean	was	 calculated	 for	 each	 experimental	 replicate	when	 assessing	 nuclear/perinuclear	

intensity	and	 the	mean	was	calculated	 for	each	experimental	 replicate	when	assessing	FA	

number	and	cytosolic	intensity.	Values	were	compared	on	GraphPad	Prism	software	(La	Jolla,	

California,	 USA)	 using	 a	 replicate	 paired	 one-way	 analysis	 of	 variance	 (ANOVA)	 or	 t-test,	

followed	by	pairwise	comparisons	via	Tukey’s	multiple	comparison	test.	
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Table	3.1:	Antibody	information	for	immunofluorescent	labelling.	

	

3.3.6 Laminin	β1-fragment	labelling		

10µl	 laminin	 β1-fragment	 (1mg	 /	ml),	 90	 µl	 ammonium	 bicarbonate	 (0.1M,	 pH	 9),	 and	 5	

equivalents	 and	 10	 equivalents	 of	 Alexa	 fluor	 647/488	NHS	 ester	 (succinimidyl	 ester,	 Life	

Technologies,	 Carlsbad,	 California,	United	 States)	were	mixed	 in	 anhydrous	DMSO	 (Sigma	

Aldrich,	St.	Louis,	Missouri;	United	States)	and	left	on	a	shaker	at	300	rpm	at	4°C	overnight.	

The	solution	was	then	made	up	to	1	ml	with	PBS.	This	solution	was	filtered	using	PD	minitrap	

G-25	 columns	 (GE	 Healthcare,	 Little	 Chalfont,	 United	 Kingdom),	 by	 the	 gravity	 protocol.	

Fluorescence	intensity	was	measured	using	a	Varioskan™	LUX	multimode	microplate	reader	

(Thermo	Scientific,	Paisley,	United	Kingdom)	and	the	solution	had	a	final	concentration	of	~6	

µg	/	ml.	The	fragment	was	sterilised	using	a	0.2	microfilter	(Starsted,	Nümbrecht,	Germany).	

	

3.3.7 Live	cell	imaging		

60,000	 NMuMG	 cells	 were	 seeded	 in	 12	 well	 costar	 plate	 in	 Dulbecco’s	 modified	 Eagle	

Medium	with	 high	 glucose	 (DMEM;	 Life	 Technologies,	 Carlsbad,	 California,	 United	 States)	

Antibody	(AF	568)	 Manufacturer	 Code	 Dilution	

pFAK	tyr	397	 Fisher	 S36967	 1:200	

pFAK	(tyr	576/7)	 Invitrogen	 700013	 1:200	

α3-integrin		 Novus	 NBP1-19724	 1:200	

α3-integrin	 BD	biosciences	 611045	 1:200	

pSmad3	(S423/5)	 Fisher	 44-246G	 1:500	

Laminin	β1-fragment	 n/a	 n/a	 1:1000	

Collagen	type	IV	 Abcam	 ab6586	 1:1000	

Laminin	 Abcam	 ab11575	 1:1000	

NFkB	p65	 Abcam	 ab16502	 1:500	

E-cadherin		 CST	 3195	 1:200	

Vinculin	 Sigma	Aldrich	 V9131	 1:200	

Paxillin	 BD	biosciences	 BD610052	 1:200	

Yap	 Santa	Cruz	 sc-101199	 1:200	

Lamin	A/C	 Abcam	 ab8984	 1:500	

Cortactin	(p80/85)	 Merck	Millipore	 05-180	 1:500	

α3β1-integrin	 Bioussa	 1057R-Cy7	 1:200	
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with	10%	 (v/v)	FBS	 (Life	Technologies,	Carlsbad,	California,	United	States),	and	10	μg	/	ml	

insulin	 (Sigma	Aldrich,	 St.	 Louis,	Missouri;	United	States)	 at	37°C	with	5%	CO2.	Respective	

treatments	were	added	and	the	cells	were	then	imaged	live	for	24	hours	at	37°C	with	5%	CO2	

on	a	Zeiss	Cell	Observer	Microscope	(Carl	Zeiss	Meditec,	Jena,	Germany).	Live	cell	 imaging	

was	 carried	 out	 by	 Christine-Maria	 Horejs	 and	 Hermes	 Taylor	 Weiner	 at	 the	 Karolinska	

Institutet,	Stockholm.	

	

3.3.8 Immunoblotting	

NMuMG	cells	were	lysed	in	radioimmunoprecipitation	assay	(RIPA)	Lysis	Buffer	(Santa	Cruz	

Biotechnology,	 Dallas,	 Texas,	 United	 States)	 with	 protease	 and	 phosphatase	 inhibitors	

(200mM	 PMSF	 in	 DMSO,	 protease	 inhibitor	 cocktail	 in	 DMSO	 and	 100mM	 sodium	

orthovanadate	in	water,	Santa	Cruz	Biotechnology,	Dallas,	Texas,	United	States),	on	ice.	After	

scraping	the	cells,	lysates	were	incubated	in	pre-cooled	Eppendorf	tubes	at	300	rpm	at	4°C	

for	30	minutes	and	then	centrifuged	at	16,000	g	at	4°C	for	20	minutes.	Supernatants	were	

transferred	 to	 new	 tubes	 and	 pellets	were	 stored	 at	 -20°C.	 Samples	were	mixed	with	 2x	

Laemmli-buffer	(Invitrogen,	Carlsbad,	California,	United	States),	loaded	on	SDS-PAGE	gels	(4-

12%	gradient	gels,	Invitrogen,	Carlsbad,	California,	United	States)	and	separated	at	200V	for	

35	 minutes.	 Proteins	 were	 then	 transferred	 to	 a	 nitrocellulose	 membrane	 (Invitrogen,	

Carlsbad,	California,	United	States)	at	20V	for	40	minutes.	

	

Membranes	were	blocked	for	1	hour	in	5%	(w/v)	bovine	serum	albumin	(BSA;	Sigma	Aldrich,	

St.	Louis,	Missouri;	United	States)	 in	PBST	 (PBS	+	0.1%	Tween-20,	Sigma	Aldrich,	St.	Louis,	

Missouri;	United	States)	on	a	rocking	shaker.	After	blocking,	membranes	were	incubated	in	

primary	antibody	solution	in	5%	(w/v)	BSA	overnight	at	4°C	for	all	Cell	Signalling	antibodies	

and	for	2	hours	at	room	temperature	for	Santa	Cruz	and	Abcam	antibodies,	followed	by	three	

washes	with	 PBS.	Membranes	were	 then	 incubated	 in	 secondary	 antibody	 solution	 in	 5%	

(w/v)	BSA	for	1	hour.	After	washing	with	PBS,	samples	were	developed	using	Western	blotting	

Substrate	solution	(PierceTM	ECL	solution,	Thermo	Scientific,	Paisley,	United	Kingdom)	for	5	

minutes	at	room	temperature	and	chemiluminescence	was	detected	using	the	ImageQuant	

LAS	4000	system	(General	Electrics).	Immunoblotting	and	western	blotting	were	carried	out	

by	Christine-Maria	Horejs	and	Patrícia	Barros	da	Silva	at	the	Karolinska	Institutet,	Stockholm.	
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3.3.9 Nuclear	and	cytoplasmic	extraction	

For	nuclear	 and	 cytoplasmic	protein	extraction,	 a	NE-PER	kit	was	used	with	modifications	

described	below	 (NE-PER	Nuclear	 and	Cytoplasmic	 Extraction	 kit,	 Thermo	 Scientific).	 Cells	

were	harvested	with	trypsin,	and	centrifuged	for	5	min	at	500g	and	4ºC.	The	cell	pellet	was	

washed	with	PBS	and	transferred	to	a	1.5	mL	microcentrifuge	tube	and	centrifuged	again.	100	

μL	of	ice-cold	cytoplasmic	extraction	reagent	I	(CER	I)	was	added	to	the	cell	pellet.	The	pellet	

was	resuspended	by	vortexing	and	was	then	incubated	on	ice	for	5	min.	Following	this,	5.5	

mL	ice-cold	CER	II	was	added	to	the	tube	and	vortexed	followed	by	incubation	on	ice	for	5	

min.	This	step	was	repeated	two	more	times.	After	centrifuging	at	16.000g	for	15	min,	the	

supernatant	(cytoplasmatic	extract)	was	transferred	to	a	clean	pre-chilled	tube	and	stored	at	

-80ºC.	 Before	 adding	 the	 nuclear	 extraction	 reagent	 (NER),	 the	 pellet	 was	 washed	 with	

cytoplasmic	reagent	(10mM	of	HEPES,	60mM	of	KCL,	1mM	of	EDTA,	1mM	of	DTT,	all	from	

Sigma,	with	protease	inhibitors	from	Santa	Cruz).	The	process	was	continued	for	the	nuclear	

extraction	by	adding	50	μL	of	ice-cold	NER	to	the	pellet.	After	repeated	vortexing	for	15	secs	

and	 incubation	 on	 ice	 every	 10	min	 for	 40	min,	 samples	were	 centrifuged	 for	 15	min	 at	

16000g.	The	supernatant	 (nuclear	extract)	was	 transferred	to	a	clean	pre-chilled	 tube	and	

stored	at	-80°C.	

	

3.3.10 Statistical	analysis		

Statistics	 on	 biochemical	 data	 was	 performed	 using	 GraphPad	 Prism	 software	 (La	 Jolla,	

California,	USA).	A	replicate-paired	one	way	ANOVA	with	a	Tukey’s	multiple	comparison	test	

(3	conditions)	or	replicate-paired	t-test	(2	conditions)	was	performed	on	the	mean	values	for	

each	experimental	replicate.	
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3.4 Results		

	

3.4.1 System	verification	and	optimisation	

A	first	step	was	to	verify	the	experimental	setup	for	laminin	β1-fragment	interactions	with	

NMuMg	cells	in	the	presence	of	TGF-β1	(Figure	3.6).	Two	different	batches	of	TGF-β1	reagent	

(Sigma	Aldrich,	T7039,	assigned	names	TGF-β1	A	and	TGF-β1	B)	were	assessed	using	HEK-

Blue™	TGF-β	cells	(Invivogen).	Control	conditions	included	HEK-Blue™	TGF-β	cells	treated	with	

media	alone	(control)	and	a	well	containing	no	cells	treated	with	media	alone	(media).	HEK-

Blue™	TGF-β	cells	can	detect	bioactive	TGF-β	by	monitoring	the	activation	of	the	TGF-β/Smad	

pathway864.	 The	 cells	 express	 a	 Smad3/4-binding	 elements	 (SBE)-inducible	 SEAP	 reporter	

gene.	Stimulation	with	TGF-β	activates	the	TGF-β/Smad	pathway	which	causes	the	formation	

and	nuclear	 translocation	of	 a	 Smad3/Smad4	 complex	which	binds	 SBE	 sites	 inducing	 the	

production	of	SEAP.	The	quantity	of	SEAP	secreted	in	the	supernatant	was	assessed	using	a	

paranitrile	phosphate	assay.	Results	favoured	TGF-β1	B	(fluorescence	intensity	of	5.66)	over	

TGF-β1	A	(fluorescence	intensity	of	2.19)	and	TGF-β1	B	was	therefore	used	in	experiments	

(Figure	3.6A).	

	

Actin	 and	 vinculin	 FA	 immunofluorescence	 labelling	 was	 carried	 out	 to	 verify	 if	 TGF-β1	

addition	caused	a	visual	morphological	change	in	cells	as	well	as	a	more	migratory	phenotype,	

since	FA	are	involved	in	migration64	(Figure	3.6B).	Cells	were	seeded	onto	glass	well	plates	

and	24	hours	later	media	(control)	or	media	with	TGF-β1	was	added.	The	cells	were	incubated	

for	24	hours	with	the	treatments	and	then	fixed	for	immunofluorescent	labelling.	On	visual	

inspection,	the	actin	cytoskeleton	was	remodelled,	moving	from	cortical	actin	in	the	control	

cells,	to	more	linear,	central	structures	in	the	cells	which	had	undergone	TGF-β1	treatment.	

Moreover,	 rounder	 cells	 with	 cell-cell	 connections	 could	 be	 seen	 in	 the	 control	 sample,	

whereas	cells	were	separated	and	more	elongated	in	the	TGF-β1	samples.	TGF-β1	treatment	

was	 shown	 to	 induce	 vinculin	 FAs.	 Finally,	 cell	 proliferation	was	 assessed,	 since	 TGF-β1	 is	

known	to	inhibit	proliferation865,	however	there	was	no	significant	change	in	proliferation	for	

the	TGF-β1	treated	samples	compared	to	the	control	(Figure	3.6C).	
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Figure	3.6:	TGF-β1	and	NMuMg	cell	proliferation	and	phenotype.	A)	Fluorescence	intensity	measurements	were	

used	to	assess	the	HEK-Blue™	TGF-β	reporter	cell	SEAP	signal	in	media	alone,	the	media	from	control	cells	and	

the	media	 from	cells	with	two	different	batches	of	TGF-β1	reagents	 (TGF-β1	A	and	TGF-β1	B,	Sigma	Aldrich,	

T7039).	TGF-β1	B	worked	whereas	TGF-β1	A	did	not.	B)	Confocal	immunofluorescence	imaging	of	actin	(red),	

vinculin	(green)	and	DAPI	(blue)	in	control	NMuMg	cells	and	cells	treated	with	TGF-β1.	There	was	a	clear	change	

from	clustered	cells	with	cell-cell	 contacts,	 cortical	actin	and	minimal	vinculin	 focal	adhesions	 in	 the	control	

sample	to	individual	cells,	with	linear	actin	at	the	centre	of	the	cell	body	and	focal	adhesions	in	the	cells	treated	

with	TGF-β1.	C)	High	content	 image	 (HCI)	analysis	 showed	no	significant	change	 in	cell	number	with	TGF-β1	

treatment.	Mean	+/-	S.D.,	n=3,	*p	<	0.05,	**p	<	0.01,	***p	<	0.001,	scale	bar	=	50	μm.	

	

3.4.2 α3β1–integrin	and	laminin	β1-fragment	interactions	

Previous	work	has	demonstrated	an	interaction	between	the	laminin	β1-fragment	and	α3β1–

integrin535,536.	Therefore,	the	aim	was	to	image	α3β1–integrin	and	the	laminin	β1-fragment	

using	super-resolution	microscopy	to	assess	their	co-localisation	and	to	see	how	the	laminin	

β1-fragment	 affects	 α3β1–integrin	 clustering.	 Indeed,	 integrin	 binding	 often	 results	 in	

integrin	activation	and	clustering,	initiating	a	number	of	signalling	cascades201,866.	A	number	

of	 different	 α3-integrin	 antibodies	 were	 tested:	 BD	 biosciences	 (611045);	 EMD	Millipore	
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(AB1920);	 Novus	 Biologicals	 (NBP1-19724);	 and	 Santa	 Cruz	 (sc-6587).	 Moreover,	 a	 cy7	

conjugated	α3β1–integrin	antibody	was	purchased	from	Bioussa	(1057R-Cy7).		

	

The	integrin	antibodies	were	imaged	using	confocal	microscopy	(Figure	3.7A).	The	Santa	Cruz	

and	Millipore	antibodies	showed	unspecific	binding	and	so	results	were	discarded.	For	the	

other	α3/α3β1–integrin	antibodies,	labellings	were	mostly	diffusely	spread	in	the	cytosol	and	

this	was	confirmed	by	structured	illumination	microscopy	(SIM)	of	the	Novus	Biologicals	α3-

integrin	 antibody	 (Figure	 3.7B).	 However,	 the	 BD	 and	 Bioussa	 antibodies	 showed	 some	

localisation	of	α3/α3β1–integrin	at	cell-cell	junctions.		

	

The	α3/α3β1–integrin	antibodies	therefore	showed	no	clear	trend	in	labelling	patterns	and	

results	should	be	treated	with	caution.	Indeed,	integrin	antibodies	are	notoriously	difficult	to	

label	and	the	adhesive	and	signalling	properties	of	integrin	heterodimers	have	recently	been	

shown	to	be	dependent	on	whether	the	a-	or	b-subunit	of	the	heterodimer	is	labelled,	since	

the	integrin	is	partially	activated	when	the	b-subunit	is	tagged867.	
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Figure	3.7:	α3-integrin	immunofluorescence	labelling	optimisation.	A)	Confocal	immunofluorescence	imaging	of	

(from	top	to	bottom):	a	BD	biosciences	(611045)	α3-integrin	antibody,	a	bioussa	α3β1-antibody	(1057R-Cy7),	

and	a	Novus	Biologicals	(NBP1-19724)	α3-integrin	antibody	in	control	NMuMg	cells,	cells	treated	with	TGF-β1,	

and	cells	treated	with	TGF-β1	and	the	laminin	β1-fragment.	The	BD	biosciences	and	Bioussa	antibodies	showed	

some	α3/	α3	β1-	integrin	staining	at	cell-cell	contacts	in	the	control	cells.	B)	Structured	illumination	microscopy	

(SIM)	 imaging	 of	 the	Novus	 Biologicals	 (NBP1-19724)	 α3-integrin	 antibody	 in	NMuMg	 cells.	 The	 α3-integrin	

antibodies	diffusely	stained	the	cell	cytosol.	n	=	3	for	confocal	images,	scale	bar	50	μm,	n=1	for	SIM	images,	scale	

bar	=	20	μm.		
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The	aim	was	to	image	these	α3-integrin	antibodies	with	labelled	laminin	β1-fragment	in	order	

to	 assess	 colocalisation	 since	 this	may	 validate	which	 antibody	was	working.	 Laminin	 β1-

fragment	 was	 labelled	 using	 a	 fluorescently	 tagged	 succinimidyl	 ester.	 Although	 an	

assessment	 of	 fluorescence	 intensity	 suggested	 that	 the	 laminin	 β1-fragment	 had	 been	

fluorescently	 tagged	 (Figure	 3.8A),	 no	 fluorescent	 fragment	 was	 seen	 using	 confocal	

microscopy	 (Figure	 3.8B).	 Different	 concentrations	 of	 starting	material	 succinimidyl	 ester	

were	tested	and	the	“labelled	laminin	β1-fragment”	was	also	added	in	excess,	however	no	

signal	was	seen.	

	

	
	

Figure	 3.8:	 Laminin	 β1-fragment	 labelling.	 A)	 Fluorescence	 intensity	 analysis	 of	 the	 laminin	 β1-fragment	

suggested	successful	labelling	of	the	laminin	β1-fragment	since	there	was	an	increase	in	fluorescence	intensity	

based	on	the	number	of	equivalents	of	fluorescently	tagged	succinimidyl	ester	molecules	added	to	the	laminin	

β1-fragment.	B)	Widefield	image	of	brightfield	and	fragment	channel	labelling	showed	no	fluorescently	labelled	

laminin	β1-fragment.	

	

3.4.3 TGF-β1/Smad	canonical	signalling	

Western	blot	data	has	shown	a	downregulation	of	nuclear	pSmad3	and	upregulation	of	E-

cadherin	when	the	laminin	β1-fragment	is	added	with	TGF-β1	compared	to	TGF-β1	alone535.	

However,	 HCI	 analysis	 showed	 no	 significant	 change	 in	 pSmad3	 nuclear	 translocation	

between	the	different	conditions	(Figure	3.9).		
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Figure	 3.9:	 pSmad3	 localisation	 in	 response	 to	 the	 laminin	 β1-fragment.	 A)	 Confocal	 imaging	 of	 pSmad3	 in	

control	NMuMg	cells,	cells	treated	with	TGF-β1,	and	cells	treated	with	TGF-β1	and	laminin	β1-fragment.	B)	High	

content	image	(HCI)	analysis	of	pSmad3	under	the	different	conditions	showed	no	significant	change.	Mean	+/-	

S.D	n=3,	*p	<	0.05,	**p	<	0.01,	***p	<	0.001,	scale	bars	=	50	μm.	

	

Nuclear	 translocation	 of	 pSmad3	 causes	 an	 increase	 in	 the	 expression	 of	 EMT-related	

transcription	factors,	such	as	snail1	and	snail2,	repressing	genes	encoding	epithelial	proteins,	

such	as	E-cadherin649,776.	Since	previous	western	blot	results	showed	a	reduction	in	pSmad3	

translocation	on	laminin	β1-fragment	addition535,	E-cadherin	was	likely	to	be	upregulated	on	

laminin	β1-fragment	addition	as	a	result.	Indeed,	E-cadherin	immunofluorescence	labelling	

visually	showed	a	fine	membrane	lattice	in	the	control	samples,	was	barely	present	following	

TGF-β1	treatment,	and	could	be	seen	as	a	coarser,	granular	membrane	labelling	when	laminin	
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β1-fragment	was	added	in	the	presence	of	TGF-β1	(Figure	3.10).	Image	analysis	methods	are	

being	investigated	to	assess	E-cadherin	fluorescence	intensity	at	the	cell	periphery.	

	

	
	

Figure	 3.10:	 E-cadherin	 response	 to	 the	 laminin	 β1-fragment.	 Confocal	 imaging	 of	 E-cadherin	 (single	 plane	

images)	in	control	cells,	cells	treated	with	TGF-β1,	and	cells	treated	with	TGF-β1	and	laminin	β1-fragment.	There	

was	a	visual	loss	in	E-cadherin	signal	following	TGF-β1	treatment	and	this	was	partially	restored	when	laminin	

β1-fragment	was	added.	n=3,	scale	bars	=	50	μm.	

	
Smad7	 is	 an	 inhibitor	 of	 the	 TGF-β1	 induced	 Smad	 pathway,	 since	 it	 binds	 to	 the	 ligand-

activated	TGF-β1R	complex	and	blocks	phosphorylation	of	Smad2	and	Smad3,	preventing	the	

interaction	of	Smad2/Smad3	with	Smad4	and	the	consequent	translocation	of	this	complex	

to	 the	 nucleus791,792.	 Immunofluorescent	 staining	 visually	 demonstrated	 that	 Smad7	 was	

mostly	located	in	the	nucleus	of	NMuMG	cells	under	all	conditions	and	minimal	fluorescence	

intensity	with	no	significant	change	following	treatment	was	shown	in	the	cytosol	(Figure	3.11	

A-B).	Smad7	has	been	shown	to	be	predominantly	located	in	the	nuclei	of	Hep3B	cells	and	a	

number	 of	 other	 cell	 types,	 regardless	 of	 TGF-β1	 treatment794.	 Moreover,	 as	 well	 as	

interfering	with	receptor	regulated-Smad	activation	and	targeting	receptors	for	degradation	

in	the	cytoplasm,	Smad7	has	been	shown	to	exert	its	inhibitory	effect	on	TGF-β1	signalling	in	

the	nucleus794.	The	Smad7	results	were	not	clear	and	further	experiments,	such	as	Western	

blots,	 should	 be	 conducted	 in	 order	 to	 fully	 understand	 these	 results.	Moreover,	 Smad7	

antibodies	for	immunfluorescent	imaging	should	be	tested	with	Smad7	knockdown.	

	



	
	

159	
	

	
Figure	3.11:	Smad7	localisation	and	intensity	 in	response	to	the	laminin	β1-fragment.	A)	Confocal	 imaging	of	

Smad7	in	control	cells,	cells	treated	with	TGF-β1,	and	cells	treated	with	TGF-β1	and	laminin	β1-fragment.	B)	High	

content	image	(HCI)	analysis	of	Smad7	cytosolic	localisation	under	the	same	conditions.	HCI	analysis	showed	no	

significant	change	with	TGF-β1	+/-	 laminin	β1-fragment	treatment.	Mean	+/-	S.D,	n=3,	*p	<	0.05,	**p	<	0.01,	

***p	<	0.001,	scale	bars	=	50	μm.	

	

3.4.4 NF-κB	p65	signalling	

The	NF-κB	p65	transcription	factor	is	required	for	the	transcriptional	activation	of	Smad7,	and	

a	 relationship	 has	 therefore	 been	 described	 between	 NF-κB	 and	 TGFβ-smad-dependent	

pathways843,848.	NF-κB	p65	levels	were	therefore	assessed	by	Western	blot	(Christine-Maria	

Horejs	and	Patrícia	Barros	da	Silva,	Karolinska	Institutet,	Stockholm),	and	translocation	of	NF-

κB	p65	to	the	nucleus	was	shown	to	increase	on	TGF-β1	treatment,	with	a	decrease	in	nuclear	

translocation	 on	 laminin	 β1-fragment	 addition	 (Figure	 3.12A).	 Confocal	 imaging	 visually	

matched	the	western	blot	results	for	NF-κB	p65	(Figure	3.12B),	whilst	HCI	analysis	showed	no	

significant	change	in	NF-κB	p65	nuclear	translocation	(Figure	3.12C).		
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Figure	3.12:	NF-κB	p65	localisation	in	response	to	the	laminin	β1-fragment.	A)	Western	blot	analysis	of	NF-κB	

p65	levels	in	the	cell	cytosol	and	the	cell	nucleus	in	control	NMuMg	cells,	cells	treated	with	TGF-β1,	and	cells	

treated	with	TGF-β1	and	laminin	β1-fragment	showed	that	nuclear	NF-κB	p65	levels	were	reduced	when	TGF-

β1	was	 added	with	 laminin	β1-fragment	 compared	 to	 TGF-β1	 treatment	 alone.	B)	 Confocal	 imaging	 visually	

matched	 these	 results,	 however	 C)	 high	 content	 image	 (HCI)	 analysis	 of	 NF-κB	 p65	 nuclear	 vs.	 perinuclear	

localisation	under	the	same	conditions	showed	no	significant	difference.	Mean	+/-	S.D,	n=3,	*p	<	0.05,	**p	<	

0.01,	***p	<	0.001,	scale	bars	=	50	μm.	Western	blot	analysis	was	carried	out	by	Christine-Maria	Horejs	and	

Patrícia	Barros	da	Silva	at	the	Karolinska	Institutet,	Stockholm.	
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3.4.5 Cell	migration	

Since	NF-κB	p65	has	been	shown	to	affect	cell	migration868,	cell	migration	was	assessed	in	the	

presence	of	the	different	treatments.	Cells	were	imaged	live	every	20	minutes	for	24	hours	

following	TGF-β1	with	and	without	 laminin	β1-fragment	 treatment	on	a	ZEN	cell-observer	

widefield	microscope.	Migration	speed	and	persistancy	showed	no	significant	change	on		TGF-

β1	and	TGF-β1	with	laminin	β1-fragment	(Christine-Maria	Horejs	and	Hermes	Taylor-Weiner,	

Karolinska	Institutet,	Stockholm)	(Figure	3.13A-B).		

	

	
	

Figure	3.13:	Cell	migration	in	response	to	the	laminin	β1-fragment.	TGF-β1	+/-	laminin	β1-fragment	treatment	

showed	no	change	in	A)	migration	speed	or	B)	persistence.	Mean	+/-	S.D,	n=3,	*p	<	0.05,	**p	<	0.01,	***p	<	

0.001.	 Migration	 studies	 were	 carried	 out	 by	 Christine-Maria	 Horejs	 and	 Hermes	 Taylor-Weiner,	 at	 the	

Karolinska	Institutet,	Stockholm.	

	

Interestingly,	 cells	 undergoing	 TGF-β1	 treatment	 migrated	 away	 from	 each	 other	 and	

preferred	to	exist	as	single	cells.	When	laminin	β1-fragment	was	added	with	TGF-β1,	the	cells	

initially	migrated	away	from	each	other	but	when	they	came	in	contact	with	each	other	they	

appeared	to	re-form	cell-cell	contacts	and	migrate	collectively	as	a	unit	(Movie	3.1).		
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3.4.6 Focal	adhesions	

Focal	adhesions	are	key	for	cell	motility64	and	are	critical	for	matrix-informed	cell	signalling	

events.	Vinculin,	paxillin,	phosphorylated	focal	adhesion	kinase	at	tyrosine	397	(pFAKtyr397)	

and	phosphorylated	focal	adhesion	kinase	at	tyrosine	576	and	577	(pFAKtyr576/7)	FA	proteins	

were	 assessed	 (Figure	 3.14-3.15).	 TGF-β1	 +/-	 laminin	 β1-fragment	 treatment	 caused	 an	

increase	in	the	number	of	vinculin	and	paxillin	containing	FA	compared	to	control	cells,	but	

showed	no	change	in	levels	when	comparing	TGF-β1	+/-	laminin	β1-fragment	(Figure	3.14A,	

3.14B	&	3.15B).	 Vinculin	 FA	proteins	were	 visibly	 seen	 to	 colocalise	with	pFAKtyr397	 and	

pFAKtyr576/7	 FA	 proteins	 respectively	 (Figure	 3.15A),	 and	whilst	 there	was	 no	 change	 in	

pFAKtyr397	FA	protein	number	on		TGF-β1	+/-	laminin	β1-fragment	treatment,	pFAKtyr576/7	

containing	FA	showed	similar	trends	in	number	as	vinculin	and	paxillin	(Figure	3.15B).	
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Figure	3.14:	Focal	adhesion	number	on	 laminin	β1-fragment	addition.	A)	Confocal	 imaging	and	high	content	

image	(HCI)	analysis	of	vinculin	focal	adhesion	(FA)	protein	in	control	NMuMg	cells,	cells	treated	with	TGF-β1,	

and	 cells	 treated	with	 TGF-β1	 and	 laminin	 β1-fragment.	 B)	 Confocal	 imaging	 and	HCI	 analysis	 of	 paxillin	 FA	

protein	under	the	same	conditions.	TGF-β1	+/-	laminin	β1-fragment	treatment	increased	vinculin	and	paxillin	FA	

number	compared	to	control	cells	but	there	was	no	change	when	comparing	TGF-β1	+/-	laminin	β1-fragment.	

Mean	+/-	S.D,	n=3,	*p	<	0.05,	**p	<	0.01,	***p	<	0.001,	scale	bar	=	50	μm.	
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Figure	3.15:	Focal	adhesion	kinase	and	its	 interaction	with	vinculin	and	the	laminin	β1-fragment.	A)	Confocal	

imaging	of	vinculin	and	397	tyrosine	phosphorylated	focal	adhesion	kinase	(pFAKtyr397)	and	vinculin	and	576/7	

tyrosine	phosphorylated	focal	adhesion	kinase	(pFAKtyr576/7)	in	control	NMuMg	cells,	cells	treated	with	TGF-

β1,	 and	 cells	 treated	 with	 TGF-β1	 and	 laminin	 β1-fragment.	 The	 pFAKs	 and	 vinculin	 were	 shown	 to	 be	

colocalised.	B)	High	content	image	(HCI)	analysis	of	pFAKtyr397	and	pFAKtyr576/7	number	vs.	cell	number	with	

the	different	treatments	showed	no	change	for	pFAKtyr397	but	ther	was	an	increase	in	pFAKtyr576/7	FA	number	

with	TGF-β1	+/-	laminin	β1-fragment	addition	compared	to	control,	and	no	change	when	comparing	TGF-β1	+/-	

laminin	β1-fragment.	Mean	+/-	S.D,	n=3,	*p	<	0.05,	**p	<	0.01,	***p	<	0.001,	scale	bar	=	50	μm.		
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3.4.7 Matrix	metalloproteinases	and	basement	membrane	breakdown	

MT1-MMP	and	MMP-2	 levels	have	been	 shown	 to	decrease	when	 laminin	β1-fragment	 is	

added	with	TGF-β1	compared	to	TGF-β1	alone535.	Two	MT1-MMP	antibodies	were	tested	(CST	

13130	and	Sigma	AB8345),	however	MT1-MMP	was	not	visibly	located	at	the	cell	membrane	

of	membrane	protrusions	on	TGF-β	treatment	(Figure	3.16A).	Following	TGF-β1	treatment,	

one	would	expect	MT1-MMP	to	accumulate	at	the	edge	of	membrane	projections	critical	for	

cell	 migration	 since	 it	 has	 been	 described	 as	 a	 key	 membrane-protease	 for	 BM	

degradation113,707–709,869,870.	 Indeed,	HCI	 analysis	 of	 the	 cyotosolic	 intensity	 of	 the	 brighter	

Sigma	antibody	showed	no	significant	change	on	TGF-β1	addition	(Figure	3.16B).		

	

A	 next	 step	 could	 be	 to	 conduct	 immunofluorescence	 labelling	 with	 these	 MT1-MMP	

antibodies	 in	 MT1-MMP	 knockdown	 NMuMg	 cells.	 If	 labelling	 were	 still	 to	 occur	 in	 the	

knockdown	cells	with	these	antibodies,	other	antibodies	could	be	tested	and	validated	using	

this	method.	
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Figure	3.16:	Membrane	type	1	matrix	metalloproteinase	immunofluorescence	optimisation.	A)	Confocal	imaging	

of	Cell	Signalling	Technology	(CST	13130)	and	Sigma	(AB8345)	membrane	type	1	matrix	metalloproteinase	(MT1-

MMP)	antibodies	in	control	NMuMg	cells,	cells	treated	with	TGF-β1,	and	cells	treated	with	TGF-β1	and	laminin	

β1-fragment.	B)	High	content	image	(HCI)	analysis	of	Sigma	(AB8345)	MT1-MMP	cytoplasmic	intensity	with	the	

different	treatments	showed	no	significant	change.	Mean	+/-	S.D,	n=3,	*p	<	0.05,	**p	<	0.01,	***p	<	0.001,	scale	

bar	=	50	μm.	
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The	 actin-nucleation-promoting	 factor	 cortactin	 plays	 a	 key	 role	 in	 the	 development	 and	

maturation	of	these	membrane	projections107,871.	Cortactin	could	visibly	be	seen	at	the	edge	

of	membrane	projections	following	TGF-β1	treatment	(Figure	3.17).	

	

	
	

Figure	3.17:	Cortactin	response	to	the	laminin	β1-fragment.	Confocal	 imaging	of	cortactin	in	control	NMuMg	

cells,	cells	treated	with	TGF-β1,	and	cells	treated	with	TGF-β1	and	laminin	β1-fragment.	Cortactin	was	located	

at	the	tips	of	cytoplasmic	protrusions	in	the	samples	treated	with	TGF-β1.	n=3,	scale	bars	=	50	μm.	

	

MMPs	are	involved	in	BM	breakdown872,	and	collagen	IV	and	laminin	were	therefore	imaged	

by	confocal	microscopy	(Figure	3.18).	A	visual	change	could	be	seen	for	control	vs.	TGF-β1	+/-	

laminin	β1-fragment	cells;	small	equally	dispersed	dot	like	structures	were	seen	in	the	control	

samples	whereas	fewer	longer	aggregates	were	seen	for	the	TGF-β1	treatments.		
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Figure	3.18:	Basement	membrane	breakdown	in	response	to	TGF-β1	treatment.	Confocal	imaging	of	laminin	and	

collagen	type	IV	basement	membrane	(BM)	proteins	in	control	NMuMg	cells,	cells	treated	with	TGF-β1,	and	cells	

treated	with	 TGF-β1	 and	 laminin	 β1-fragment.	 Small	 equally	 dispersed	 dot	 like	 structures	were	 seen	 in	 the	

control	samples	whereas	fewer	longer	aggregates	were	seen	for	the	TGF-β1	treatments.	Scale	bars	=	50	μm.	

	

3.4.8 YAP	and	lamin-A	

There	was	no	change	in	YAP	nuclear	translocation	when	TGF-β1	+/-	laminin	β1-fragment	was	

added	to	the	NMuMG	cells	(Figure	3.19A-B).	Moreover	Lamin-A	levels	were	unaltered	by	the	

treatments	(Figure	3.20A-B).		
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Figure	3.19:	Yes	associated	protein	(YAP)	response	to	the	laminin	β1-fragment.	A)	Confocal	imaging	of	YAP	in	

control	NMuMg	cells,	cells	treated	with	TGF-β1,	and	cells	treated	with	TGF-β1	and	laminin	β1-fragment.	B)	High	

content	 image	 (HCI)	 analysis	 demonstrated	 no	 change	 in	 YAP	 localisation	 following	 TGF-β1	 +/-	 laminin	 β1-

fragment	treatment.	Mean	+/-	S.D,	n=3,	*p	<	0.05,	**p	<	0.01,	***p	<	0.001,	scale	bars	=	50	μm.	
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Figure	3.20:	Lamin-A	response	to	the	laminin	β1-fragment.	A)	Confocal	imaging	of	lamin-A	in	control	NMuMg	

cells,	cells	treated	with	TGF-β1,	and	cells	treated	with	TGF-β1	and	laminin	β1-fragment.	B)	High	content	image	

(HCI)	 analysis	 demonstrated	 that	 lamin-A	 levels	 were	 unaltered	 following	 TGF-β1	 +/-	 laminin	 β1-fragment	

treatment.	Mean	+/-	S.D,	n=3,	*p	<	0.05,	**p	<	0.01,	***p	<	0.001,	scale	bars	=	50	μm.	

	
3.5 Discussion	

	

TGF-β1	 induces	 different	 cellular	 responses	 by	 binding	 to	 the	 TGF-β	 receptor	 complex;	 a	

tetrameric	structure	consisting	of	two	different	serine/threonine	kinase	homodimers,	TGF-

βRI	and	TGF-βRII.	TGF-β1	binds	to	TGF-βRII,	which	recruits	TGF-βRI	to	form	a	complex.	TGF-

βRII	 then	 phosphorylates	 the	 cytoplasmic	 domain	 of	 TGF-βRI,	 which	 phosphorylates	

intracellular	 proteins,	 such	 as	 Smads771,772.	 Smad2	 and	 Smad3	 are	 phosphorylated	 and	
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establish	a	 trimeric	Smad	complex	with	Smad4	which	 translocates	 to	 the	nucleus.	Here,	 it	

enhances	 the	expression	of	 transcription	 factors,	 such	 as	 snail1	 and	 snail2,	which	 repress	

genes	 encoding	 epithelial	 proteins,	 such	 as	 E-cadherin.	 This	 pathway	 can	 be	 inhibited	 by	

competition	 from	 Smad6	 or	 Smad7649,771,776.	 Smad7	 inhibits	 the	 TGF-β/Smad	 signalling	

pathway	 by	 competing	with	 Smad2	 and	 Smad3	 for	 TGF-βRI	 binding873	 and	 has	 also	 been	

shown	to	exert	its	inhibitory	effect	on	TGF-β1	signalling	in	the	nucleus794.	

	

As	well	as	the	canonical	Smad	pathway,	TGF-β1	also	impacts	other	proteins	and	transcription	

factors,	such	as	NF-κB,	FAK	and	MMPs.	The	TGF-β	activated	kinase	1	(TAK1)	has	been	shown	

to	directly	phosphorylate	the	inhibitor-kappaB	kinase	(IKK)	complex	which	is	involved	in	NF-

κB	 activation874–876.	Moreover,	 both	 NF-κB	 and	 Smad2/3	 have	 been	 shown	 to	 upregulate	

Smad7,	 which	 acts	 as	 a	 negative	 feedback	 inhibitor	 of	 TGF-β	 activated	 TAK1	 and	 TGF-β	

activation	of	the	canonical	Smad	pathway843,848.	TGF-β	can	induce	FAK	autophosphorylation	

at	Tyr397877,	which	mediates	phosphorylation	of	FAK	tyr576/7,	thus	promoting	maximal	FAK	

catalytic	activity	and	FA	formation64.	TGF-β1	also	regulates	MMP	expression878–881	which	is	

known	 to	 cleave	 BM	 components,	 releasing	 proteolytic	 laminin	 and	 collagen	 type	 IV	

fragments	 which	 can	 modulate	 cell	 adhesion	 and	 migration576,882–890.	 However,	 MMP-

basement	membrane	crosstalk	during	cell	breaching	of	the	BM	in	vivo	is	poorly	understood,	

and	it	is	unknown	how	the	BM	contributes	to	the	regulation	of	these	signalling	events18.		

	

In	 this	 chapter,	 HCI	 analysis	 showed	 no	 significant	 change	 in	 pSmad3	 and	 NF-κB	 p65	

levels	on	TGF-β1	+/-	laminin	β1-fragment	treatment,	whereas	significant	changes	were	seen	

in	 western	 blot	 levels535.	 Although	 this	 data	 showed	 no	 significant	 change	 following	 3	

experimental	replicates,	there	was	a	trend	that	matched	the	western	blot	results,	and	further	

experiments	 could	 be	 undertaken	 to	 clarify	 this	 relationship.	 Moreover,	 trends	 for	 FAK	

activation	 and	 migration	 suggested	 an	 increase	 with	 TGF-β1	 which	 was	 lowered	 when	

the	laminin	β1-fragment	was	added	with	TGF-β1.	Again,	further	experimental	replicates	could	

be	undertaken	for	these	analyses	in	order	to	assess	whether	there	is	a	significant	relationship.	

	

α3β1-integrin	has	been	shown	to	be	 involved	 in	TGF-β1	signalling	and	EMT.	 Indeed,	 it	has	

been	 suggested	 that	when	α3β1-integrin	engages	with	 laminin	 in	 the	BM	or	with	 cell-cell	

contacts,	its	role	in	promoting	TGF-β1-induced	EMT	is	supressed658.	Indeed,	alveolar	epithelial	
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cells	 (AECs)	which	are	cultured	on	 laminin/collagen	IV	have	been	shown	to	be	resistant	to	

TGF-β1-induced	EMT,	whereas	AECs	cultured	on	fibronectin,	which	is	not	an	α3β1	ligand,	do	

undergo	TGF-β1-induced	EMT656.	Collagen	type	IV	has	been	reported	as	a	 ligand	for	α3β1-

integrin891,	and	kidney	epithelial	cells	growing	on	collagen	IV	have	also	shown	resistance	to	

EMT892.	 It	 has	been	 shown	 that	 the	 the	 laminin	β1-fragment	binds	 to	α3β1-integrin535,536.	

Thus,	 the	 laminin	 β1-fragment	 may	 trick	 α3β1-integrin	 into	 thinking	 that	 it	 is	 binding	 to	

laminin	in	the	BM,	suppressing	TGF-β1-induced	signalling.	A	mechanism	has	been	proposed	

in	which	TGF-β1	stimulation	causes	a	tripartite	α3β1-integrin-E-cadherin–TGF-βR1	complex	

to	form,	enabling	EMT	to	occur657.	α3β1-integrin-laminin	β1-fragment	binding	may	therefore	

also	inhibit	the	tripartite	α3β1-integrin-E-cadherin–TGF-βR1	complex	formation,	altering	TGF-

β1-induced	 EMT	 signalling.	 Further	 experiments	 could	 be	 conducted	 to	 assess	 such	

interactions.		

	

YAP	and	TAZ	can	act	as	mechanotransducers4	but	 they	also	promote	TGF-β1	 signalling	by	

retaining	activated	Smad2/3	in	the	nucleus893–895.	Cytosolic	inactive	YAP	on	soft	matrices	and	

YAP	 knockdown	 result	 in	 impaired	 TGF-β1–induced	 Smad2/3	 nuclear	 accumulation	 and	

transcriptional	activity896.	A	number	of	signalling	pathways	are	likely	to	affect	pSmad3	levels	

however	YAP	activity	was	assessed	since	it	may	be	related	to	the	decrease	in	nuclear	pSmad3	

levels	shown	by	western	blot	when	TGF-β1	 is	added	to	cells	with	the	 laminin	β1-fragment	

compared	 to	 TGF-β1	 alone535.	 Although	 YAP	 HCI	 analysis	 showed	 no	 response	 to	 the	

treatments,	 which	 suggests	 that	 it	 does	 not	 mediate	 pSmad3	 levels	 in	 this	 case,	 the	

relationship	between	YAP	and	pSmad3	could	be	confirmed	in	YAP	knockdown	cells	by	western	

blot.		

	

Lamin-A	also	shows	a	mechanosensitive	response10,	and	is	involved	in	mediating	effective	cell	

migration	through	narrow	confinements165.	Cell	migration	is	important	during	development,	

and	 the	nucleus	 is	 often	 the	 limiting	 factor	 in	 cell	migration	 through	a	3D-ECM	since	 it	 is	

generally	the	largest	and	stiffest	organelle.	Migration	through	narrow	pores	requires	nuclear	

deformation,	and	this	shows	a	dependence	on	lamin	composition;	over-expression	of	lamin-

A	 leads	 to	 limited	 migration	 and	 slower	 recovery	 from	 nuclear	 deformation165.	 TGF-β1	

treatment	initiates	cell	breaching	of	the	BM	by	upregulating	MMP	levels881.	Indeed	TGF-β1	

treatment	might	result	in	lowered	lamin-A	levels	and	this	may	be	to	facilitate	transmigration	
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through	 the	 pores	 created	 in	 the	 BM	 by	 TGF-β1	 signalling.	 Unfortunately,	 this	 cannot	 be	

assessed	in	this	system,	since	it	is	a	2D	system,	and	so	experiments	could	be	conducted	on	a	

3D	gel	to	verify	if	this	is	the	case.	

	

3.6 Conclusion	

	

This	chapter	has	investigated	how	the	BM	influences	TGF-β1	signalling,	and	vice	versa,	and	

therefore	 enables	 a	 greater	 understanding	 of	 cell-matrix	 interactions.	 The	 process	 of	 BM	

transmigration	is	highly	regulated	and	is	challenging	to	assess	both	in	vitro	and	in	vivo13,18,564:	

the	BM	is	a	very	thin,	insoluble	matrix	and	so	is	difficult	to	decellularise;	BM	crossing	events	

are	rapid	and	rare	and	are	therefore	hard	to	track	in	vivo;	and	it	is	not	yet	possible	to	recreate	

a	 BM	 in	 vitro.	 Moreover,	 the	 biochemical	 and	 biophysical	 mechanisms	 by	 which	 BM	

breakdown	is	regulated	are	still	unclear13,564,588.	In	this	chapter,	the	effect	of	a	“cryptic”	BM	

fragment	on	TGF-β1	signalling	was	described.	TGF-β1	signalling	pathways	(Smad,	NF-κB	and	

FAK)	 was	 assessed	 as	 well	 as	 TGF-β1-induced	 phenotypic	 changes	 (E-cadherin	 and	MMP	

levels,	 FA	 number	 and	 cell	 migration).	 Although	 no	 changes	 were	 shown	 in	 TGF-β1	 +/-	

fragment	conditions	using	HCI	analysis,	this	chapter	has	provided	further	investigation	into	

how	BM	breakdown	can	affect	cell	function	and	this	is	of	high	importance	since	any	cell	that	

migrates	through	tissue	interacts	first	with	a	BM,	a	critical	event	in	development	and	tissue	

remodelling.	Moreover,	cells	breach	the	BM	during	cancer	metastasis	and	tissue	fibrosis,	and	

a	greater	understanding	of	the	mechanisms	 involved	(or	not	 involved)	 in	cell-BM	crosstalk	

may	provide	new	strategies	to	prevent	pathological	BM	turnover.	

	
3.7 Future	directions	

	

As	reported	in	this	chapter,	antibodies	specific	for	α3A	(one	of	2	isoforms	of	the	α	3	subunit)	

have	been	shown	to	stain	in	a	diffuse	pattern	using	standard	fixation	and	permeabilisation	

methods	in	most	cell	types749,752,897.	However,	it	has	been	demonstrated	that	if	integrins	are	

chemically	 cross-linked	 to	 the	 ECM	 and	 the	 cytoskeleton	 is	 extracted	 before	

immunofluorescent	 labelling,	α3A	 is	 located	 in	 the	 FAs	of	many	 cells	 e.g.	 chicken	embryo	

fibroblasts,	 human	 foreskin	 fibroblasts,	 MG63	 human	 osteosarcoma	 cells	 and	 Chinese	

hamster	ovary	cells737,756.	Interestingly,	not	all	cell	types	show	α3A	located	at	FAs	following	
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this	 protocol	 (e.g.	 chicken	muscle	 cells,	 HeLa	 or	NIH	 3T3)	 and	 in	 some	 cell	 types	 such	 as	

keratinocytes756,897,898	and	kidney	mesangial	cells899	α3β1	is	localised	to	FAs	with	the	standard	

immunofluorescence	 protocols.	 This	 suggests	 that	 the	 cytoplasmic	 domain	 of	 α3A	 is	

concealed	by	cytoskeletal	proteins,	and	different	cell	types	on	different	ECMs	show	different	

localisations	of	α3β1-integrin	since	they	have	different	cytoskeletal	interactions.	A	next	step	

could	 be	 to	 image	 α3-integrin	 following	 ECM	 cross-linking	 and	 cytoskeletal	 extraction	

method.	α3-integrin	is	likely	to	be	located	at	FA	sites	since	FAK	has	been	pulled	down	together	

with	α3-integrin,	and	pFAK	is	colocalised	with	the	FA	protein	vinculin.	

	

Although	 previous	 laminin	 β1-fragment	 tagging	 with	 succinimidyl	 ester	 worked536,	 the	

labelled	laminin	β1-fragment	was	imaged	with	embryonic	stem	cells	which	cluster	together	

in	spheres	expressing	a	significant	amount	of	α3-integrin	and	are	therefore	much	more	likely	

to	interact	with	larger	amounts	of	laminin	β1-fragment,	thus	providing	a	greater	signal.	The	

labelling	protocol	could	next	be	attempted	with	wheat	germ	agglutinin	(WGA).	WGA	binds	to	

sialic	 acid	 and	 N-acetylglucosaminyl	 residues	 and	 is	 used	 as	 a	 cell	 membrane	 stain.	 The	

NMuMG	cells	could	be	treated	with	the	tagged	WGA	as	well	as	purchased	Alexa	Fluor®	488	

conjugate	 of	 WGA	 (ThermoFisher	 Scientific).	 The	 membrane	 labelling	 could	 then	 be	

compared	to	ensure	that	the	labelling	protocol	works.		

	

Super-resolution	microscopy	(SRM)	shows	great	promise	in	advancing	the	understanding	of	

cell-matrix	 interactions.	 For	 example,	 3D	 SRM	 has	 been	 used	 to	 map	 nanoscale	 protein	

organisation	in	focal	adhesions,	and	to	show	that	actin	and	integrins	are	vertically	separated	

by	a	∼40-nm	FA	core	region376.	Moreover,	quantitative	SRM	has	been	used	to	characterise	

early	integrin	clusters	and	has	shown	that	very	early	adhesions	consist	of	∼100-nm	clusters	

of	 ∼50	 β3-activated	 integrins378.	 The	 localisation	 of	 α3-integrin	 and	 labelled	 laminin-β1	

fragment	could	be	imaged	using	stimulated	depletion	(STED)	microscopy,	to	see	if	they	are	

indeed	 colocalised.	 STED	microscopy	 breaks	 the	 diffraction	 limit	 of	 conventional	 light	 by	

exciting	 the	 fluorophore	 with	 a	 doughnut	 shaped	 depletion	 beam	 immediately	 after	

excitation.	This	induces	a	downward	transition	by	the	excited	electron	(stimulated	emission)	

to	a	higher	vibrational	state	in	the	ground	state	than	would	be	reached	by	fluorescence900.	

Total	internal	reflection	(TIRF)	live	super-resolution	microscopy	could	also	be	used	to	image	

α3-integrin’s	 response	 to	 the	 laminin	 β1-fragment.	 NMuMg	 cells	 could	 be	 temporarily	
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transfected	with	α3-integrin	GFP	and	 the	dynamics,	 localisation	and	 internalisation	of	α3-

integrin	will	be	assessed	following	laminin	β1-fragment	addition.		

	

NF-	κB	could	be	knocked	down	in	NMuMG	cells	using	siRNA	and	Western	blot	analysis	of	FAK,	

MT1-MMP,	MMP-2,	Smad3	and	pSmad3	could	be	conducted	to	see	if	there	is	a	link	between	

these	 TGF-β1	 signalling	 components.	Moreover,	 cell	migration	 studies	 could	 be	 repeated	

using	the	NF-	κB	knockdown	cells,	to	confirm	whether	NF-κB	signalling	pathways	are	affecting	

migration.	The	cells	could	be	fluorescently	labelled	(e.g.	with	WGA	alexa	488	membrane	stain)	

in	order	to	conduct	live	image	analysis	of	cell	clustering	in	control	and	NF-	κB	knockdown	cells.	

	

A	 lentiviral-based,	dual	fluorescent	reporter	system,	known	as	the	“Z-cad	dual	sensor”	has	

been	developed	to	detect	dynamic	changes	between	the	epithelial	and	mesenchymal	cellular	

states901	and	to	capture	partial	EMT	and	intermediate	phenotypes.	This	sensor	consists	of	a	

destabilised	green	fluorescent	protein	containing	the	ZEB1	3'	UTR	and	red	fluorescent	protein	

driven	by	the	E-cadherin	(CDH1)	promoter.	This	sensor	has	been	shown	to	detect	both	EMT	

and	MET	in	breast	cancer	cells	by	flow	cytometry	and	fluorescence	microscopy,	with	dynamic	

changes	being	observed.	In	this	chapter,	there	is	a	clear	need	to	assess	whether	the	entire	

population	 of	 cells	 are	 undergoing	 “partial	 EMT”	 on	 TGF-β1	 and	 laminin	 β1-fragment	

addition,	or	whether	a	subpopulation	of	cells	is	failing	to	undergo	EMT,	causing	there	to	be	a	

population	of	epithelial-like	cells	and	a	population	of	mesenchymal-like	cells.	The	“Z-cad	dual	

sensor”	could	enable	 this	 to	be	elucidated	by	 live	cell	 imaging	and	 flow	cytometry901.	The	

reporter	 cell	 line	 could	 also	 enable	 the	 optimisation	 of	 timings	 and	 the	 concentration	 of	

laminin	 β1-fragment;	 could	 enable	 properties	 such	 as	 cell	 shape	 to	 be	 correlated	 to	 EMT	

phenotype;	and	it	could	be	used	to	assess	whether	the	fragment	can	reverse	EMT.	

	

The	minimal	quantified	change	observed	in	laminin	and	collagen	IV	with	TGF-β1	+/-	laminin	

β1-fragment	treatment	might	be	because	the	NMuMG	cells	only	had	24	hours	to	deposit	their	

ECM	and	so	levels	of	BM	proteins	are	likely	to	be	low.	For	example,	corneal	epithelial	cells	

cultured	on	 collagen	gels	only	 show	deposition	of	perlecan	at	one	week	and	 it	 takes	 two	

weeks	 for	all	 the	BM	components	 to	be	detectable902.	Moreover,	at	1	day	of	SV40-T2	cell	

culture	on	TCP,	only	small	deposits	of	laminin-1	and	entactin	can	be	seen,	whilst	after	10	days	

a	 mesh	 structure	 of	 BM	 components	 can	 be	 seen903.	 A	 next	 step	 could	 be	 to	 deposit	
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fluorescent	BM	components	(laminin	and	collagen	IV)	 into	well	plates	prior	to	cell	seeding	

and	to	see	how	they	are	affected	by	cells	with	TGF-β1	+/-	laminin	β1-fragment	treatment.		

	

The	effects	of	the	laminin	-β1	fragment	on	TGF-β1	signalling	and	EMT	could	be	tested	on	other	

epithelial	cell	types,	for	example	cancer	epithelial	cell	lines	and	bronchial	epithelial	cells	from	

patients	 with	 pulmonary	 fibrosis,	 patients	 with	 epithelial	 cancers	 and	 normal	 volunteers.	

Moreover,	EMT	could	also	be	induced	by	other	means,	such	as	hypoxia,	and	the	effects	of	

laminin	-β1	fragment	on	hypoxia-induced	EMT	could	be	assessed.	Finally,	the	effect	of	the	of	

laminin	-β1	fragment	on	EMT	could	be	recorded	 in	NMuMg	cells	seeded	on	decellularised	

mouse	peritoneum	samples.		
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4 Final	conclusions	and	future	directions	
	

The	ECM	is	composed	of	a	variety	of	structural	and	functional	macromolecules	and	is	crucial	

for	tissue	and	organ	morphogenesis,	the	maintenance	of	tissue	structure	and	function,	and	

for	 cell	 signalling13,14.	 An	 understanding	 of	 the	 interactions	 between	 cells	 and	 the	 ECM	 is	

important,	especially	in	the	context	of	biomaterials	which	can	provide	extracellular	signals	to	

promote	proliferation	and	differentiation.	Biomaterials	can	provide	extracellular	signals	in	the	

form	 of	 growth	 factors	 and	 ligands,	 cell-ECM	 and	 cell-cell	 interactions,	 and	 also	 through	

chemical	 and	 mechanical	 stimuli904.	 This	 thesis	 concentrates	 on	 two	 of	 these	 external	

signalling	mechanisms;	mechanical	stimuli	and	cell-ECM	interactions.	Firstly,	porous	silicon	

nN	arrays	were	used	as	a	tool	to	mechanically	stimulate	cells,	and	then	a	laminin	β1	fragment	

from	the	BM,	a	specialised	form	of	ECM,	was	used	to	assess	cell-ECM	interactions.	Microscopy	

was	used	as	a	key	 tool	 to	evaluate	 these	cell-material	and	cell-matrix	 interfaces.	This	PhD	

provides	 novel	 insight	 into	 how	 cells	 can	 respond	 to	 their	 extracellular	 environment	 and	

highlight	novel	materials	which	could	be	used	to	direct	cell	phenotype.		

	

4.1 Porous	silicon	nanoneedle	arrays	as	a	novel	tool	to	manipulate	cell	

mechanobiology	

	

Mechanobiology	 is	 a	 fast-developing	 field,	 significantly	 impacting	 studies	 in	 biology	 and	

biomaterial	designs,	and	novel	tools	to	dissect	mechanotransduction	in	live	cells	are	required.	

Silicon	nN	arrays	were	 introduced	as	a	novel	 tool	which	 can	directly	 interact	with	 several	

mechanoresponsive	organelles	(e.g.	FAs	and	the	actin	cytoskeleton).	Nanoneedle	arrays	were	

shown	to	modulate	cellular	signalling	events	that	resulted	in	a	decoupling	of	YAP	activity	from	

cell	area,	and	a	divergent	expression	of	lamin	A	and	lamin	B	(Figure	4.1).		
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Figure	4.1:	Summary	of	chapter	2	results:	nN	arrays	alter	primary	human	cell	mechanobiology.	(A)	Schematic	

representation	of	how	nN	reversibly	cause	reduced	YAP	activity,	lamin-A	upregulation	at	nN	locations,	actin	rings	

around	nN,	and	reduced	focal	adhesion	(FA)	formation.	 (B)	Confocal	 imaging	of	YAP	(top	panel)	and	vinculin	

(bottom	panel)	 in	human	umbilical	 vein	 endothelial	 cells	 (HUVECs)	on	 flat	 and	nN	 substrates	 six	 hours	post	

seeding.	YAP	is	more	nuclear	on	flat	substrates	whereas	 it	 is	more	cytosolic	on	nN.	There	are	clear	punctate	

vinculin	FAs	on	flat	substrates	and	these	are	not	as	prominent	on	nN.	YAP	–	green,	Vinculin	–	green,	nucleus	–	

cyan,	scale	bars	for	YAP	and	vinculin	=	50	μm.	(C)	Structured	illumination	microscopy	(SIM)	imaging	of	the	actin	

cytoskeleton	(top	panel)	and	lamin-A	(bottom	panel)	in	HUVECs	on	nN	substrates	six	hours	post	seeding.	Rings	

of	actin	and	lamin-A	form	at	the	nN	locations.	Scale	bar	for	actin	=	10	μm,	scale	bar	for	lamin-A	=	5	μm.	
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The	novel	findings	in	this	chapter	were	the	YAP	and	lamin	responses,	since	the	alterations	in	

canonical	mechanotransduction	pathways	on	nN	arrays	have	previously	been	recorded	in	the	

literature.	 For	 example,	 fewer	 adhesive	 structures300,308,309,445,505	 and	 reduced	 cytoskeletal	

tension300,508,509	 have	 been	 observed	 on	 vertically	 aligned	 nanostructures	 and	 changes	 in	

cellular311,413,500,506,507	and	nuclear	morphology195,412	have	also	been	identified.	In	this	thesis,	

these	finding	were	a	necessary	pre-requisite	to	highlight	the	importance	and	novelty	of	the	

other	observed	changes,	such	as	the	YAP	and	lamin	responses,	and	were	required	to	isolate	

the	 contribution	 of	 each	 individual	 interaction,	 as	 well	 as	 its	 contribution	 to	 the	 overall	

observed	phenomena.		

	

Previous	papers	have	also	reported	YAP	expression	on	nanostructures508,509.	However,	Ankam	

et	 al.	merely	 investigated	 YAP	 in	 undifferentiated	 versus	 differentiated	 cells,	 and	 did	 not	

assess	 the	 relationship	between	YAP	and	changes	 in	 the	substrate508.	Moreover,	although	

Zhang	et	al.	demonstrated	that	cells	with	smaller	spread	areas	had	more	cytosolic	YAP,	there	

was	 no	 investigation	 into	 YAP	 activity	 and	 this	 was	 investigated	 in	 an	 entirely	 different	

system509.	When	cells	were	seeded	on	porous	silicon	nN	arrays,	a	loss	of	correlation	between	

YAP	localisation	and	cell	area	was	quantified,	which	has	yet	to	be	shown	in	the	literature	(a	

recent	manuscript	observed	that	cells	could	spread	and	have	cytosolic	YAP,	but	this	was	in	an	

entirely	different	biomaterial	system905).		

		

Hanson	 et	 al.	 have	 shown	 that	 micropillars	 deform	 the	 nuclear	 envelope,	 and	 that	 such	

deformation	can	be	prevented	by	externally	regulating	lamin	A	or	actomyosin	contractility.	

Cell	 interfacing	 with	 porous	 silicon	 nN	 arrays	 also	 demonstrates	 nuclear	 deformation	 in	

response	to	nN,	but	additionally	shows	a	lamin	type-specific	response.	The	lamin	type-specific	

remodelling	observed	at	the	cell-nN	interface	has	not	been	described	in	the	literature,	and	

represents	an	entirely	new	observation	of	how	nN	can	actively	alter	the	physical	properties	

of	 organelles.	 Swift	 et	 al.	 have	 shown	 that	 an	 increase	 in	 lamin	 A	 protein	 expression	 is	

observed	 for	 hMSCs	 on	matrices	 of	 increasing	 stiffness.	 YAP	 nuclear	 localisation	was	 also	

shown	to	increase	with	matrix	stiffness,	however	this	effect	was	reduced	when	lamin	A	was	

overexpressed10.	This	suggests	that	lamin	A	and	YAP	localisation	tend	to	correlate	with	matrix	

rigidity	in	vitro,	but	that	an	overabundance	of	lamin	A	might	block	nuclear	entry	of	YAP.	This	

is	in	accordance	with	the	results	on	nN	arrays	since	an	increase	in	LMNA	levels	but	a	decrease	
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in	 nuclear	 levels	 and	 activity	 of	 YAP	 was	 demonstrated.	 Interestingly,	 Swift	 et	 al.	 also	

demonstrated	that	LMNA	knockdown	had	little	to	no	effect	on	the	expression	of	YAP	target	

genes,	and	these	two	pathways	were	therefore	considered	uncorrelated10.	This	suggests	that	

our	 system	 offers	 insight	 into	 how	 material-derived	 cues	 can	 simultaneously	 influence	

multiple	pathways,	such	as	pathways	involving	YAP	and	pathways	involving	lamin-A.		

	

A	divergent	response	in	lamin-A	and	lamin-B	has	previously	been	shown	in	outward	nuclear	

protrusions	and	in	response	to	stress165.	In	the	former	case,	rupture	of	lamin	B	was	suggested	

with	cell	death	in	serum	gradients.	In	contrast,	our	nN	arrays	show	changes	in	lamin-A	and	

lamin-B	 in	 inward	 nuclear	 protrusions	 and	 do	 not	 rupture	 the	 nuclear	 envelope,	 as	

demonstrated	by	retention	of	heterogeneous	nuclear	ribonucleoprotein	(hnRNP)	within	the	

nucleus	(Figure	2.16).		

	

Finally,	a	recovery	of	the	cellular	behaviours	observed	in	cells	on	flat	substrates	following	nN	

degradation	was	demonstrated.	This	 is	unique	 to	 the	porous	silicon	system	that	has	been	

developed	 and	 adds	 to	 the	 limited	 investigation	 of	 biomolecular-based	 recovery	 on	 nN	

systems.	

	

In	this	chapter,	the	peculiarity	of	the	biophysical	interactions	that	occur	between	sharp,	high-

aspect	ratio	nN	and	multiple	cellular	organelles	was	identified,	described,	and	characterised.	

The	next	step	will	be	to	identify	the	mechanistic	factors	that	underlie	these	phenomena,	and	

this	will	constitute	a	significant	molecular	and	cellular	biology	investigation.	However,	before	

this	 is	 carried	out	 the	nN	 system	must	be	 further	optimised	 so	 that	observations	 such	 as	

nuclear	deformation	and	rings	of	actin	can	be	seen	in	the	majority	of	cells.	A	common	problem	

throughout	the	nN	array	studies	described	in	this	thesis,	was	a	lack	of	consistency	between	

different	 production	 batches	 of	 nN	 arrays,	 and	 this	 may	 have	 been	 due	 to	 insufficiently	

regulated	production	conditions	and	inadequate	quality	control	steps	during	the	manufacture	

of	nN.	

	

Further	 methods	 of	 validation	 should	 be	 implemented	 to	 ensure	 homogeneity	 of	

manufacture	and	nN	arrays.	This	should	also	be	carried	out	for	nN	functionalisation,	and	a	

number	of	different	APTES	functionalisation	techniques	could	be	tested	and	explored.	Cells	
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could	then	be	seeded	on	commercial	nN	arrays	vs.	nN	arrays	produced	in	the	laboratory	and	

results	could	be	compared	to	ensure	that	a	robust	material	system	has	been	developed.	Once	

a	 controlled	 material	 system	 has	 been	 produced,	 an	 attempt	 should	 be	 made	 to	 obtain	

maximal	 heterogeneity	 for	 changes	 induced	 in	 the	 cells.	 For	 example,	 cells	 could	 be	

synchronised	 using	 methods	 such	 as:	 chemical/pharmacological	 inhibition	 of	 DNA	

replication/synthesis	or	mitotic	spindle	formation;	mitogen	or	growth	factor	withdrawal;	or	

density	 arrest	 by	 contact	 inhibition906.	 The	question	of	why	only	 some	 cells	 show	nuclear	

deformation	might	then	be	answered.	Moreover,	more	decisive	results	would	be	obtained	if	

tighter	cell	homogeneity	was	ensured.						

	

The	 Stevens	 group	 is	 currently	 carrying	 out	 further	 studies.	 To	 begin	with,	 the	 pathways	

affected	 by	 culture	 on	 nN	 are	 being	 investigated	 by	 global-scale	 “omics-level”	 analysis.	

Secondly,	since	nN	arrays	have	been	shown	to	interact	with	the	nucleus,	the	effect	of	nN	on	

cellular	gene	expression	and	epigenetic	state	is	being	investigated.	Finally,	intricate	analysis	

of	 the	 cell	 membrane-nN	 interface	 is	 being	 conducted	 using	 state-of-the-art	 electron	

microscopy.	Once	the	mechanistic	pathways	affected	by	nN	are	better	understood,	nN	could	

be	utilised	as	a	tool	to	direct	cell	phenotype.	For	example,	the	major	changes	induced	by	the	

nN	 may	 improve	 stem	 cell	 differentiation.	 Moreover,	 a	 full	 assessment	 of	 the	 cell-nN	

interface,	along	with	the	effects	of	the	nN	on	cellular	endocytosis	will	enable	nN	to	be	further	

developed	for	applications	such	as	cargo	delivery	and	intracellular	sensing.	

	

4.2 The	 laminin	β1-fragment	and	 its	effect	on	TGF-	β1	signalling	and	

EMT	pathways	

	

In	chapter	3,	the	effect	of	a	laminin	β1-fragment	on	TGF-β1	signalling	pathways	in	NMuMG	

cells	 was	 investigated	 (Figure	 4.2).	 The	 laminin	 β1-fragment	 visually	 showed	 altered	

morphology	compared	to	control	cells	and	cells	treated	with	TGF-β1	(Figure	4.2A)	and	visually	

minimised	TGF-β1	induced	E-cadherin	down-regulation	(Figure	4.2B).	However	it		showed	no	

effect	on	TGF-β1	induced	pSmad3	nuclear	translocation	(Figure	4.2C);	TGF-β1	induced	NF-κB	

signalling	(Figure	4.2D);	the	number	of	FA	formed	by	TGF-β1	treatment	(Figure	4.2E);	and	no	

effect	on	TGF-β1	induced	migration	(Figure	4.2F).		
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Figure	4.2:	Summary	of	chapter	3	results:	The	laminin	β1-fragment	and	its	effect	on	TGF-β1	signalling.	A-B)	TGF-

β1	treatment	visually	showed	NMuMg	epithelial	cells	with	cell-cell	contacts	and	cortical	actin	and	E-cadherin	

cell-cell	contacts	to	lose	their	cell-cell	contacts	and	form	more	prominent	fibrous	actin.	When	the	laminin	β1-

fragment	 was	 added	 with	 TGF-β1,	 the	 phenotypes	 associated	 with	 TGF-β1	 treatment	 were	 only	 partially	

observed.	However,	HCI	analysis	showed	that	the	laminin	β1-fragment	caused	no	significant	change	in	nuclear	

translocation	 of	 C)	 pSmad3	 and	 D)	 NF-κB	 p65	 compared	 to	 TGF-β1	 and	 control	 treatments.	 E)	 Moreover,	

although	 TGF-β1	 +/-	 laminin	 β1-fragment	 increased	 the	 number	 of	 vinculin	 containing	 FA,	 there	 was	 no	

significant	difference	between	TGF-β1	+/-	laminin	β1-fragment,	and	F)	there	was	no	significant	change	in	motility	

on	TGF-β1	treatment.	Mean	+/-	S.D,	n=3,	*p	<	0.05,	**p	<	0.01,	***p	<	0.001,	scale	bars	=	50	μm.	
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The	laminin	β1-fragment	has	also	been	used	to	treat	tissue	fibrosis	in	mouse	models535.	Tissue	

fibrosis	describes	 the	 formation	of	excess	 fibrous	connective	 tissue	as	a	 result	of	acute	or	

chronic	inflammation	and	is	a	major	cause	of	organ	dysfunction907.	Indeed,	∼45%	of	deaths	

in	the	western	world	can	be	accredited	to	organ	or	tissue	fibrosis908.	Therapeutic	treatment	

of	 tissue	 fibrosis	 is	 limited	 due	 to	 its	 heterogeneity	 in	 different	 tissues,	 and	 the	 lack	 of	

understanding	 of	 the	 complex	 signalling	 pathways	 involved.	 It	 has	 been	 debated	 as	 to	

whether	EMT	pathways	are	involved	in	tissue	fibrosis,	however	it	is	known	that	MMP	levels	

are	increased	in	fibrotic	tissues548.	Evidence	which	supports	EMT	involvement	in	tissue	fibrosis	

includes:	EMT-TF	deletion	has	been	shown	to	hinder	renal	fibrosis	in	a	mouse	model544,545;	

and	 the	 transition	 of	 mesothelial	 cells	 has	 been	 shown	 to	 contribute	 to	 the	 build-up	 of	

myofibroblasts	in	the	tissue	interstitium	during	peritoneal	fibrosis909–911.		

	

It	has	been	suggested	that	reducing	MMP	activity	may	prevent	BM	breakdown	and	EMT,	thus	

inhibiting	fibrosis.	The	Stevens	group	recently	immobilised	the	laminin	β1-fragment	onto	a	

flexible	electrospun	poly(ɛ-caprolactone)	(PCL)	membrane,	which	can	directly	interface	with	

epithelial	cells	and	tissues	in	vitro	and	in	vivo	to	inhibit	MMP-2	expression	and	activity.	This	

functionalised	membrane	was	 shown	 to	 decrease	 fibrosis-associated	matrix	 deposition	 in	

peritoneal	 tissue	 and	 to	 rescue	 the	 peritoneal	 BM	 in	 a	 mouse	model	 of	 TGF-β1-induced	

peritoneal	fibrosis535.	A	next	step	could	be	to	assess	the	therapeutic	properties	of	the	laminin	

β1-fragment	functionalised	scaffold	in	a	range	of	different	tissues,	given	the	broad	range	of	

tissue	types	 in	which	the	laminin	β1-chain	 is	found,	with	the	eventual	aim	of	developing	a	

human	therapeutic	agent.	However,	the	mechanistic	pathways	that	the	laminin	β1-fragment	

affects	should	first	be	fully	confirmed.	

	

The	 complex	 signalling	 involved	 in	 tissue	 fibrosis	 remains	 to	 be	 elucidated,	 and	 an	

understanding	of	these	processes	will	help	develop	new	tissue	fibrosis	therapies.	It	has	been	

shown	that	the	laminin	β1-fragment	interferes	with	TGF-	β1	induced	tissues	fibrosis535,	and	

this	 chapter	has	 further	 investigated	 the	 signalling	pathways	 involved,	 as	well	 as	how	 the	

laminin-β1	affects/does	not	affect	these	signalling	pathways.		

	

In	addition,	the	work	carried	out	in	this	chapter	has	provided	a	system	to	assess	TGF-β1	and	

EMT	 signalling	 pathways.	 The	HCI	 analysis	 carried	out	 in	 this	 chapter	 could	 be	 applied	 to	
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rapidly	study	EMT	in	multiple	modified	systems,	for	example	in	cultured	bronchial	epithelial	

cells	from	patients	with	pulmonary	fibrosis	vs.	normal	volunteers,	and	patients	with	epithelial	

cancers	vs.	normal	volunteers.	TGF-β	exerts	dual	and	opposing	roles	in	cancer	progression,	

from	 cytostatic	 and	 apoptotic	 tumour-suppressive	 roles	 in	 early	 stage	 tumours,	 to	

proliferative,	 invasive,	 angiogenic,	 and	oncogenic	 roles	 in	 advanced	 cancer912.	 It	 has	been	

argued	that	TGF-β	not	only	enables	primary	carcinoma	cell	metastasis	but	also	facilitates	the	

generation	of	cells	with	both	a	mesenchymal	and	a	stem-cell-like	phenotype	(cancer	stem	

cells	 (CSC))	 which	 then	 leads	 to	 the	 formation	 of	 secondary	 tumours	 with	 epithelial	

characteristics649,913–915.	A	detailed	understanding	of	TGF-β	signalling	 in	cancer	 is	therefore	

required	to	design	successful	therapeutic	approaches.	Indeed,	a	Smad	inhibitor	was	recently	

used	 to	 induce	 liver	 CSC	 differentiation,	 resulting	 in	 significant	 chemosensitisation,	which	

could	be	an	effective	strategy	to	target	CSCs	via	TGF-β	pathways916.	The	HCI	system	could	be	

used	to	screen	a	variety	of	Smad	inhibitors	to	assess	their	effect	on	TGF-β	signalling	pathways	

and	thus	their	potential	in	CSC	treatment.		

	

The	HCI	system	could	also	be	used	to	assess	the	effects	of	other	“cryptic”	protein	fragments	

on	TGF-β1	and	EMT	signalling	pathways.	As	well	as	the	laminin	β1-fragment,	other	“cryptic”	

protein	 fragments	 generated	 by	MMP	 proteolysis	 of	 the	 BM	 have	 been	 identified.	 These	

fragments	are	also	“cryptic”	 in	 the	sense	that	 they	only	become	bioactive	once	they	have	

been	cleaved	from	the	intact	BM576,854–857.	These	fragments	have	been	shown	to	have	effects	

on	 cell	 migration624,917,918,	 MMP	 expression	 and	 tumour	 angiogenesis919,	 tissue	

fibrosis535,890,920,	and	vascuralisation921,922.	Cryptic	protein	fragments	have	mainly	been	made	

in	vitro,	incubating	recombinant	collagen	type	IV	and	laminin	isoforms	with	specific	MMPs.	It	

is	difficult	to	use	this	technique	when	it	comes	to	soluble	collagen	type	IV	α-chains,	however.	

These	chains	are	sensitive	to	thermal	denaturation,	and	they	are	more	easily	degraded	by	

proteolysis	than	when	they	are	part	of	a	collagen	network923.	Interestingly,	several	collagen	

type	 IV	 fragments	have	been	shown	to	be	proteolytically	 released	 in	vivo890,920;	as	well	as	

HUIV26	collagen	fragments922,	arresten924,	canstatin885	and	tumstatin884,886;	and	laminin-332	

fragments925	 and	 laminin-511	 fragments918.	 The	 HCI	 and	Western	 blots	 described	 in	 this	

chapter	could	be	used	to	assess	the	effect	of	these	BM	fragments	on	TGF-β1	signalling	and	

EMT	 in	 NMuMG	 cells	 and	 other	 epithelial	 cell	 types.	 The	 BM	 fragments	 which	 produce	
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interesting	results	could	then	be	incorporated	into	a	synthetic	PCL	matrix	and	their	ability	to	

rescue	peritoneal	tissue	from	the	effects	of	TGF-β1	could	be	assessed.		

	

4.3 Concluding	remarks	

This	thesis	has	provided	new	perspectives	into	how	cells	can	respond	to	their	extracellular	

environment.	 Porous	 silicon	 nN	 arrays	 have	 been	 used	 as	 a	 tool	 to	 manipulate	 cell	

mechanobiology,	 demonstrating	 an	 increase	 in	 lamin-A,	 but	 not	 lamin-B	 levels	 at	 sites	 of	

inward	nuclear	impingement	as	well	as	a	decoupling	of	cell	spread	area	and	YAP	activity	and	

localisation.	Moreover,	a	laminin	β1-fragment	produced	by	MMP	processing	of	the	BM	has	

been	 shown	 to	 not	 interfere	 with	 TFβ-1	 signalling	 pathways	 and	 EMT	 progression	 when	

assessed	by	HCI	 analysis.	 These	 findings	have	provided	 insight	 into	 the	 complex	 signalling	

pathways	 of	 a	 cell	 with	 its	 extracellular	 surroundings	 and	 could	 be	 used	 to	 design	 novel	

materials	with	a	therapeutic	function.		
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6 Appendices	
	
6.1 	Figure	reproduction	permissions	
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