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Zusammenfassung	

Zellmigration	spielt	eine	grundlegende	Rolle	bei	Prozessen	wie	Embryogenese,	der	

Immunantwort,	Wundheilung	und	bei	der	Metastasierung	von	Krebs.	Daher	ist	der	

Mechanismus	 der	 Zellmigration,	 insbesondere	 die	 Dynamik	 des	 Zytoskeletts,	

Aktinpolymerisierung	und			Reaktionsdiffusionsprozesse,	von	großem	Interesse	für	

die	 Lebenswissenschaften.	 Zellen	 sind	 hochkomplexe	 dynamische	 Systeme,	 die	

ihren	 Zustand	 ständig	 verändern,	 wodurch	 sich	 bestimmte	 Morphologien	 und	

Migrationsmodi	 ausprägen.	 Die	 resultierenden	 Migrationsmuster	 werden	 durch	

externe	 Faktoren	 beeinflusst,	 die	 unter	 klassischen	 Kulturbedingungen	 nicht	

kontrolliert	 sind.	 Eine	 zentrale	 Herausforderung	 bei	 der	 Untersuchung	 der	

Zellmigration	 ist	 daher	 die	 Entwicklung	 spezifischer	 Methoden,	 um	 die	 Wirkung	

einzelner	Parameter,	die	das	Zellverhalten	regulieren,	untersuchen	zu	können.	

Ein	möglicher	Weg,	 die	 Komplexität	 der	Umgebung	 zu	 reduzieren,	 besteht	 darin,	

Mikrostrukturierungstechniken	 zu	 verwenden	 um	 Zellen	 auf	 eine	 definierte	

Mikroumgebung	 zu	 beschränken.	 Mit	 solchen	 Strukturen	 kann	 der	 Freiheitsgrad	

der	 Zellbewegung	 reduziert	 werden,	 was	 	 es	 ermöglicht	 gezielt	 spezifische	

Eigenschaften	 der	 Zellmigration	 zu	 studieren.	 Darüber	 hinaus	 kann	 man	 mit	

Mikrostrukturierungstechnologie	 Felder	 von	 einer	 großen	 Anzahl	 identischer	

funktioneller	 Oberflächenstrukturen	 herstellen	 und	 so	 Hochdurchsatzmessungen	

durchführen.		

Im	 ersten	 Teil	 dieser	 Arbeit	 werden	 Studien	 zu	 einem	 neu	 entdeckten	 quasi-

oszillatorischen	 Migrationsmodus	 von	 Einzelzellen	 auf	 kreisförmigen	

Mikrostrukturen	 vorgestellt.	 Wir	 beobachten	 persistente	 polarisierte	 Zellen	 und	

gerichtete	 Pol-zu-Pol-Bewegungen	 innerhalb	 der	 Strukturen.	 Die	 Zellen	

depolarisieren	 auf	 einer	 Seite	 der	 Mikrostuktur,	 gefolgt	 von	 einer	 verzögerten	

Repolarisierung	in	entgegengesetzter	Richtung.	Weiter	wird	gezeigt,	dass	mehrere	

Zelllinien	 (z.B.	 MDCK-,	 Huh7-,	 MDA-MB-231-Zellen)	 diesen	 oszillierenden	
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Migrationsmodus	auf	kreis-,	ellipsen-	und	streifenförmigen	Mikrostrukturen	zeigen.	

Im	 Vergleich	 zu	 kreisförmigen	 und	 elliptischen	 Strukturen	 ist	 das	 Auftreten	 von	

Oszillationen	auf	Streifen	gehäuft	feststellbar.	

Streifen	bieten	eine	ideale	und	einfache	Plattform	um	neue	Migrationsmuster	von	

Zellen	und	um	den	molekularen	Mechanismus,	 der	der	Dynamik	des	 Zytoskeletts	

zugrunde	 liegt,	 zu	 studieren.	 Im	 zweiten	 Teil	 dieser	 Arbeit	 analysieren	 wir	 das	

Zellverhalten	 mit	 Hilfe	 der	 räumlichen	 Geschwindigkeitsverteilung	 und	 dem	

Frequenzspektrum	 der	 Bewegung.	 Die	 experimentellen	 Daten	werden	mit	 einem	

zellulären	Potts-Modell	verglichen,	das	ein	minimales	mechanistisches	Modell	des	

dynamischen	 Zytoskeletts	 enthält.	 Insbesondere	 betrachten	 wir	 die	 Dauer	 des	

Umkehrprozesses	als	Maß	für	die	Dauer	spontaner	Repolarisierung	von	Zellen	und	

für	 die	 Zeit,	 die	 das	 führende	 Lamellipodium	 benötigt	 um	 sich	 am	 Ende	 des	

Streifens	 zurück	 zu	 bilden.	Mit	 LifeAct-GFP	 transfizierten	 Zellen	 und	 Streifen	mit	

unterschiedlich	geformten	Enden	 lassen	sich	Veränderungen	 im	Verhalten	an	den	

Enden	 beobachten.	 Dies	 zeigt,	 dass	 die	 Form	 der	 Streifenenden	 und	 damit	 die	

lokale	 Krümmung	 der	 Zellfront	 Einfluss	 auf	 die	 Aktinpolymerisation	 hat.	 Diese	

Arbeit	 zeigt,	 dass	 Streifen	 für	 die	 quantitative	 Untersuchung	 von	 Zellmigration	

nützlich	 sind	 und	 dass	 erweiterte	 zelluläre	 Potts-Modelle	 mit	 einfachen	

mechanistischen	Regeln	die	unterschiedlichen	Migrationsphänotypen	von	Zellen	in	

einer	beengten	Umgebung	erfassen	können.	
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Abstract	

Cell	 migration	 plays	 a	 fundamental	 role	 in	 processes	 such	 as	 embryogenesis,	

immune	response,	wound	healing	and	cancer	metastasis.	Hence	the	mechanisms	of	

cell	migration	 in	 particularly	 cytoskeleton	dynamics,	 actin	 assembly,	 and	 reaction	

diffusion	 processes	 have	 received	 great	 interest	 in	 life	 science.	 Cells	 are	 highly	

complex	 dynamic	 systems	 that	 constantly	 alter	 their	 states,	 which	 leads	 to	

emerging	morphologies	and	migratory	modes.	The	resulting	migration	patterns	are	

influenced	by	external	cues,	which	are	uncontrolled	under	classic	culture	conditions.	

Thus,	a	key	challenge	of	studying	cell	migration	is	the	design	of	specific	methods	to	

disentangle	the	effect	of	separate	parameter	regulating	cellular	behavior.	

A	possible	way	to	reduce	the	complexity	of	the	environment	is	to	confine	cells	to	a	

defined	external	microenvironment	by	applying	micropatterning	techniques.	Using	

these	geometries,	the	degree	of	freedom	of	the	cell	motion	can	be	reduced,	which	

allows	 selectively	 studying	 specific	 characteristics	 of	 cell	 migration.	 Moreover,	

micropatterning	 technology	 can	 realize	 large-scale	 arrays	 of	 functional	 surface	

coatings,	so	that	high	throughput	measurements	can	be	obtained.	In	the	first	part	

of	 this	 work,	 studies	 on	 a	 newly	 discovered	 quasi-oscillatory	 migration	 mode	 of	

single	 cells	 on	 isotropic	 circular-micropatterns	 are	 presented.	 We	 observe	

persistent	 polarized	 cell	 shapes	 and	 directed	 pole-to-pole	 motion	 within	 the	

patterns.	 Cells	 depolarize	 at	 one	 side	 of	 the	 given	 micropattern,	 followed	 by	

delayed	repolarization	progressing	towards	the	opposite	side.	We	then	show	that	

several	 cell	 lines	 (e.g.	 MDCK,	 Huh7,	 MDA-MB-231	 cells)	 exhibit	 the	 oscillatory	

migration	 mode	 on	 circular-shaped,	 ellipse-shaped,	 and	 stripe-shaped	

micropatterns	 respectively.	 Compared	 to	 circular	 and	 ellipse	 patterns,	 stripe-

shaped	microlanes	enhance	the	occurrence	of	oscillations.	

Microlanes	 provide	 an	 ideal	 and	 simple	 platform	 for	 the	 exploration	of	emerging 

migration patterns of cells and the	 molecular	 mechanisms	 underlying	 cell	

cytoskeleton	dynamics.	In	the	second	part	of	this	work,	we	analyze	cell	motility	by	
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the	spatial	velocity	distribution	and	frequency	spectrum.	The	experimental	data	are	

compared	to	a	Cellular	Potts	model	that	 includes	a	minimal	mechanistic	model	of	

the	 dynamical	 cytoskeleton.	 In	 particular,	 we	 evaluate	 the	 “reversal	 time”	 as	 a	

measure	 for	 spontaneous	 repolarization	 of	 cells	 as	 well	 as	 the	 time	 required	 to	

quench	 the	 leading	 lamellipodium	 at	 the	 microlane	 ends.	 Using	 LifeAct-GFP	

transfected	cells	and	microlanes	with	differently	shaped	geometric	ends,	we	found	

distinct	scenarios	at	the	leading	edge	showing	that	the	tip	geometry	and	hence	the	

local	deformation	of	 the	 leading	edge	has	an	effect	on	actin	polymerization.	 This	

work	shows	that	microlanes	are	useful	for	quantitative	assessment	of	cell	migration	

and	that	extended	Cellular	Potts	models	with	simple	mechanistic	rules	capture	the	

distinct	migration	phenotypes	in	confinement.	
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Chapter	1 Introduction		

Cell	 migration	 is	 a	 highly	 integrated	 process,	 which	 orchestrates	 embryonic	

morphogenesis	 [1],	drives	 to	 tissue	 repair	and	 regeneration	 [2]	and	 is	 involved	 in	

the	 development	 of	 the	 nervous	 system	 [3].	 Cell	migration	 contributes	 to	 lots	 of	

important	pathological	progressions,	such	as	mental	retardation,	vascular	disease,	

osteoporosis	 and	 cancer,	 or	 chronic	 inflammatory	 diseases	 including	 multiple	

sclerosis	 [4]. Hence,	 understanding	 of	 the	 mechanism	 as	 well	 as	 the	

phenomenological	 features	 of	 cell	 migration	 are	 not	 only	 central	 to	 our	

understanding	 of	 the	 function	 of	 all	 organisms,	 but	 also	 holds	 the	 promise	 of	

effective	 diagnostics	 and	 pharmaceutical	 approaches	 for	 treating	 diseases	 and	

emphasizing,	innovations	of	artificial	tissues	and	cellular	transplantation	[5-8].	Our	

current	understanding	of	cell	migration	comes	from	the	study	of	different	cell	lines	

and	 the	 contributions	 of	 different	 parameters	 governing	 cellular	 behavior.	 In	

general,	cell	migration	can	be	conceptualized	as	a	highly	regulated	processes	of	the	

cell	 cytoskeleton,	 in	 which	 the	 intracellular	 network	 enables	 cells	 to	 undergo	

morphological	 changes	 and	 to	 navigate	 in	 complex	 environments	 [9].	 In	 2D	 cell	

culture	 large-scale	measurable	phenotypic	behavior,	 such	as	cell	morphology,	cell	

motility,	 and	 chemotactic	 migration	 has	 been	 investigated	 for	 long	 and	 the	

observed	protrusion-retraction	type	motion	has	been	related	to	polymerization	and	

flow	dynamics	of	actin.	

Actin	is	the	central	component	in	the	cytoskeleton	of	eukaryotic	cells	that	endows	

cells	with	the	ability	to	migrate	and	modulate	cell	shape.	Actin	polymerization	and	

crosslinking	prevails	in	the	formation	of	filaments,	protrusions	and	lamellipodia	[10,	

11].		The	dynamics	of	the	actin	networks	in	cells	show	many	peculiarities	including	

traveling	wave	patterns	[12-15],	retrograde	actin	flow	at	the	leading	edge	[11,	16-

18]	 which	 leads	 to	 protrusion-retraction	 cycles	 and	 persistent	 polarity	 [19,	 20].	

Understanding	the	underlying	actin	transport	and	polymerization	dynamics	and	its	

regulation	 is	 a	 key	 challenge	 in	 cell	 migration.	 The	 spontaneous	 front-rear	
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polarization	of	cells	and	the	formation	and	persistence	of	protrusions	underlies	the	

macroscopic	 scale,	 spontaneous	 and	 persistent	 polarization	 leads	 to	 persistent	

random	walk	[11].	Theory	predicts	the	emergence	of	cell	polarization	to	result	from	

a	 bi-stable	 reaction-diffusion	 system	 [21].	 Detailed	 spatiotemporal	models	 of	 the	

signaling	biochemistry	of	cytoskeleton	regulating	Rho	family	GTPases	with	the	cell	

membrane	 and	 actin	 binding	 proteins	 reproduce	 front-rear	 polarization	 and	 cell	

shape	[22-24].	Apart	 from	polarization,	 in	general,	such	bi-stable	mass-conserving	

reaction-diffusion	 equations	 can	 also	 exhibit	 oscillations	 [25].	 Here,	 related	

observations	are	the	occurrence	of	actin	waves	or	oscillatory	cell	shape	dynamics.	

For	example	in	dictyostelium	Discoideum,	PIP	signal	polarization,	and	the	PI3K	and	

PTEN	regulation	show	spontaneous	waves	and	oscillations	relevant	for	chemotaxis	

[26-28].	 However,	 even	 though	 these	 oscillations	 share	 general	 features,	

spontaneous	 large-scale	oscillations	 in	 the	eukaryotic	cytoskeleton	remains	a	rare	

phenomenon.		

In	recent	years	artificial	micro-pattern	have	been	used	to	confine	cell	migration	to	

defined	 geometries	 [29],	 in	 particular	 micro-lanes	 [30-33].	 In	 micro-lanes	 cell	

motion	is	described	by	a	one-dimensional	persistent	random	walk,	which	reveals	a	

universal	 relation	of	 persistence	 and	 cell	 velocity	 [16].	Other	micro-patterns	with	

non-trivial	 geometries	 give	 rise	 to	 novel	 migratory	 behavior.	 Circular	 adhesion	

islands	 lead	 to	 rotational	 migration	 of	 small	 cohorts	 of	 cells	 [34],	 ratchet	

geometries	induce	directed	migration	[35],	in	dumbbell-shaped	micropatterns	cells	

undergo	 repeated	 stochastic	 transitions	 characterized	 by	 intricate	 nonlinear	

migratory	dynamics	[36],	and	micro-lanes	with	gaps	show	emergence	of	stochastic	

cell	 reversal	 and	 transits	 [37].	 In	 addition,	 migration	 pattern	 may	 change	 by	

inducing	 changes	 in	 the	 cytoskeleton.	 For	 example	 depolymerization	 of	

microtubules	 turns	 cells	 from	 persistent	 to	 oscillatory	migration	 on	 linear	micro-

lanes	 [38].	 Also	 zyxin	 depleted	 cells	 perform	 oscillatory	 migration	 in	 1D	 linear	

micro-patterns	[39].	Hence,	micro-patterns	are	well	suited	to	verify	computational	

models	 of	 cytoskeleton	 dynamics	 and	 to	 advance	 our	 understanding	 of	 the	

regulatory	network.	In	particular,	computer	simulations	predict	periodic	migration	

of	 cells	 on	 1D	 micro-patterns	 [40].	 Similar	 findings	 were	 reported	 in	 reaction-
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diffusion	 modeling	 of	 actin	 waves	 in	 flexible	 boundaries	 [12].	 These	 theoretical	

studies	suggest	that	confining	geometries	might	reinforce	oscillatory	cell	migration.	

However，systematically	 experimental	 studies	 of	 oscillatory	 cell	 migration	 on	

micro-pattern	have	not	been	carried	out	yet.			

Here,	the	aim	of	this	thesis	is	threefold:	On	the	one	hand,	we	investigate	how	our	

easily	to	handle	micropatterning	approach	can	be	used	to	systematically	study	the	

emergence	 of	 quasi-oscillatory	 motion	 of	 single	 cells.	 On	 the	 other	 hand,	 we	

concentrate	on	microlanes	perform	a	detailed	analysis	of	the	cell	motion.	Thirdly,	

we	study	how	the	geometries	at	the	tips	affect	the	repolarization	progress.		

This	 thesis	 starts	 with	 the	 theoretical	 background	 that	 is	 related	 to	 this	 work.	

Chapter	 2	 introduces	 fundamental	 concepts	 of	 cell	 migration	 and	 the	 relevant	

micro-patterning	 techniques.	 In	 particular,	 the	 cytoskeleton	 and	 the	 major	

components	 involved	 in	 cell	 migration	 are	 presented,	 and	 the	 underlying	

mechanism	 is	described.	Different	 theoretical	models	are	briefly	 introduced,	 such	

as	reaction-diffusion	and	the	lattice-free	models.	

Chapter	3	introduces	the	experimental	setups,	materials	and	methods.	The	working	

principles	 of	 the	 phase-contrast	 microscopy,	 time-lapse	 microscopy	 and	

fluorescence	microscopy	that	were	used	in	this	research	are	described.	Afterwards	

micropatterning	 approaches	 are	 introduced,	 which	 are	 capable	 of	 producing	

homogeneous	patterns	of	controlled	protein	density	and	which	can	confine	cells	on	

substrates.	 Furthermore,	 the	 protocols	 for	 cell	 culture,	 seeding	 and	 cell	

transfection	as	well	as	the	image	processing	are	given.	

The	main	results	of	this	thesis	are	presented	in	Chapter	4	and	Chapter	5.	Chapter	4	

describes	 that	 using	micro	 plasma-induced	 protein	 patterning	 (µPIPP)	 and	micro	

contact	printing	(µCP)	we	create	arrays	of	micropattern	with	different	shapes	such	

as	circles	and	ellipses.	 In	 initial	experiments,	we	observe	the	emergence	of	quasi-

oscillatory	cell	motion	for	various	cell	types,	among	others	the Madin	Darby	Canine	

Kidney	(MDCK)	cells, the	human	liver	cells	Huh7,	and	the	breast	cancer	cells	MDA-
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MB-231.	 The	 quasi-oscillation	motion	 exhibits	 phases	 of	 directed	 back	 and	 forth	

migration	 interrupted	 by	 phases	 of	 random	motions.	 Next,	 we	 introduce	 stripe-

shaped	microlanes	with	different	 length	or	width	 for	MDA-MB-231	 cells	 to	 study	

the	emerging	of	 sustained	oscillatory	 cell	 behavior.	 In	Chapter	5,	we	 investigated	

the	probability	density,	velocity	distribution	and	periodicity	of	single-cell	motion	as	

a	function	of	microlane	lengths.	The	trajectories	show	repeated	cycles	of	directed	

migration	with	pronounced	cell	polarization,	 termination	of	 the	protrusion	of	 the	

leading	edge	at	 the	end	of	 the	pattern	and	spontaneous	 repolarization	of	cells	 in	

the	 opposite	 direction.	 We	 recapitulate	 these	 migratory	 features	 in	 a	 dynamic	

Potts-Model,	 which	 includes	 simulation	 of	 a	 polarizable	 actin	 density	 field.	 We	

evaluate	 the	 apparent	 repolarization	 time	 distribution	 both	 in	 experiment	 and	

computer	simulation.	While	the	simulation	reproduces	the	over-all	cell	motion	and	

time	distribution	and	 there	are	differences	when	 the	 tips	of	 the	microlanes	have	

different	 geometric	 shapes.	 We	 discuss	 how	 micropatterns	 will	 allow	 further	

investigate	how	emerging	migration	patterns	are	connected	to	excitable	dynamics	

of	the	cytoskeleton	and	the	influence	of	geometrical	cues.	



	

5	

Chapter	2 Fundamental	Concepts		

This	chapter	gives	an	introduction	of	the	fundamental	theoretical	background	that	

is	 relevant	 to	 this	 thesis.	 Since	 living	cells	are	 the	 research	 targets	of	 this	work,	a	

detailed	 description	 of	 elements	 of	 the	 cytoskeleton	 that	 are	 related	 to	 the	 cell	

motion	 are	 listed	 in	 this	 section,	 the	 actin	 filaments	 and	 the	 regulators	 of	 actin	

polymerization	are	highlighted.	 In	particular,	current	research	backgrounds	on	the	

visualization	of	F-actin	are	introduced	in	Section	2.1.3.	The	study	of	quasi-oscillatory	

migration	behavior	 is	based	on	the	mechanism	of	cell	migration,	 thus	 the	general	

process	 and	 morphology	 of	 cell	 migration	 are	 described	 in	 Section	 2.2.	

Understanding	 of	 cell	 migration	 as	 an	 integrated	 process	 requires	 studying	 the	

effect	of	 the	molecular	 switches,	 such	as	 integrins	and	Rho	 family	proteins,	which	

are	 also	 listed	 in	 this	 part.	Moreover,	 this	 section	 provides	 knowledge	 that	 some	

theoretical	 description	 and	 models	 of	 cell	 migration	 which	 are	 important	 for	

understanding	the	analysis	of	results	in	the	following	main	text.	
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2.1 The	Cytoskeleton	and	Actin	

Cell	 motility	 is	 driven	 by	 the	 dynamic	 cycle	 of	 the	 cytoskeleton,	 a	 coordinated	

network	of	protein	filaments	extending	throughout	the	cytoplasm	of	living	cells.	In	

this	section	we	will	focus	on	the	major	players	and	the	molecular	basis	involved	in	

this	complex	process.		

2.1.1 Overview	of	the	Cytoskeleton	

The	 cytoskeleton	 is	 a	 dynamic	 equilibrium	 system	 formed	 by	 the	 interaction	 of	

macromolecules	 with	 mechanics,	 chemistry	 and	 biology.	 The	 cytoskeleton	 is	

composed	 of	 microtubules,	 the	 intermediate	 filaments	 and	 actin	 filaments,	 as	

illustrated	 in	 Figure	 2.1.	 The	 three	 components	 of	 the	 cytoskeleton	 are	 linked	 to	

each	 other	 by	 means	 of	 specific	 linkage	 (cross-linking	 by	 connexins)	 and	 non-

specific	 linkage	 (in	a	spatially	 intertwined	connection)	 [41],	which	 is	an	extremely	

complex	 polymorphic	 dynamic	 network	 structure	with	multi-scale	 characteristics.	

The	 cytoskeleton	 interacts	 with	 cell	 membranes,	 nuclei,	 cytosols,	 and	 dissolved	

protein	molecules	 in	cell	 fluids	to	form	semidilute	network	structures	that	 form	a	

highly	ordered	living	cell	from	a	messy	population	of	molecules	on	surface.		

The	cytoskeleton	carries	out	a	great	variety	of	functions.	 It	can	be	summarized	as	

three	 functions:	 	 the	 cytoskeleton	 supports	 the	 entire	 cell	 structure;	 it	 helps	 the	

cells	 to	 complete	 the	 transportation	of	biological	molecules	 [42]	and	 response	 to	

external	environment	by	physically	and	biochemistry	connection;	it	determines	cell	

shape	 and	 movement	 by	 generating	 coordinated	 forces	 [43].	 Thus,	 the	

cytoskeleton	plays	a	primary	role	in	a	series	of	physiological	processes	such	as	cell	

spreading,	migration,	 growth,	 and	 differentiation	 [4,	 44-46].	 The	most	 important	

differences	between	the	three	structures	of	the	cytoskeleton	are	their	stiffness,	the	

assemble	dynamics,	the	polarity	and	their	associated	molecular	motors	[43].	
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Figure	2.1	Elements	of	the	cytoskeleton.	 		

(a)	The	cytoskeleton	of	neurons,	like	other	eukaryotic	cells,	consists	of	three	main	polymers:	
(e)	microtubules	(green),	(f)	intermediate	filaments	(purple)	and	(g)	actin	filaments	(red).	(b)	
A	 fluorescence	micrograph	 of	 the	 neuronal	 growth	 cone.	 (c)	 The	 neuronal	 axon	 is	 a	 long	
membrane-bounded	 extension.	 (d)	 The	 growth	 cone	 contains	 dendritic	 actinfilament	
networks	 and	 parallel	 actin-filament	 filopodia.	 (e)	 Microtubules	 consist	 of	 13	
protofilaments	of	tubulin	dimers	arranged	in	a	hollow	tube.	(f)	Neurofilaments	have	flexible	
polymer	arms	that	repel	neighboring	neurofilaments	and	determine	the	radius	of	the	axon.	
(g)	 Actin	 filaments,	 which	 are	 formed	 by	 the	 Arp2/3	 complex	 (blue),	 are	 arranged	 into	
networks.	Adapted	from	[43].	
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Microtubules	

Among	the	three	components	of	the	cytoskeleton,	microtubules	are	the	stiffest.	In	

shape,	microtubules	have	a	large	persistence	length,	typically	between	1	µm	and	20	

µm,	 can	 form	 a	 pipeline	 across	 the	 whole	 cell	 scale,	 or	 much	 longer	 which	 can	

reach	a	maximum	of	millimeters	in	vitro,	and	can	be	flexed	under	certain	external	

forces	[47].	Microtubules	are	cylindrical	polymers	which	are	composed	of	a	regular	

lattice	of	the	tubulin	dimer	(α-tubulin	and	β–tubulin,	of	dimensions	4	nm	×	5	nm	×	

8	nm	and	100,000	daltons	in	mass),	with	extreme	outer	and	inner	diameters	of	~30	

nm	and	~18	nm,	respectively	[42,	48].	The	wall	of	a	microtubule	can	be	represented	

as	a	circular	array	of	13	protofilaments,	each	a	linear	sequence	of	tubulin	dimmers	

(Figure	 2.1e).	 [49]	 Microtubules	 have	 a	 complex	 assembly	 and	 disassembly	

dynamics.	 They	 can	 be	 converted	 between	 the	 state	 of	 polymerization	 (steady-

state	growth)	and	dissociation	(rapid	depolymerization	and	shrinking),	the	growing	

state	 of	 microtubules	 with	 a	 curved	 sheet	 of	 protofilaments	 at	 their	 ends	 is	

stabilized	by	a	GTP	cap,	by	contrast,	the	shrinking	state	has	lost	this	cap	with	a	knife	

end	[50].	A	phenomenon	between	the	steady	growth	and	the	phase	of	disassembly	

called	dynamic	 instability.	 The	dynamic	 instability	enables	microtubules	 to	 search	

for	 chromosomes	 in	 the	 cytosol	 during	 the	 formation	 of	 mitotic	 spindle	 and	 to	

reorganize	quickly	 [51].	Moreover,	 the	dynamics	of	microtubules	are	essential	 for	

the	directional	migration	of	cells,	since	the	microtubule-organizing	center	 (MTOC)	

is	 oriented	 towards	 the	 migrating	 direction.	 Cell	 migration	 requires	 the	

reorganization	of	microtubules	and	the	actin	cytoskeleton	[52].	

Intermediate	Filaments	

The	filaments	were	named	intermediate	because	of	their	diameter	(~	10nm),	which	

is	between	the	thick	microtubules	and	the	thin	actin	filaments	(~6	nm)	[53].	Unlike	

microtubules,	 intermediate	 filaments	 (IFs)	 exhibit	 much	 diversity.	 Intermediate	

filaments	 display	 cell-type-specific	 and	 complex	 patterns	 of	 expression,	 but	 they	

share	 common	 structure:	 a	 rod-like	 dimer	 composed	 of	 two	 coiled-coil	 of	 two	 α	

helical	 chains	 oriented	 in	 parallel,	with	 changeable	 head	 and	 tail	 domains	 at	 the	
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two	ends	[54].	The	rod	is	usually	about	46	nm	[53].	The	dimers	associate	in	linear	

arrays,	four	of	which	assemble	in	an	antiparallel	fashion,	forming		protofilaments	by	

half-staggered	 manner;	 the	 protofibrils	 intertwine	 to	 build	 into	 the	 actual	

intermediate	filament	[55],	as	shown	in	Figure	2.2.	

	

Figure	2.2	A	structural	model	of	intermediate	filament.		

The	monomers	assemble	to	a	polar	coiled-coil	dimmers,	which	form	antiparallel	non-polar	
tetramers.	 The	 tetramers	 associate	 into	 apolar	 protofilaments.	 Two	 to	 four	 protofibrils	
assemble	to	intermediate	filament.	Adapted	from[55].	

The	intermediate	filaments	are	the	 least	rigid	among	the	main	three	cytoskeleton	

components.	The	intermediate	filaments	display	in	lots	of	forms.	They	can	crosslink	

to	each	other	and	can	be	connected	to	the	microtubules	and	actin	filaments	via	a	
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kind	 of	 proteins	 called	 plectins	 [56],	 enable	 the	 cytoskeleton	 able	 to	 better	

withstand	tensile	or	pressure	forces.	Intermediate	filaments	of	some	cell	types	can	

be	 assembled	 under	 the	 stimulation	 of	 mechanical	 forces	 [57].	 One	 class	 IFS,	 a	

component	of	the	nuclear	lamina,	contributes	to	the	spindle	assembly	and	trigger	

the	breakdown	of	the	nuclear-envelope	in	mitosis	[58].	In	contrast	to	microtubules	

and	 actin	 filaments,	 Ifs	 are	 non-polar	 and	 they	 are	 not	 directly	 involved	 in	

supporting	directional	motility	of	molecular	motors	[43].	

Actin	Filaments	

As	 an	 important	 part	 of	 the	 cytoskeleton,	 actin	 is	 a	 central	 player	 in	 various	

biological	 progresses	 such	 as	 cell	 response	 to	 environmental	 forces,	 cell	

morphology,	 cell	 polarity,	 cell	 migration	 and	 cell	 division	 [59].	 Actin	 is	 a	 43	 kDa	

polypeptide	 consisting	 of	 375	 amino	 acids	 crosses	 twice	 between	 two	 domains,	

which	are	 stabilized	by	an	adenine	nucleotide,	with	N-termini	and	C-termini	 [60].	

The	 gaps	 between	 the	 domains	 are	 the	 binding	 site	 of	 adenosine-triphosphate	

(ATP),	where	 it	can	be	hydrolyzed	to	adenosine-di-phosphate	(ADP),	as	 illustrated	

in	 Figure	 2.3.	 Actin	 monomer	 is	 a	 globular	 protein,	 called	 G-actin.	 ATP-boud	 G-

actins	helically	assemble	together	to	build	the	F-actin	filaments,	with	a	diameter	of	

~7	nm.	The	polymerization	of	actin	filaments	divides	into	a	nucleation	phase	and	an	

elongation	 phase.	 In	 nucleation	 phase,	 unstable	 actin	 dimmers	 and	 trimers	 are	

formed,	 resulting	 in	 a	 rate-limited	nucleation	 step	of	 polymerization	 [61].	 So	 this	

process	requires	some	cofactors	such	as	nucleation	factors.	Once	stable	tetramers	

interact,	 the	 polymerization	 runs	 into	 the	 second	 elongation	 phase,	 in	which	 the	

rate	is	diffusion-limited	by	the	concentration	of	available	monomers	[62].	Because	

of	 the	 asymmetry	 of	 G-actin,	 the	 elongation	 possess	 polarity	 with	 one	 slowly	

polymerizing	“pointed	end”	and	one	much	faster	growing	“barbed	end”	[63].	When	

the	continuous	growth	at	the	barbed	end	is	equal	to	the	shrink	at	the	pointed	end,	

the	filament	remains	an	almost	constant	length,	called	treadmilling	state	[64].	

The	treadmilling	is	encouraged	by	the	hydrolysis	of	ATP,	and	the	energy	contributes	

to	cellular	process.	Although	actin	filaments	are	much	less	stiff	than	microtubules,	
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it	 provides	 a	 continuous	 driving	 force	 for	 cell	 migration,	 for	 example	 the	 highly	

ordered	 bundled	 actin	 filaments	 and	 the	 cross-linked	 networks	 can	 support	 the	

motion	of	protrusions	and	 lamellipodia	 in	migrating	cells	and	generate	protrusive	

forces	to	push	the	membrane	at	the	cell	front.	Furthermore,	all	actin-driven	cellular	

process	 depends	 on	 the	 relevant	 cofactors	 [65],	 thus,	 important	 cofactors	 will	

further	introduced.	

	

Figure	2.3	Schematic	illustrations	of	actin	structures.	

	(a)	Ribbon	(left)	and	space-filling	(right)	models	of	the	actin	molecule.	(b)	The	spontaneous	
nucleation	 and	 elongation	 of	 actin.	Dimers	 and	 trimers	 are	 unstable	 until	 form	 to	 longer	
polymer.	It	grows	slowly	at	the	pointed	end	(P)	and	rapidly	at	the	barbed	end	(B).	Adapted	
from	[59].	

2.1.2 Regulators	of	Actin	Polymerization	

A	 number	 of	 actin-binding	 proteins	 play	 regulatory	 roles	 in	 actin	 polymerization.	

These	 regulators	 can	 be	 grouped	 into	 sequesters,	 nucleators,	 severing	 proteins,	

capping	proteins,	 crosslink	proteins,	motor	proteins,	and	so	on.	Several	 types	are	

briefly	introduced	in	this	section.	
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Sequesters	

Sequesters	(e.g.	thymosin-β4,	profilin	and	cofilin)	can	bind	to	actin	monomers	and	

control	 the	 pool	 of	 unpolymerized	 actin	 and	 exchange	 the	 nucleotide	 bound	 to	

actin,	 as	 depicted	 in	 Figure	 2.4a.	 Thymosin-β4	 has	 more	 affinity	 with	 ATP-actin	

monomer	 than	 with	 ADP-actin.	 It	 not	 only	 can	 inhibit	 actin’s	 growth	 but	

nucleotide’s	 exchange.	 Profilins	 have	 highest	 affinity	 with	 nucleotide-free	 actin	

monomer,	they	catalyze	the	exchange	of	ADP	and	ATP.	Moreover,	Profilins	inhibit	

nucleation	 and	 elongation	 at	 the	 pointed	 end,	 but	 promote	 the	 actin	

polymerization	by	bringing	the	G	actin	–profilins	to	the	barbed	end.	Like	thymosin	

and	 profiling,	 cofilin	 forms	 a	 complex	with	 G-actin,	 but	 have	 higher	 affinity	with	

ADP-actin	 than	ATP-actin.	 It	 inhibits	 nucleotide	exchange	but	not	 polymerization.	

Cofilin	as	well	as	profiling	have	complementary	 roles	 in	 regulating	actin	assembly	

into	filaments.[66,	67]	

Nucleators	

The	 rate-limited	 step	 of	 actin	 polymerization	 is	 usually	 nucleation,	 so	 nucleators	

such	as	Arp2/3	complex,	WASP,	formins	are	particularly	essential	for	this	process,	

as	depicted	in	Figure	2.4b-c.	The	actin-related	proteins	(Arp)	2/3	complex	consists	

of	 seven	proteins,	 including	Arp2	and	Arp3,	 and	bind	 to	actin	monomers.	Arp2/3	

nucleates	 the	 formation	 of	 the	 new	 branched	 filaments	 from	 the	 sides	 of	 pre-

existing	 actin	 filaments	 where	 it	 serves	 as	 a	 nucleation	 site[68].	 The	 C-terminal	

domains	 of	 Wiskott-Aldrich	 syndrome	 protein	 (WASP)	 and	 related	 proteins	 Scar	

initiate	the	Arp2/3	complex	to	nucleate	daughter	filament	on	the	mother	filament,	

other	domains	of	WASP	can	also	 regulate	 this	 activity	under	 the	 control	of	 some	

proteins	 e.g.	 the	 small	 guanosine	 triphosphatase	 (GTPase)	 CDc42	 [69].	 Formin,	

which	 is	 a	 multidomain	 polypeptide,	 acts	 as	 a	 homodimer	 by	 activating	 the	

polymerization	 of	 free	 actin	monomers	 and	 remains	 associated	 with	 the	 barbed	

end.	Formins	bound	to	Profilin-actins	can	transfer	actins	to	the	barbed	end	of	the	

filament	as	well	[70].	
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Capping	proteins	

Most	of	capping	proteins	(e.g.	CapZ,	tensin,	tropomodulin)	bind	with	high	affinity	to	

a	 filament	 end,	 either	 the	 barbed	 end	 or	 the	 pointed	 end	 of	 actin	 filament,	 as	

illustrated	 in	 Figure	 2.4d.	 Capping	 proteins	 either	 prevent	 the	 addition	 of	 more	

actin	 monomer	 or	 promote	 actin	 disassemble.	 For	 example,	 CapZ	 regulates	 the	

actin	 polymerization	 by	 eliminating	 of	 annealing	 at	 the	 barbed	 end	 of	 actin	

filaments	[71],	in	contrast,	tropomodulins	(Tmod)	bind	to	the	pointed	end	of	F-actin,	

and	inhibit	the	elongation	at	this	end.[65]	

Severing	proteins	

Cells	 also	 contain	 proteins	 that	 sever	 filaments	 into	 short	 fragments	 by	 severing	

proteins	 (e.g.	 gelsolin,	 fragmin,	 severin,	 cofilin),	 as	 illustrated	 in	 Figure	 2.4d.	 For	

example,	 gelsolin	 competes	 with	 actin	 depolymerizing	 factor	 (ADF)	 cofilin	 for	

binding	 to	 actin	 filaments.	 	 Both	 of	 them	 can	 change	 the	 conformation	 of	 actin	

filaments	 and	 sever	 F-actin.	 They	 are	 able	 to	 capture	 ADP-G-actin	 with	 higher	

affinity	than	ATP-G-actin,	thereby	they	facilitate	its	dissociation	at	the	pointed	end	

[65,	 72].	 The	 severing	 proteins	 promote	 the	 depolymerization	 of	 actin	 filaments,	

resulting	in	short	filaments,	which	can	be	applied	for	further	reorganization.		

Crosslinking	proteins	

Crosslinking	 proteins	 (e.g.	 α-actin,	 fascin,	 filamin,	 fimbrin)	 also	 affect	 the	

organization	of	filaments.	They	possess	two	actin-binding	sites	which	enable	to	link	

filaments	 to	 form	 higher-order	 structures,	 bundles	 or	 networks,	 as	 illustrated	 in	

Figure	2.4d.	For	example,	the	crosslinker	fimbrin	preferentially	stabilize	the	regular	

bundles	 of	 filaments	 such	 as	 in	microvilli	 or	 filopodia,	 in	 contrast,	 crosslinker	 α-

actin	which	 is	broadly	found	 in	the	cortical	actin	networks	well	as	at	the	 intervals	

along	 stress	 fibers,	 can	 stabilize	 the	 orthogonal	 gels	 and	 the	 parallel	 bundles.	

Interestingly,	 if	 the	 crosslinker	 dissociates	 from	 the	 actin	 filaments	with	 a	 higher	



2.	Fundamental	Concepts	

14	

rate,	the	filaments	tend	to	form	bundles	with	 lower	rate	as	well	as	act	as	a	more	

disordered	state	[73].	

Motor	proteins	

 Motor	 proteins	 provide	 driving	 force	 in	 most	 active	 cellular	 processes.	 Motor	

proteins	myosin	 family,	 for	 example,	 bind	 to	 actin	 filament	 and	 use	 it	 as	motion	

tracks,	as	shown	in	Figure	2.4e.	Myosin	II	is	a	familiar	and	conventional	for	studies	

of	muscle	contraction,	actually	myosins	consist	a	large	superfamily	of	other	motor	

proteins	 with	 quite	 different	 tail	 domains.,	 they	 share	 a	 common	 domain	 that	

interacts	with	actin,	hydrolyzes	ATP	and	generate	force	for	the	movement	towards	

the	barbed	end	of	actin	filaments	(myosin	VI	shifts	towards	the	pointed	end)	[74,	

75].		

Taken	 together,	 on	 one	 hand,	 these	 regulators	 of	 actin	 filaments	 lead	 to	 the	

formation	 of	 a	 complex	 actin	 networks	 and	 establish	 a	 functional	 cytoskeleton,	

which	 play	 essential	 role	 for	 cell	motility;	 on	 the	 other	 hand,	 some	of	 regulators	

disrupt	the	actin	networks,	enabling	the	recycle	use	of	actin	subunits.	
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Figure	2.4	Schematic	diagrams	of	actin	regulators	and	fundamental	reactions.		

(a)	Actin	monomer	binding	sequesters	thymosin-β4,	profilin	and	cofilin.	(b)	The	nucleation	
and	 elongation	 by	 formins.	 (c)	 The	 nucleation	 by	 Arp2/3	 complex.	 (d)	 Reactions	 of	 the	
capping	proteins,	severing	proteins	and	crosslinking	proteins.	(e)	Motor	protein	myosins	use	
cycles	of	ATP	hydrolysis	to	walk	along	actin	filaments.	Adapted	from	[59].	
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2.1.3 Visualization	of	F-actin	in	Cells	

As	introduced,	actin	is	involved	in	many	cellular	structures,	Naturally,	F-actin	plays	

a	central	role	in	cell	movement	and	other	fundamental	processes.	Hence	it	is	more	

important	 to	 visualize	 F-actin	 in	 living	 cells,	 so	 that	 actin	 dynamics	 can	 be	 easily	

observed.	 Furthermore,	 some	 cellular	 processes	 such	 as	 cell	 migration	 and	 cell	

polarization	can	be	better	studied.	

The	 universal	 probe	 for	 F-actin	 in	 fixed	 cells	 and	 tissues	 is	 phalloidin	 or	

fluorescently	 labeled	 actin,	 which	 can	 stabilize	 actin	 filaments	 at	 the	 same	 time.	

Widely	used	probe	in	 live	cells	 is	actin	coupled	to	fluorophores,	such	as	actin-GFP	

(GFP,	 the	 green	 fluorescent	 proteins)	 [76].	 These	 probes	 exhibit	 good	 labelling	

function	of	the	cytoskeleton.	However,	they	also	have	some	drawbacks:	phalloidin	

or	fluorescently	labeled	actin	has	the	toxic	side	effects	on	cells	and	affects	the	actin	

distribution	 [77].	 Actin-GFP	 fusions	 display	 a	 strong	 signal	 background	 and	 affect	

the	actin	dynamics.		As	well	as	those	GFP	of	fusions	to	actin-binding	domains,	such	

as	LimE	in	Dictyostelium	discoideum,	ABP120	in	D.	disxoideum	and	mammalian	cells,	

consisting	 of	 large	 domains,	 competing	 with	 their	 endogenous	 counterparts	 and	

may	adjust	the	stability	of	the	actin	[78]	[79].		

In	 this	 thesis,	 the	 peptide	 “Lifeact	 “,	 a	 C-terminal	GFP	 fusion	 (Lifeact-GFP),	 as	 an	

adaptable	marker	was	used	 to	 visualize	 F-actin.	 “Lifeact”,	 first	 identified	 in	 2008,	

was	 the	 first	 17	 amino	 acids	 (aa)	 of	 actin-binding	 protein	 140	 (Abp140)	 [80],	 as	

shown	in	Figure	2.5.	Abp140	 in	Saccharomyces	cerevisiae	consists	628	aa	and	 is	a	

71kDa	protein.	Compared	with	other	GFP-fusions,	Abp140-GFP	with	its	localization	

to	 F-actin	 structures	 in	 budding	 yeast,	 is	 the	 best	 live	marker	 for	 visualization	 of	

actin	 cables	 at	 that	 time,	 until	 its	 first	 17aa	 (Lifeact)	 were	 found,	 which	 were	

sufficient	to	support	actin	localization	comparable	to	the	full-length	protein	in	2008.	

The	short	peptide	Lifeact	with	 its	 small	 size	make	 it	an	excellent	actin	marker	 for	

living	 imaging	 of	 cells,	 test	 results	 shown	 in	 Figure	 2.5c-f.	 In	 addition,	 the	 key	

advantage	of	Lifeact	is	reduction	of	unwanted	perturbations	due	to	its	low	affinity	

with	F-actin,	as	well	as	has		no	interference	with	cellular	process.[80]	
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Figure	2.5	Identification	and	characterization	of	Lifeact.	

	(a)	TIRF	image	of	Abp140-GFP	in	an	unpolarized	yeast	cell	(left),	Epifluorescence	 image	of	
Lifeact-GFP	 in	 a	 yeast	 cell	 (right).	 (b)	 First	 aa	 alignment	 of	 the	 actin-binding	 sequence	 in	
fungi.	 (c)	TIRF	microscopy	 images	of	 Lifeact-GFP	 transiently	expressed	 in	 rat	hippocampal	
neurons,	 (d)	 in	 MDCK	 cells,	 (e)	 in	 mouse	 dendritic	 cells,	 and	 its	 time	 series	 of	 filopodial	
dynamics	in	(f).	Scale	bars,	5	µm	except	1	µm	in	(f).	Adapted	from	[80].	

2.2 Cell	Migration	

In	 the	 last	 section,	 the	 major	 players	 and	 the	 molecular	 basis	 involved	 in	 cell	

motility	 have	 been	 introduced.	 The	 process	 of	 cell	 migration	 and	 how	 these	

components	physically	coordinate	both	spatially	and	temporally	will	be	given	in	this	

section	(Figure2.6).	
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Figure	2.6	The	progress	of	cell	migration.		

(A)	Polarization:	 the	 first	 step	 to	a	migrating	 cell.	 (B)	Cell	migrates	with	 the	 formation	of	
membrane	 protrusions	 and	 is	 stabilized	 by	 the	 formation	 of	 adhesions.	 (C)	 Retraction:	
adhesions	disassemble	at	the	cell	rear.		Some	possibly	related	components	are	indicated	in	
the	progress.	Adapted	from	[4].	

2.2.1 Morphological	Polarization	and	Protrusions	

The	first	step	for	a	cell	to	migrate	is	polarization,	which	means	cell	must	break	the	

spatial	 symmetry	 to	 generate	 a	 polarized	 morphology,	 i.e.,	 different	 molecules	

process	between	the	cell	 front	 (the	 leading	edge)	and	rear	 (the	tailing	edge).	The	

polarization	of	eukaryotic	cell	can	either	spontaneously	occur	[81]	or	be	guided	by	

the	extracellular	 environment.	 The	 interaction	with	 the	 substratum	or	 the	 lateral	

contacts	with	other	cells	can	stimulate	polarization	[82].		Actually,	cell	polarization	

can	 be	 guided	 by	 various	 extracellular	 polarization	 cues,	 such	 as	 external	 forces	

(mechanotaxis),	external	electrical	or	magnetic	fields	(electrotaxis,	galvanotaxis)[83,	

84],	gradients	of	surface	stiffness	or	structure	of	the	substrate	(haptotaxis)[85],	or	

the	gradients	of	soluble	(chemotactic)	[86].	Chemotactic	is	the	most	studied	cues	in	



2.2	Cell	Migration	

19	

cell	migration.	The	stimuli	promote	polarized	signals,	resulting	in	a	generation	of	a	

protrusion	at	the	front	of	cell.		

The	membrane	protrusion	is	driven	by	the	actin	filaments,	which	are	a	pointed	end	

and	 polarized	 with	 a	 barbed	 end	 (introduced	 in	 Section	 2.1).	 The	 dynamic	

polymerization	of	actin	pushes	the	membrane	forward.	Actin	filaments	contribute	

to	the	physical	backbone	of	the	protrusion,	thus,	the	organization	of	actin	filaments	

determine	the	shape	of	the	cell.	They	display	distinct	morphologies	depending	on	

the	 type	 of	 actin-binding	 proteins	 and	 amounts	 of	 filaments.	 The	 usual	

morphologies	 are	 filament	 bundles	 or	 the	 branched	 dendrites,	 which	 lead	 to	

different	extension	of	active	membrane,	including	filopodia	and	lamellipodia.	

Filopodia	

Filopodia	 are	 cylindrical,	 thin,	 needle-like	 protrusions,	 which	 mainly	 emerged	 by	

filament	 treadmilling	 mechanism	 (discussed	 in	 Section	 2.1).	 Filopodia	 consist	 of	

unbranched,	 long,	parallel	 actin	 filament	organizations,	which	are	highly	oriented	

tight	 bundles	 instead	 of	 branched	 nucleation	 organizations.	 Many	 proteins	 are	

enriched	 in	 filopodia,	 the	 important	 regulators	 are	 the	 small	 Rho	 GTPase,	 Cdc42	

(see	 below).	 Filopodia	 execute	 an	 exploratory	 function	 for	 cells,	 which	 serve	 as	

sensors	and	enable	to	probe	the	local	environment	[87,	88].	

Lamellipodia	

Lamellipodia	are	flat,	broad,	sheet-like	protrusions,	unlike	filopodia,	they	contain	a	

branching	 dendritic	 network.	 Therefore,	 actin	 filaments	 in	 lamellipodia	 are	

generated	 by	 the	 Arp2/3	 complex,	 which	 supports	 the	 formation	 of	 branched	

daughter	filament	from	the	mother	filament.	In	current	view,	the	small	GTPase	Rac	

and	the	WASP/WAVE	family	control	the	localized	activation	of	Arp2/3	complex	(see	

below).	Through	the	activation	of	Arp2/3	complex,	lamellipodia	enable	to	grow	in	a	

specific	direction,	which	provides	the	basis	of	the	cell	migration.	Most	motile	cells	

have	a	thin	lamellipodium	(~	1µm)	at	the	leading	edge	[89,	90].	
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As	 mentioned	 above,	 the	 generation	 of	 cell	 polarity	 and	 the	 extension	 of	 both	

filopodia	and	 lamellipodia	 in	 response	 to	migratory	stimuli	are	coupled	with	 local	

actin	polymerization,	which	are	mediated	by	a	set	of	regulators	in	cells,	such	as	the	

GTPase	Rho	family	proteins.	

Rho	family	proteins	

Rho	 family,	 small	 guanosine	 triphosphate	 (GTP)-	 binding	 proteins,	 were	 first	

proposed	to	have	roles	in	cell	migration	over	20	years	ago[91].	Most	Rho	GTPases	

are	active	when	bound	to	GTP	and	 interact	with	the	downstream	target	proteins,	

including	 kinases	 and	 the	 Arp2/3	 complex,	 When	 they	 bound	 to	 GDP,	 they	 are	

inactive	 [91].	 Rho,	 Rac	 and	Cdc42	 are	 three	 best-studied	Rho	 family	members	 of	

eukaryotic	 cells.	 They	 act	 together	 to	 control	 the	 formation	 of	 filopodia	 and	

lamellipodia	 and	 contribute	 to	 migration.	 Cdc42	 is	 an	 essential	 regulator	 of	 cell	

polarity	 in	 eukaryotic	 organisms	 and	 it	 also	 spurs	 actin	 polymerization	 to	 the	

leading	edge	of	cell	[92].	Cdc42	can	localize	the	position	of	the	nucleus	and	orient	

Golgi	 apparatus	 in	 front	 of	 the	 nucleus	 and	 the	 microtubule-organizing	 center	

(MTOC)	towards	cell	front,	then,	microtubules	can	carry	out	the	vesicles	driven	by	

Golgi	 to	 the	 leading	 edge.	 This	 process	 provides	 the	 necessary	 proteins	 and	

membrane	 for	 protrusion	 forwards.	 Both	 Rac	 and	 Cdc42	 are	 key	mediators	 that	

regulate	 acin	 polymerization	 in	 protrusion.	 They	 act	 as	 activators	 of	 the	

WASP/WAVE	 family	 of	 Arp2/3	 complex.	 Rac	 promotes	 the	 extension	 of	

lamellipodium	 by	 activating	 WAVE	 proteins,	 while	 Cdc42	 stimulates	 the	 Arp2/3	

complex	to	produce	crosslinked	actin	network	[93].	 	Rho	GTPase	 is	 inactivated	by	

GTPases	activating	proteisns	(GAPs)	and	activated	by	guanine	nucleotide	exchange	

factors	 (GEFs).	 The	 activity	 of	 Cdc42	 and	 Rac	 will	 also	 be	 regulated	 when	

WASP/WAVE	 proteins	 binds	 to	 GEFs	 or	 GAPs,	 resulting	 in	 negative	 or	 positive	

feedback	to	induced-actin	polymerization.	Rho	and	Rac	suppress	each	other.	Rho	is	

more	active	at	the	rear	and	sides	of	the	cell	and	meanwhile	inhibits	the	activity	of	

Rac,	preventing	protrusion	generated	by	Rac	at	other	directions	except	the	leading	

edge.	Rac	is	active	at	cell	front	and	inhibits	the	actitity	of	Rho.		
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2.2.2 Formation	of	Adhesions	

The	 occurred	 protrusions	 of	 migrating	 cell	 are	 stabilized	 by	 the	 formation	 of	

adhesions,	which	 is	 the	physical	 interaction	of	 cell-cell	 or	 cell-extracellular	matrix	

(ECM).	 Cell-matrix	 adhesion	 is	 the	 best-studied	 form	 in	 cell	migration	 and	 is	 the	

focus	of	this	section.		

The	surrounding	environment	of	cell	 is	not	only	composed	of	other	cells	but	also	

the	extracellular	surroundings,	which	is	called	extracellular	matrix	(ECM).	The	ECM	

constructs	the	substratum	on	which	cells	are	migrating.	The	fibrous	of	ECM	consist	

of	 four	 major	 proteins,	 collagens,	 laminins,	 elastins,	 and	 fibronectins.	 Briefly,	

collagen	 is	 the	most	plentiful	protein	of	ECM	[94].	 It	can	provide	tensile	strength,	

guide	 tissue	 growth	 and	 regulate	 cell	 adhesions.	 The	 flexible	 and	 elastic	 protein	

elastins	and	the	heterotrimeric	protein	laminins	directly	take	part	in	the	formation	

of	 cell	 adhesions,	 similar	 with	 fibronectin.	 Fibronectins	 provide	 binding	 sites	 for	

integrin,	which	is	an	essential	transmembrane	protein	of	cell	adhesions	[95].		

Integrins	consist	of	α	and	β	chains	with	 large	 ligand-binding	extracellular	domains	

and	short	cytoplasmic	domains.	Integrins	are	the	principal	receptors	for	binding	the	

ECM	and	cell	interior,	acting	as	the	“feet”	of	a	migratory	cell.	When	integrins	bind	

to	 a	 ligand	 of	 the	 ECM,	 conformation	 changes	 in	 the	 receptor	 by	 changing	 the	

interaction	 between	 the	 α	 and	 β	 chains,	 lead	 to	 further	 integrin	 clustering.	 This	

event	initiates	intracellular	signals	and	finally	regulates	the	formation	of	adhesions	

[96].	

Adhesions,	 initially	 called	 focal	 adhesions,	 make	 the	 protrusions	 attach	 to	 the	

substratum.	 In	 fact,	 several	 types	of	cell-matrix	adhesion	have	been	pointed	over	

the	years.	Nascent	adhesions	–small	and	highly	transient-preferentially	form	at	the	

leading	geometry	edge	of	 filopodia	and	 lamellipodia.	 They	 increase	 in	 size	as	 cell	

migrates	 over	 them	 and	 persist	 until	 they	 reach	 the	 rear	 of	 cell.	 Compared	 to	

nascent	adhesion,	focal	complexes	are	larger	adhesions,	and	rely	on	the	myosin	II	

for	 their	 formation	 at	 the	 boundary	 of	 the	 lamellipodium	 [97].	 The	 existence	 of	
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nascent	adhesions	and	focal	complexes	 is	an	essential	marker	of	highly	migratory	

cell.	Both	of	 them	would	 further	disassemble	or	 grow	 into	 focal	 adhesions.	 Focal	

adhesions	are	mature	adhesions	that	are	usually	connected	to	actin	filament	stress	

fibers.	Nascent	adhesions,	focal	complexes	and	focal	adhesions	are	similar	in	terms	

of	molecular	composition.	Several	signaling	proteins	are	present	 in	adhesions,	 for	

example,	 focal	 ashesion	 kinase	 (FAK),	 tensin,	 paxillin	 are	 best	 characterized	 and	

prominent	phosphoproteins	[98,	99].		

The	mechanism	of	 adhesion	assemble	 is	only	beginning	 to	be	 identified.	 There	 is	

convincing	evidence	that	the	formation	of	adhesions	 involves	Cdc42,	Rac	and	Rho	

as	well	as	myosin-induced	contractility	[100].		

2.2.3 Traction	and	Retraction	

A	migrating	cell	requires	at	least	two	distinct	types	of	forces,	traction	and	retraction.	

Firstly,	 at	 the	 front	 of	 migrating	 cells,	 protrusive	 force	 generated	 by	 actin	

polymerization	 implements	 the	extension	of	membrane	processes.	As	 introduced	

earlier,	at	the	leading	edge,	actin	polymerized	and	organized	under	the	regulation	

of	Cdc42,	Rac,	Rho	and	independent	of	myosin	motor	activity.	Once	the	protrusion	

adheres	to	the	substratum,	meanwhile,	integrins	serve	as	traction	sites	by	binding	

the	 intracellular	 cytoskeleton	 to	 the	ECM	 [101].	 The	 interaction	of	myosin	 II	with	

actin	 filaments	 attached	 on	 the	 adhesion	 sites	 drives	 the	 traction[4].	 Actually	

integrins	also	act	as	mechanosensors,	 transferring	 the	 information	of	ECM	to	cell	

inner	and	changing	cell	dynamics	[102].	The	traction	of	cell	translocation	is	affected	

by	the	density	of	the	adhesions	and	the	adhesion	receptors,	and	the	affinity	of	the	

receptors	with	the	ligands	of	the	ECM	[103].		

Secondly,	the	translocation	of	cell	body	forward	requires	the	retraction	force.	This	

force	depends	on	the	activity	of	myosin	family	motor	proteins,	especially	myosin	II.	

Myosin	 II	 plays	 an	 important	 role	 in	 contractile	 process	 of	 migrating	 cell.	 The	

activity	of	myosin	II	is	regulated	by	myosin	light-chain	kinase	(MLCK)	or	Rho	kinase	

(ROCK).	As	we	mentioned	 in	Section	2.1,	myosin	 II	 can	connect	 to	actin	 filaments	
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and	employ	 them	as	 tracks	 to	produce	motion.	Hence	myosin	 II	 can	mediate	 the	

contraction	of	actin	filaments	and	promote	actin	filaments	to	bind	to	integrins	that	

connected	 to	 the	 ECM.	 Then,	 the	 contractile	 force	 could	 facilitate	 the	 bond	

disruption	potentially	either	at	 the	 integrin-	 ligand	of	 the	ECM	or	at	 the	 integrin-

intracellular	 cytoskeleton,	 relying	 upon	 which	 bond	 is	 unstable	 [103,	 104].	 This	

process	possibly	leads	that	the	adhesions	disassemble	and	cells	move	forward.		

In	 migrating	 cell,	 adhesion	 disassembly	 occurs	 both	 in	 the	 anterior,	 where	 it	

accompanies	with	the	formation	of	new	protrusions,	and	in	the	posterior	of	the	cell,	

where	it	facilitates	cell	tail	retraction.	The	traction	and	the	retraction	can	generate	

independently	each	other.	In	the	anterior	of	migrating	cell,	some	adhesions	in	the	

bottom	of	protrusion	disassembly	as	new	adhesions	generate,	and	some	adhesions	

remain	and	grow	into	larger,	mature	adhesions.	The	migration	cycle	starts	with	the	

polar	protrusion	and	complete	as	the	cell	rear	retracts. 	

2.3 Cell	Migration	on	Micropatterns	

A	key	 challenge	of	 cell	migration	 is	 to	design	experimental	protocols	 and	 specific	

analytical	methods	to	unravel	the	contribution	of	each	parameter	that	controls	cell	

behavior.	 Micropatterning	 provides	 researchers	 with	 an	 accurate	 and	 affordable	

tool.	 It	reduces	the	use	of	 live	animals,	standardizes	environmental	parameters	 in	

vitro	assays	and	supports	quantitative	studies	of	how	these	parameters	affect	cell	

behavior.	

2.3.1 Cell	Migration	on	Micropatterned	Lines	

Cell	 migration	 as	 a	 fundamental	 cell	 behavior	 occurs	 in	 a	 complex	 tissue	

environment,	 which	 includes	 many	 biochemical	 and	 mechanical	 factors.	 In	

attempting	 to	 disentangle	 the	 complexity,	 researchers	 have	 to	 tune	 those	

parameters	quantitatively	and	 independently	of	each	other.	Taking	a	step	 further	



2.	Fundamental	Concepts	

24	

on	 the	 simplified	 path,	micropatterned	 long	 lines	 provide	 a	 stereotype	 trajectory	

for	cell	migration	assays.	

Such	micropatterned	 line	 could	be	used	as	a	 cell	 racetrack	 in	 the	 first	World	Cell	

Race	 in	 2011,	 in	 which	 a	 large-scale	 comparison	 of	 migration	 among	 over	 50	

different	cell	lines	was	performed	under	standardized	conditions	(Figure	2.7a).	The	

statistical	 analysis	 revealed	 higher	 instantaneous	 cell	 speed	 correlates	 with	 cell	

persistence	 in	 the	 same	 direction	 irrespective	 of	 cell	 origin	 [30].	 Pauthas	 et	 al.	

showed	 the	 evidence	 that	 the	 Golgi	 complex	 and	 the	 centrosome	 are	 located	

behind	the	nucleus	not	at	the	leading	edge	of	the	cell,	when	cell	polarizes	on	thin	

microlines	[105].	Doyle	et	al.	demonstrated	that	in	contrast	to	2D,	the	topography	

of	cell	migration	on	1D	thin	micro	lines	is	closely	to	it	on	3D	fibrillar	cell	migration	

(Figure	2.7b).	Moreover,	cells	migrate	on	later	with	a	higher	velocity	[106].	Similar	

lines	can	be	used	to	investigate	the	morphology	of	cells.	Picone	et	al.	 limited	cells	

on	1D	micropatterned	lines	and	showed	the	evidence	that	a	characteristic	steady-

state	length	of	the	cell	 is	independent	of	cell	size	or	pattern	width	but	dependent	

upon	 the	 orientation	 of	 microtubules	 [107]	 (Figure	 2.7c).	 However,	 Levina	 et	 al.	

compared	 the	 epitheliocytes	 cell	 lines	with	 fibroblasts	 on	 linear	 strips,	 showed	 a	

slightly	different	result	that	the	control	of	cell	length	is	cell-type-specific	[108].		

These	versatile	applications	of	micropatterned	lines,	as	easy	to	use	as	conventional	

Petri	 dishes,	 can	 control	 important	 environmental	 parameters	 and	 are	 therefore	

likely	 to	 be	 as	 common	 as	 any	 other	 cell	 culture	 method	 in	 the	 modern	 cell	

researcher's	evolving	toolbox,	which	predicted	by	Lautenschläger	et	al.[29]. 
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Figure	2.7	The	versatility	of	micropatterned	lines.		

(a)	 The	 First	 Worlds	 Cell	 Race:	 different	 cell	 lines	 migrating	 on	 micropatterned	 lines	 of	
fibronectin.	 Adapted	 images	 from	 [30].	 (b)	 The	 difference	 of	 morphology	 of	 cell	 on	 2D	
micropatterned	areas	compared	with	1D-1.5	mm	thin	micro	patterned	lines	and	3D-fibrillar	
derived	matrix.	 Adapted	 from	 [106].	 (c)	 Schematic	 of	 cells	 on	 pattered	 lines	 showing	 the	
extension	of	cell	 independent	of	 line	width.	Adapted	 from	[107].	Whole	Figure	 is	adapted	
from	[29].	

2.3.2 Cell	Migration	on	Various	Specific	Geometries	

Micropatterning	 is	 a	 highly	 efficient	 tool	 to	 create	 specific	 2D	 or	 3D	

microenvironmental	 cues.	 By	 manipulating	 the	 shape	 of	 the	 micropattern，the	

sensitivity	 and	 response	 of	 cell	 to	 the	 geometries	 can	 be	 investigated	 in	 more	

details.	 Cell	 can	 precisely	 adapt	 its	 cytoskeletal	 structure	 to	 the	 geometrical	 and	

mechanical	 constraints	 from	 its	 microenvironment.	 Remodeling	 of	 actin	 and	

microtubule	 networks	 is	 involved	 in	 the	 adaptation	 of	 the	 entire	 cell	 polarity	 to	

external	constraints.	These	modifications	further	affect	cell	migration	[109].	

Jiang	et	al.	reported	that	teardrop-shaped	asymmetrical	micropattern	polarizes	the	

morphology	of	the	attached	mammalian	cells.	After	released	from	the	confinement,	

the	 cells	 migrate	 toward	 the	 blunt	 end	 of	 the	 teardrop,	 which	 implies	 that	 the	

polarity	determines	the	direction	of	cell	motility	[110]	(Figure	2.8a).	Mahmud	et	al.	

showed	 that	when	 confined	 to	 ratchets,	 random	walking	 cells	 could	 be	 rectified.	

The	 imposed	 ratchet-shaped	 patterns	 make	 the	 cells	 reconfigure	 their	 internal	
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migration	machinery	 and	provide	 a	possibility	 to	 sort	mixed	 cell	 populations	 [35]	

(Figure	2.8b).	When	a	cell	confined	to	a	small	micropattern,	a	primary	cilium	grows	

on	its	dorsal	surface.	In	contrast,	on	enlarged	pattern,	the	ventral	surface	of	cell	has	

no	 primary	 cilium	 [111]	 (Figure	 2.8c).	 Basic	micropattern	 shapes	 can	 be	 brought	

together	 to	 achieve	 a	 multidimensional	 effect	 on	 cell	 behavior.	 Kushiro	 et	 al.	

designed	 a	 spear-shaped	 micropattern	 that	 was	 a	 hybrid	 of	 stripe	 and	 teardrop	

geometry.	 Through	 the	modular	 reconstruction	 of	 the	micropattern,	 cell	 velocity	

and	persistent	 could	be	predictably	 enhanced	and	 certain	unexpected	 synergistic	

effects	 of	 cell	 migration	 can	 be	 also	 obtained	 [112].	 Brückner	 et	 al.	 developed	

dumbbell-shaped	 micropattens	 in	 which	 cells	 undergo	 repeated	 stochastic	

transitions	characterized	by	intricate	nonlinear	migratory	dynamics	[36].	In	circular	

micropatterns,	Segerer	et	al.	found	that	the	persistence	of	coherent	angular	motion	

increases	with	the	number	of	cells,	exhibiting	a	pronounced	discontinuity	[113].	By	

using	 a	 specific	 crossbow-shaped	 fibeonectin	 micropattern,	 Théry	 et	 al.	

demonstrated	that	geometric	cues	determine	the	orientation	of	cell	polarity	axes.	

The	 direction	 of	 the	 nucleus-centrosome	 can	 be	 replicated	 to	 the	 cell	 adhesion	

edge.	In	response	to	adhesion	conditions,	the	anisotropy	of	the	cell	cortex	does	not	

affect	the	localization	of	the	centrosome	at	the	cell	centroid	[114].	

Micropatterns	 become	 extremely	 popular	 in	 cellular	 research.	 Herein,	 some	 of	

them	 were	 briefly	 presented.	 These	 studies	 highlight	 the	 important	 role	 of	 the	

mechanical	and	the	geometrical	features	of	the	microenviroment	in	cell	physiology,	

from	intracellular	organization	to	multicellular	morphogenesis.	Although	the	basic	

progress	 of	 cell	 migration	 on	 micropatterned	 surfaces	 have	 been	 studied	

extensively,	 there	 is	 still	 a	 paucity	 of	 data	 on	 a	 lot	 of	 core	 mechanism	 of	

morphorgenesisi,	 for	 example	 the	 repolarization	 dynamics	 at	 barriers	 in	 a	

quantitative	manner,	which	would	be	addressed	in	this	thesis.		
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Figure	2.8	Cell	migration	on	various	specific	micropatterns.	

(a)	 The	 centrosome	 and	 the	 Golgi	 are	 localized	 in	 the	 region	 of	 the	 blunt	 end	 of	 the	
asymmetric	patterns.	Adapted	 from	 [110].	 (b)	B16F1	cell	migrating	on	connected-triangle	
ratchets.	The	organization	of	Arp2/3	(yellow)	and	actin	(green)	are	shown.	Adapted	images	
from	 [35].	 (c)	 Cell	 grows	 on	 a	 smaller	 micropattern	 vs.	 a	 larger	 micropattern	 with	 the	
tubulin	 (magenta)	and	the	actin	 (green)	as	a	marker	of	 the	primary	cilium.	Adapted	 from	
[111].	 (d).	Directional	cell	migration	on	a	hybrid	spear-shaped	micropattern.	Compared	to	
the	 original	 teardrop-shaped	 patterns,	 migration	 bias	 spear-shaped	 patterns	 is	 greatly	
enhanced.	Adapted	from	[112].	

2.4 Theoretical	Description	of	Cell	Migration	

The	 previous	 sections	 discuss	 cytoskeleton	 dynamics	 in	 migrating	 cells.	 Cell	

migration	 is	 complex.	 Analyzing	 and	 understanding	 the	 rules	 of	 cell	 behavior	

require	 the	 underlying	 theoretical	 descriptions	 and	 models.	 Thus,	 this	 section	

begins	with	 the	 introduction	of	 the	common	mathematical	assessment	of	motion	

patterns.	Based	on	these	patterns,	more	complicated	mathematical	models	could	
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establish,	 in	 order	 to	 understand	 and	 reproduce	 the	 mechanisms	 of	 cellular	

dynamics.	

2.4.1 Langevin	Equation	and	Mean	Square	Displacement	

Without	external	guidance,	a	typical	trajectory	of	single	wild	type	migrating	cells	on	

a	 2D	 substrate	 resembles	 those	 of	 thermally	 driven	 Brownian	 particles.	 A	

mathematical	description	of	the	Brownian	motion	is	the	Langevin	equation.	Briefly,	

for	a	particle	moves	in	x-axis	direction:	

				𝑣 = !"
!"

 ,	 (2.1)	

According	to	Newton´s	second	law	of	motion	

				𝑚 !"
!"
= 𝐹, 	 (2.2)	

Where	v	is	the	velocity	and	𝑥	is	the	displacement	of	the	particle	within	time	𝑡,	𝑚	is	

the	mass	of	the	particle,	and	𝐹	denotes	the	total	force	acting	on	the	particle.	𝐹	can	

be	split	 into	 two	 forces,	a	drag	 force	 (frictional	 force)	and	a	 stochastic	 force.	The	

frictional	force	is	a	viscous	force	proportional	to	the	velocity	of	the	particle	(Stokes'	

law).	 The	 stochastic	 force	𝐹!(𝑡) 	is	 a	 noise	 term,	 which	 is	 independent	 of	 the	

particle´s	displacement	and	 represents	 the	collision	of	 the	 fluid	molecules	on	 the	

particle.	

			𝐹 = −λ !"
!"
+ 𝐹!(𝑡),	 (2.3)	

Here,  λ 	is	 the	 damping	 coefficient.	 The	 force	𝐹𝑠(𝑡) 	has	 a	Gaussian	 probability	

distribution	with	correlation	function:	

𝐹!" 𝑡 𝐹!"(𝑡!) = 2𝜆𝑘!𝑇𝛿!,!𝛿 𝑡 − 𝑡′ ,	 (2.4)	
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Where	 <	 >	 denotes	 expectation	 value,	𝐹𝑠𝑖 𝑡 	is	 the	 i-th	 component	 of	 the	 force	

F!(t) ,	 t	 and	 t’	 are	 different	 time	 steps,	 k! 	is	 Boltzmann	 constant,	T 	is	 the	

temperature,	δ	denotes	 Dirac	 delta	 function.	 The	 Fourier	 transform	 of	 equation	

(2.4)	 displays	 the	 power	 density	 spectrum,	 which	 is	 a	 constant	 in	 a	 certain	

frequency	 range	 and	 is	 perceived	 as	 white	 noise.	 Then	 equation	 (2.2)	 can	 be	

written	as:	

				𝑚 !"
!"
= −λ !"

!"
+ 𝐹!(𝑡), 	 (2.5)	

Equation	 (2.5)	 is	 known	 as	 the	 original	 Langevin	 equation	 describing	 Brownian	

motion.	 Based	 on	 the	 equation,	 more	 motion	 models	 can	 be	 enlightened.	 As	 a	

standard	 reference,	 the	 Ornstein-Uhlenbeck	 (OU)	 process,	 which	 is	 a	 model	

inspired	 by	 Brownian	 motion,	 can	 be	 regarded	 s	 a	 modification	 of	 the	random	

walk	in	continuous	time	[115,	116].	

				!"
!"
= − !

!!
𝑣 + !!

!!
𝜀 𝑡 ,	 (2.6)	

Where	 t	 is	 time,	t!	represents	 the	 persistence	 time	 of	 the	 motion,	𝜀 𝑡 	is	 white	

Gaussian	 noise,	𝐷 is	 the	 diffusion	 coefficient,	 and	 sometimes	 is	 regarded	 as	 the	

motility	coefficient	of	microorganism,	𝐷	is	involved	in	the	Stokes-Einstein	equation	

[117].	

				𝑘!𝑇 = 6𝜋𝜂𝑎𝐷	 (2.7)	

For	the	mean	square	displacement	(MSD)	of	a	motile	organism	Fürth's	formula[118] 

remains	a	standard,	with	which	experimentally	observed	migration	patterns	can	be	

analyzed	[119].	

				𝑀𝑆𝐷(𝑡) = 2𝑛𝐷(𝑡 − 𝑡! 1− 𝑒!! !! ),	 (2.8)	

Mean	square	displacement	is	defined	as	the	displacement	at	a	certain	time	relative	

to	 at	 a	 zero	 time	𝑥 𝑡 − 𝑥 0 ,	 averaged	 over	 amounts	 of	 time	 points.	 Here,	 n	
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indicates	the	dimension	of	the	space,	𝐷	is	the	diffusion	coefficient	of	the	Ornstein-

Uhlenbeck	(OU)	process.	

2.4.2 Fourier	Transform	

In	 the	 practical	 case,	 single	 cell	 could	 be	 look	 as	 an	 individual	 particle.	 Its	

trajectories	can	be	recorded	over	a	series	of	time	steps	and	be	regarded	as	a	signal,	

which	is	viewed	in	the	form	of	a	frequency	spectrum,	then,	more	information	about	

the	cell	motion	can	be	extracted.	The	Fourier	transform	(FT)	decomposes	a	function	

of	time	(a	signal)	into	constituent	frequency	components.	Fourier	analysis	has	been	

used	 in	wide	applications,	such	as	optical,	electrical	or	mechanical	signal	 [120].	 In	

this	 work,	 Fourier	 transform	 is	 applied	 to	 analyze	 the	 behavior	 of	 single	 cell	

migration.	Here,	the	basic	principle	of	Fourier	transform	is	briefly	introduced	[121-

123].	

Let	𝑥 𝑡 	be	 any	 real-valued	 signal	 with	 a	 period	 T	 seconds,	 then	𝑥 𝑡 	can	 be	

expanded	as	a	sum	of	sines	plus	cosines,	which	are	called	as	Fourier	Series.	

𝑥 𝑡 = 𝑎! + [𝑎!𝑐𝑜𝑠
2𝜋𝑛𝑡
𝑇 + 𝑏!𝑠𝑖𝑛(

2𝜋𝑛𝑡
𝑇 )]

!

!!!

	 (2.9)	

Here,  !
!
	Hertz	 is	 the	 fundamental	 frequency,	𝑓! =

!
!
	,	 because	 sine	 and	 cosine	

function	 have	 frequencies	 with	 integer	 multiples	 of	 it, 𝑓 = !
!
.	 The	 coefficients	

𝑎!, 𝑎!, 𝑏!	are	the	amplitude	of	each	component.	

                        𝑎! =
1
𝑇 𝑥(𝑡)𝑑𝑡

!/!

!!/!

	 	(2.10)	

𝑎! = 2 𝑥(𝑡)𝑐𝑜𝑠
2𝜋𝑛𝑡
𝑇 =

2
𝑇 𝑥 𝑡 𝑐𝑜𝑠

2𝜋𝑛𝑡
𝑇 𝑑𝑡,

!/!

!!/!

    interger  n ≥ 1	 (2.11)	
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𝑏! = 2 𝑥(𝑡)𝑠𝑖𝑛
2𝜋𝑛𝑡
𝑇 =

2
𝑇 𝑥(𝑡)𝑠𝑖𝑛

2𝜋𝑛𝜏
𝑇 𝑑𝑡

!/!

!!/!

,     interger  n ≥ 1	 			(2.12)	

This	Fourier	series	in	form	of	sines	plus	cosines	represents	the	even	and	odd	parts	

of	𝑥 𝑡 	separately.	This	can	be	represented	as	a	complex	exponential	type,	which	is	

analogous	to	the	Discrete	Fourier	Transform	(DFT)[124].	

𝑥 𝑡 = 𝑎!𝑒
!!!"#!

!!

!!!!

	 (2.13)	

Where	the	Fourier	coefficient	𝑎!	is	determined	by	the	following	formula:	

𝑎! ≝
1
𝑇 𝑥(𝑡)𝑒!!

!!"#
! 𝑑𝑡

!/!

!!/!

	 (2.14)	

Then	the	Fourier	series	synthesis	formula	is:	

𝑥(𝑡) =
1
𝑇 𝑥(𝑡)𝑒!!

!!"#
! 𝑑𝑡

!/!

!!/!

!

!!!!

𝑒!
!!"#
! 	 (2.15)	

When	taking	 the	 limit 𝑇→ ∞,	 then	 fundamental	 frequency	𝑓! =
1
𝑇 → 0	and	can	be	

written	 as	𝑑𝑓,	 resulting	 in	𝑓 = 𝑛
𝑇	serving	 as	 the	new	 continuous	 variable.	We	may	

write	the	above	equation	in:	

    𝑥(𝑡) = 𝑥(𝑡)𝑒!!!!"#𝑑𝑡
!!

!!

𝑒!!!"#𝑑𝑓.
!!

!!

	
	

	(2.16)	

Hence,	Fourier	transform	(FT)	can	be	defined	as:	
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             𝑥 𝑓 = 𝑥(𝑡)𝑒!!!!"!𝑑𝑡
!!

!!

	 (2.17)	

The	inverse	FT:	

             𝑥 𝑡 = 𝑥 𝑓 𝑒!!!"!𝑑𝑓
!!

!!

	 (2.18)	

The	function 𝑥 𝑓 	is	the	equivalent	of	the	Fourier	coefficients	in	the	Fourier	series	

(2.13).  𝑥 𝑓 	is	 a	 function	 in	 the	 continuous	 frequency	 domain	 where	

𝑓 ∈ (−∞,+∞).	 In	many	practical	cases,	we	should	consider	the	Fourier	transform	

in	 a	 discrete	 time	 domain,	 instead	 of	 an	 infinite	 continuous	 time	 domain.	 For	

example,	in	this	thesis,	there	are	𝑛	equal	time	samples,	

𝑡! = 𝑗∆𝑡 𝑗 = 0, 1, 2,… ,𝑛 − 1 	 (2.19)	

Here, ∆𝑡	is	the	interval	time	between	two	adjacent	time	points,	then	𝑓! =
1
∆𝑡	is	the	

sampling	 frequency	 which	 is	 the	 video	 camera´s	 resolution	 (frames	 number	 per	

minute	or	second)	in	this	work.		

𝑓! =
!
!
= !

!∆!
  𝑘 = 0, 1, 2,… ,𝑛 − 1 ,	 (2.20)	

Thus,	for	the	finite	discrete	data	signal	𝑥 𝑡! ,	the	discrete	Fourier	transform	(DFT)	is:	

             𝑥 𝑓! = 𝑥(𝑡!)𝑒!!!!!!!!
!!!

!!!

, 𝑘 = 0, 1, 2,… ,𝑛 − 1	 (2.21).	

DFT	 can	be	 carried	out	 by	 fast	 Fourier	 transform	 (FFT),	which	 is	 a	 computational	

algorithm	 for	efficiently	performing	DFT[125].	FFT	 increases	 the	computing	 speed	

for	huge	data	sets.	In	this	thesis,	it	was	used	for	the	Fourier	analysis.	
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2.4.3 Models	for	Cell	Migration	

Cell	migration	is	a	complicated	phenomenon	that	is	driven	by	the	interaction	with	

the	 cytoskeleton	 and	 the	 plasma	membrane.	 A	 well-defined	 simulation	model	 is	

critical	 for	 addressing	 the	 relationship	 between	 intracellular	 dynamics	 and	 cell	

morphology	and	movements.	

Reaction-diffusion	model	

The	 basic	 idea	 of	 some	 models	 resides	 in	 a	 well-known	 property	 of	 reaction-

diffusion	 systems	 with	 bistable	 kinetics.	 The	 reaction-diffusion	 system	 is	 a	

mathematical	 model	 that	 takes	 the	 form	 of	 a	 semi-linear	 parabolic	 partial	

differential	equation.	

             𝜕!q = D∇!𝑞 + 𝑅(𝑞)	 (2.22).	

Here,	 q	 represents	 the	 unknown	 vector	 function,	D	 is	 the	 diagonal	matrix	 of	 the	

diffusion	 coefficients,	 and	 R	 represents	 all	 local	 reactions.	 The	 solution	 of	 the	

reaction-diffusion	 equation	 shows	 a	 wide	 range	 of	 behaviors,	 including	 the	

formation	 of	 traveling	 waves	 and	 wave-like	 phenomena	 as	 well	 as	 other	 self-

organized	“Turing	patterns".		

In	recent	decades,	in	order	to	depict	and	explore	the	dynamics	and	machinery,	the	

process	 of	 cell	 migration	 has	 been	 simulated	 with	 many	 models	 based	 on	 the	

reaction-diffusion	 system	 [126].	 A	 stochastic	 model	 that	 develops	 cell-edge	

dynamics	 was	 used	 to	 validate	 that	 protrusion-retraction	 switches	 during	

polarization	 depend	 on	 the	 distance	 from	 the	 cell	 center,	 instead	 of	 on	 the	

orientation	[127].	Using	a	predictive	mathematical	modeling,	Byrne	et	al.	show	that	

bistability	 in	 a	 network	 containing	 Rac1,	 RhoA,	 and	 PAK,	 which	 governs	 the	 cell	

morphology	 and	 cell	motility	 switches	 [23].	Wilson	 et	 al.	 presented	 a	 conceptual	

model	that	the	F-actin	network	polymerizes	from	the	free	membrane	at	the	leading	

edge	 bio	 Arp2/3	 nucleation	 [128].	Maiuri	 et	 al.	 developed	 a	minimal	 theoretical	
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model	 that	explains	a	universal	coupling	between	cell	 speed	and	cell	persistence,	

and	predicts	a	phase	diagram	of	cell	 trajectories	[16].	Burnette	et	al.	developed	a	

model	 of	 how	 arc	 contraction	 causes	 the	 cell	 to	 flatten.	 Their	model	 provides	 a	

possibility	that	the	understanding	of	how	cells	use	the	contraction/adhesion	system	

to	configure	themselves	to	complex	spaces	[129].	Barnhart	et	al.	now	proposed	a	a	

set	of	mechanochemical	feedback	loops	underlying	actin-driven	motility	and	wave	

generation	 in	 keratocytes,	 which	 may	 constitute	 a	 general	 module	 for	

understanding	 actin	 oscillating	 in	 other	 cell	 contexts	 [130].	 Krause	 et	 al.	

demonstrate	 that	 the	 positive	 and	 negative	 feedback	 loops	 describing	 the	

protrusion	and	retraction	cycles	in	cell	migration	results	in	oscillatory	behavior	and	

determines	 the	 lamellipodial	 persistence	 [131].	 These	 findings	drew	a	 sufficiently	

simple	map	to	develop	a	mathematical	model	of	the	cell	migration.	

Cellular	Potts	model	

Each	model	possess	its	exceptional	benefits	and	meanwhile	disadvantages.	For	the	

models	concentrated	in	the	intracellular	kinetics	machinery,	they	are	usually	short	

of	simulating	the	motility	of	large	cell	group.	For	models	focusing	on	the	large	scale	

locomotion	of	collective	cells,	they	often	lack	of	describing	the	cellular	component	

signaling	 of	 single	 cells.	 James	 Glazier	 and	 François	 Graner	 proposed	 a	modeling	

approach,	 so-called	 cellular	 Potts	 model	 (CPM),	 which	 is	 a	 respectively	

intermediate	way	 to	 fast	 simulate	 fairly	 large	 aggregates	 of	 cells	 and	 realize	 the	

position	 and	 diffusion	 of	 intracellular	 dynamics	 [132,	 133].	 The	 CPM	 extended	

large-Q	Potts	model	has	been	widely	applied	in	further	cell	research.	Its	principle	is	

briefly	introduced	as	follows.	

The	 Cellular	 Potts	 model	 originally	 aims	 at	 cell	 sorting,	 and	 describes	 N	 cells	 by	

regular	lattice	spins	σ	(i,j),	where	i,j	determines	a	lattice	site.	The	energy	of	bonds	

between	different	cells	and	bonds	between	like	spins	is	given	by	the	Hamiltonian.	

             𝐻! = 𝐼 − 𝛿! !,! ,!(!´,!´)
!,! (!´,!´)!"#$!!"#$

	 (2.23).	
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For	 cell	 sorting,	 an	 elastic-area	 constraint,	 the	 cell	 type	 τ,	 was	 added	 to	 the	

Hamiltonian	of	the	system.	Then	the	modified	Hamiltonian	:	

             𝐻!"#$ = 𝐽 𝜏 𝜎 𝑖, 𝑗 , 𝜏 𝜎(𝑖´, 𝑗´)  𝐼 − 𝛿! !,! ,!(!´,!´)
!,! (!´,!´)!"#$!!"#$

+ 𝜆 𝐴 𝜎 − 𝐴!(!)
!

!

	
(2.24).	

Where	J	is	the	interaction	between	spins	of	cell	type 𝜏,	𝜆	is	the	Lagrange	multiplier	

denoting	the	area	constraint.	A	indicates	area	of	cell 𝜎.	The	first	item	of	represents	

the	energy	between	neighbor	cells,	the	second	item	is	the	elastic	energy	of	a	cell.	

The	 simulation	 of	 CPM	 carries	 out	 a	Monte	 Carlo	 step	 (MCS)	 and	 implements	 a	

succession	of	“elementary	events”,	in	which	a	randomly	chosen	lattice	site 𝜎 𝑖, 𝑗 	is	

tried	to	be	copied	to	one	of	its	neighbors 𝜎 𝑖´, 𝑗´ 	(Figure2.10).	For	such	elementary	

event,	the	energy	changes	

             ∆𝐻 = 𝐻!"#
!"#$% − 𝐻!"#

!"#$%" 	 (2.25).	

The	probability	of	the	accepted	copy	case 𝑃	is:	

             𝑃 = 𝑒 !∆! ,     ∆𝐻 > 0,
1,              ∆𝐻 ≤ 0 

	 (2.26).	

The	standard	CPM	has	been	widely	extended	in	various	applications.	In	this	thesis,	

our	simulation	model	adopts	 the	basic	concept	of	CPM	to	describe	the	single	cell	

dynamics,	which	will	be	introduced	in	Chapter	5.	
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Chapter	3 Methods	and	Materials		

In	 this	 chapter,	 the	 basic	 experimental	 techniques	 and	main	materials	 that	 were	

used	in	this	thesis	are	introduced.	The	research	results	of	this	work	will	be	described	

into	two	Chapters,	Chapter	4	and	5.	The	research	image	data	come	from	the	time-

lapse	microscopy	and	 the	 fluorescence	microscopy,	which	 is	 introduced	 in	 Section	

3.1.	Micropatterning	 is	 an	 important	 tool	 to	 create	 specific	microenvironment	 for	

studying	 of	 cell	 behavior	 in	 this	 work.	 Two	 micropatterning	 methods,	 plasma	

induced	patterning	and	micro	contact	printing,	were	used	and	briefly	introduced	in	

Section	 3.2.	 All	 of	 the	 essential	 techniques	 for	 cell	 culture	 and	 preparing	 the	 cell	

samples	were	 provided	 here.	 For	 study	 of	 actin	 dynamic,	 the	 transfection	 of	 cells	

with	 Lifeact-GFP	mRNA	plasmids	 is	briefly	described	 in	 the	 section.	Moreover,	 the	

optical	 evaluation	 and	 analysis	 of	 cell	 tracking	 are	 the	 core	 techniques	 in	 this	

dissertation.	
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3.1 Experimental	Setups	

3.1.1 Phase-contrast	and	Fluorescence	Microscope	

Phase-contrast	 and	 fluorescence	 images	 are	 performed	 by	 a	 TI	 Eclipse	 (Nikon)	

microscope	or	an	iMIC	(Till	Photonics)	microscope.	

With	 a	 phase-contrast	 microscope,	 the	 difference	 in	 phase	 among	 cells	 is	

interpreted	into	distinct	brightness	with	variation	in	refractive	indices	or	thickness.	

Objects	 can	 be	 detectable	 by	 eye	 in	 unstained	 condition.	 A	 phase-contrast	

microscope	 is	 consistent	 with	 condenser	 lens	 system	 and	 objective.	 There	 is	 an	

annular	hole	in	the	rear	focal	plane	of	objective	to	control	the	illumination.	

	Fluorescence	microscopy	is	an	essential	tool	in	cell	and	molecular	biology	research.	

It	 expands	 the	properties	of	 traditional	optical	microscopy	due	 to	visualization	of	

fluorescence,	 which	 makes	 it	 possible	 to	 recognize	 cells	 and	 cellular	 structures	

using	 specific	 fluorescent	 probes.	 Understanding	 the	 principle	 of	 fluorescence	

microscopy	is	useful	when	trying	to	solve	imaging	problems.	

The	main	 components	 of	 the	 microscope	 are	 shown	 in	 Figure	 3.1.	 Fluorescence	

microscopy	 demands	 the	 objects	 of	 interest	 fluoresce,	 the	 light	 source	 and	 the	

specialized	filter	elements.	 	Fluorescence	 is	the	emission	of	 light	that	comes	from	

the	mercury	 lamp,	 which	 emits	 white	 light.	 The	 light	 directly	 passes	 through	 an	

exciter	filter	that	isolates	one	specific	wavelength	of	the	white	light	and	blocks	out	

other	color	components.	Then	a	dichroic	mirror,	which	is	fixed	at	such	an	angle	that	

reflects	 the	 excitation	 light	 towards	 the	 fluorescent	 specimen	 and	 allows	 the	

emission	light	pass	through.	The	emitted	light	goes	backward,	firstly	passes	through	

the	objective	then	through	the	dichroic	mirror,	and	is	filtered	again	by	an	emission	

filter,	then	guided	by	a	beam	splitter	cube.	Finally,	the	eye	or	the	Charge-Coupled	

Device	 (CCD)	 camera	 perceives	 the	 filtered	 fluorescent	 light	 against	 a	 jet-black	

background.		
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Figure	3.1	Schematic	of	the	principle	of	fluorescence	microscopy.	

3.1.2 Time-Lapse	Microscopy	

Scanning	 time-lapse	 measurements	 in	 this	 work	 are	 performed	 using	 a	 phase	

contrast	and	fluorescence	microscope.	An	inverted	microscope	(iMIC,	Till	Photonics)	

equipped	 with	 a	 10x	 Zeiss	 objective	 and	 a	 40x	 Zeiss	 objective	 is	 used.	 An	

Oligochrome	lamp	(Till	Photonics)	and	an	ORCA-03G	camera	(HAMAMATSU)	were	

also	 fitted	 in	 the	 microscope.	 In	 this	 work,	 the	 fluorescent	 image	 of	 cells	 was	

illuminated	with	 the	 Oligochrome	 lamp	 for	 100	ms	with	 25%	 intensity.	 The	 cells	

during	 the	 measurements	 are	 kept	 at	 37°C	 using	 a	 temperature	 controlled	

mounting	frame	(Ibidi	temperature	controller,	 Ibidi).	The	sample	stage	moves	and	

images	 can	 be	 acquired	 automatically	 in	 a	 certain	 time	 intervals	 using	 Live	
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Acquisition	software.	If	no	special	notes,	the	interval	time	is	10	min.	To	analyze	the	

actin	 activities	 at	 the	 tips	 of	 the	micropatterns,	 the	 40x	 objective	 was	 used	 and	

original	images	were	acquired	every	5	sec	–	1	min.	

3.2 Surface	Patterning	for	Cell	Research	

3.2.1 Production	of	Stamp	Masters	

In	 terms	of	 promoting	 cell	migration	 in	 vivo,	 it	 involves	 influencing	 cell-substrate	

interactions	through	topographical	or	biological	signals.	The	biological	signals	often	

take	the	proteins	of	the	ECM	such	as	the	fibronectin,	laminin	and	collagen	to	direct	

cell	adhesion.	One	approach	to	the	production	of	topographical	surfaces	is	the	use	

of	photolithography	to	fabricate	stamp	masters	firstly.		

To	 prepare	 the	 stamp	 master	 for	 micropatterning,	 a	 silicon	 wafer	 (SI-Mat)	 was	

coated	 with	 an	 adhesion	 promoter	 (TI	 Prime,	 MicroChemicals	 GmbH)	 by	

spincoating	(SAIJSS,	MicroTec)	at	a	rate	of	500	rpm	for	5s	initially	then	speeding	up	

to	5000	rpm	for	30s.	The	wafer	 is	further	baked	on	a	heating	plate	at	120°C	for	2	

min.	 A	 photoresist	 (AZ40XT,	AZ	 Electronic	Materials)	was	 then	 spincoated	 at	 800	

rpm	for	3s	and	then	accelerating	to	3000	rpm	for	30	s.	The	thickness	of	the	photo	

resist	layer	is	about	15	µm.	The	wafer	is	further	baked	at	80°C,	100°C	and	125°C	for	

1	min	 respectively.	 The	wafer	was	 further	 illuminated	with	ultraviolet	 (UV)	 light	

using	 a	 laser	 direct	 imaging	 device	 (Protolaser	 LDI,	 LPKF)	 to	 write	 the	 desired	

pattern	 in	 the	photo	resist.	The	 laser	spot	of	1	µm	with	a	spot	spacing	of	0.2	µm	

and	a	450	mJ/cm2	illumination	dose	were	used.	In	the	following	step,	the	wafer	was	

baked	 for	1.5	min	at	105°C	and	then	the	wafer	was	placed	 into	a	developer	 (MIF	

826,	AZ	Electronic	Materials)	for	about	2	min	to	remove	the	photo	resist	which	was	

exposed	to	the	UV	light.	Afterwards,	the	wafer	was	washed	with	miliQ	water	and	

then	silanized	with	Trichloro(1H,1H,2H,2H-perfluorooctyl)silane	 (Sigma-Aldrich)	by	

silane	evaporation	to	prevent	sticking	of	PDMS	when	it	was	used.	
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3.2.2 Production	of	Stamps	

To	 fabricate	 the	 stamp,	 polydimethylsiloxane	 (PDMS)	 monomer	 (Sylgard,	 Dow	

Corning)	 and	 crosslinker	 (DC	184	 elastomer	 Kit,	 Biesterfeld	 Spezialchemie	GmbH)	

were	mixed	 in	a	10:1	ratio	 (w/w),	degassed	 in	a	vacuum	oven	for	20~30	min	and	

pured	onto	the	stamp	master.	After	another	degassing	step,	the	PDMS	is	incubated	

at	 50°C	 for	 10h	 or	 overnight.	 	 The	 crosslinked	 PDMS	 layer	 was	 peeled	 off	 and	

manually	cut	into	stamps.	

3.2.3 Fibronectin	Labeling	

To	 observe	 the	 patterning	 structures,	 fibronectin	was	 labeled	 by	 dyes.	 50	 µl	 1M	

carbonate	buffer	solution	was	added	into	500	µl	of	1	mg/ml	fibronectin	solution	to	

regulate	the	PH	to	the	optimal	reaction	condition,	PH=8.5.	For	10	dye/protein	and	

reaction	efficiency	of	25%,	40	times	dye	per	protein.	The	dye	was	dissolved	in	3	µl	

dimethyl	sulfoxide	(DMSO)	and	was	added	into	the	protein	solution.	To	let	the	dye	

protein	react,	the	mixed	solution	was	stored	at	room	temperature	in	the	dark	for	at	

least	4h	or	overnight.	Finally,	the	free	dye	and	labeled	proteins	were	separated	by	

gel	filtration	Chromatography	(PD	Minitrap	G-25,	GE	Healthcare).		

3.2.4 Plasma	Induced	Patterning	

Micropatterning	 techniques	 can	 fabricate	 well-defined	 functional	 spatial	

arrangements	 for	 cell	 adhesion.	 Patterns	 with	 cell	 friendly	 areas	 and	 unfriendly	

areas	 could	 be	 achieved.	One	of	 the	micropatterning	methods	 is	 plasma-induced	

patterning.	 This	 technique	was	 used	 in	 the	 initially	 test	 in	 this	 work.	 Here	 some	

regions	of	our	sample	were	partially	covered	by	the	PDMS	stamp	of	desired	pattern.	

Then,	the	sample	was	exposed	to	plasma	oxygen	atmosphere	at	a	power	of	40	W	

with	 a	 pressure	 of	 0.2	 mbar	 for	 3	 min	 by	 the	 plasma	 cleaner	 (Femto,	 diener	

electronics).	 This	 changes	 the	 surface	 chemical	 properties	 (e.g.	 a	 hydrophilic	

surface)	 of	 the	 exposed	 area.	 Subsequently,	 a	 droplet	 about	 2	 µl	 of	 a	 2	 mg/ml	

poly(l-lysine)(20kDa)-graft[3.5]-poly(ethylene-glycol)(2kDa)	 (PLL-g-PEG)	 in	 10	 mM	
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HEPES	(pH=7.4)	and	150	mM	NaCl	solution	was	put	near	the	edge	of	each	stamp	to	

let	 it	 draw	 into	 the	 free	 spaces	 between	 the	 substrate	 and	 stamps	 by	 capillary	

action.	After	30	min	of	incubation	at	room	temperature,	the	stamps	were	removed	

and	 the	 substrate	 was	 washed	 with	 PBS	 to	 remove	 the	 free	 PLL-g-PEG	 solution.	

Afterwards,	a	fibronectin	/	fibrinogen	solution	(50	µg/ml	in	PBS)	was	added	for	45-

60	min.	 Finally,	 the	 patterns	 were	 rinsed	 for	 three	 times	with	 PBS	 and	 they	 are	

ready	to	use.	

3.2.5 Micro	Contact	Printing	

The	produce	of	stripe-shaped	microlanes	was	mostly	used	by	microcontact	printing	

in	 this	 thesis.	 The	 procedure	 was	 simply	 illustrated	 in	 Figure	 3.2.	 Firstly,	 PDMS	

stamps	were	 exposed	with	 UV-light	 (PSD-UV,	 novascan)	 for	 5	minutes.	 Then	 the	

stamps	were	immersed	in	a	solution	40	µg/ml	fibronectin	(Yo	Proteins)	containing	

10	µg/ml	Alexa	Fluor	488	dye	(Life	Technologies)	labeled	fibronectin	for	45	minutes.	

Secondly,	the	stamps	were	washed	with	ultrapure	water.	Stamps	were	dried	under	

filtered	airflow	and	then	stamped	onto	a	hydrophobic	uncoated	µ-Dish	(Ibidi	GmbH)	

bottom,	which	was	through	UV	exposure	for	15	minutes	before.	The	stamps	were	

slightly	 pressed	 with	 tweezers	 for	 few	 seconds	 to	 remain	 in	 contact	 with	 the	

bottom.	Thirdly,	to	fabricate	the	cell-repelling	areas,	30	µL	of	2	mg/ml	poly-L-lysine-

grafted	polyethylene	glycol	 (PLL-g-PEG)	 (2	kDa	PEG	chains,	SuSoS)	solution,	which	

was	dissolved	 in	10	mM	Hepes	and	150	mM	NaCl	 solution,	was	added.	After	 the	

removal	 of	 the	 stamps,	 a	 glass	 cover	 slip	 was	 placed	 on	 the	 printed	 bottom	 to	

assure	 complete	 coverage	 with	 PEG	 solution,	 incubated	 for	 30	 min	 at	 room	

temperature.	 Finally,	 the	 printed	 bottom	 was	 washed	 with	 phosphate	 buffered	

saline	 (1	x	PBS)	 for	 three	 times	and	stored	 in	PBS	 for	 further	cell	 seeding.	Unless	

otherwise	 specified,	 the	 pattern	 consisted	 of	 a	 uniform	 strips	 20	 µm	 in	 width.	

Protein	 such	 as	 fibronectin	 coated	 surface	 structures	 will	 be	 created	 by	 micro	

contact	printing.	On	such	surfaces	we	can	easily	change	the	geometry	and	surface	

coating	and	perform	the	following	cell	experiments.	
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Figure	3.2	Procedure	of	the	fabrication	of	micro-patterns	using	for	cell	adhesion.	

	(1-4).	 Production	 of	 PDMS	 stamp	 by	 using	 a	 silicon	 master.	 (5-7).	 Procedure	 of	 micro	
contact	printing.	

3.3 Cell	Culture	Methods	

3.3.1 Cell	Cultivation	

Madin-Darby	 Canine	 Kidney	 (MDCK),	 human	 liver	cell	 (HuH7),	 and	Human	 breast	

cancer	 cell	 (MDA-MB-231)	 cells	 were	 used	 in	 this	 work.	 If	 no	 specific	 note,	 cells	

were	cultured	in	supplemented	medium	with	10%	fetal	calf	serum	(FCS,	Invitrogen)	

and	 2-4	 mM	 L-glutamin	 (c.c.pro)	 and	 kept	 in	 an	 incubator	 with	 a	 humidified	
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atmosphere	of	 5%	CO2	and	95%	air	 at	 37°C.	 The	 cell	 lines	used	 in	 this	work	 and	

their	culture	medium	are	given	in	the	following	Table	3.1.		

Cells	were	splitted	twice	a	week	in	a	ratio	of	1:3	to	maintain	them	at	a	confluence	

of	about	70%.	 For	 the	 trypsinization,	 the	old	medium	was	 removed	and	 the	 cells	

were	 washed	 with	 PBS	 to	 discard	 all	 traces	 of	 serum	 that	 would	 inhibit	 the	

detaching	reagent	in	subsequent	steps.		1	ml	of	a	0.25%	(w/v)	Trypsin	solution	was	

added	 to	 the	 flask	 to	detach	 the	cell.	 Trypsin	 is	a	proteolytic	enzyme	 that	breaks	

down	 the	 adhesion	 of	 cells	 each	 other	 and	 cells	 to	 the	 flask.	 To	 stop	 the	

trypsinization,	 5	 ml	 of	 culture	 medium	 was	 added.	 The	 cell	 suspensions	 were	

transferred	 into	 a	 15	 ml	 conical	 tube	 for	 centrifugation	 at	 1000	 rpm	 for	 three	

minutes.	 The	 upper	medium	 containing	 Trypsin	 was	 removed,	 and	 6	ml	 of	 37°C	

culture	medium	was	 added	 to	 re-suspend	 the	 cells.	 2	ml	 of	 cell	 suspension	was	

diluted	with	3	ml	new	culture	medium	 into	a	culture	 flask,	and	then	cultivated	 in	

the	incubator.	

Table	3.1	Cell	lines	and	their	corresponding	media.	

Cell	Type	 Organism	 Tissue	 Medium		

MDCK	 canine	 kidney	 MEM+	4	mM	L-Glu	

Huh7	 human	 liver	 RPMI+	2	mM	L-Glu	

MDA-MB-231	 human	 breast	 DMEM-F12+	2.5	mM	L-Glu	

3.3.2 Freezing	and	Thawing	of	Cells		

In	this	work,	cells	were	always	used	from	the	passage	6th	to	passage	36th,	therefore,	

it	is	necessary	to	freeze	and	thaw	cells	sometimes.	For	cell	freezing,	generally	cells	

were	 centrifuged	 and	 old	 medium	 was	 completely	 discarded	 as	 what	 we	 did	 in	

procedure	of	 splitting.	 Then,	 cells	were	 resuspended	 in	 ice-cold	 freezing	medium	

containing	 DMSO,	 and	 were	 transferred	 to	 a	 Cryo-tube	 (Greiner	 bio-one	 GmbH,	

Germany)	 and	 immediately	 placed	 on	 ice.	 Cells	 were	 firstly	 stored	 at	 -80°C	

overnight,	and	finally	stored	in	liquid	nitrogen	for	long-term	maintenance.		
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For	 cell	 thawing,	 cells	 which	 were	 taken	 out	 of	 liquid	 nitrogen	 tank	 were	 firstly	

thawed	 in	 a	 37°C	water	 bath	 for	 about	 1	min,	 and	 then	 they	were	 immediately	

poured	 into	8	ml	culture	medium.	After	3	min	centrifugation	of	 the	cells,	 the	old	

medium	 was	 discarded	 and	 cells	 were	 suspended	 in	 new	 culture	 medium	 and	

plated	 into	a	culture	flask.	After	12h	 incubation,	the	medium	containing	the	dead	

cells	 which	 didn´t	 attach	 to	 the	 substrate	 were	 removed	 and	 changed	 into	 new	

culture	medium.	

3.3.3 Cell	Quantification	and	Seeding	

For	 experiments,	 to	 keep	 a	 consistent	 number	 of	 the	 cells	 during	 subculture	

routines	and	to	obtain	about	one	cell	per	patterning	structure,	about	1	x	104	cells	

were	 seeded	 per	 dish.	 Therefore,	 it	 is	 necessary	 to	 quantify	 the	 number	 of	 cells	

before	 seeding.	 A	 counting	 device	 called	 hemocytometer	 was	 used	 in	 this	

procedure.	As	shown	in	Figure	3.3,	the	hemocytometer	consists	of	two	rectangular	

indentations	forming	the	counting	champers	in	which	cells	suspension	can	be	filled.	

When	mounted	with	a	cover	glass	on	the	top,	cells	can	be	counted	with	an	optical	

microscope.	Because	the	depth	of	the	chamber	is	0.1	mm	and	it	consists	of	nine	1	x	

1	mm	(1	mm2)	squares,	the	volume	is	fixed.	Therefore,	it	is	possible	to	calculate	the	

concentration	of	cells	in	suspension.	The	concentration	of	cells	can	be	calculated	as	

the	equations	below:	

𝑁!"##/!" =
𝑛!"##

𝑛!"#$%&!
×𝑓!×10!	 (3.1).	

Where	𝑁!"##/!"	indicates	 the	 number	 of	 cells	 per	milliliter,	𝑛!"## 	is	 the	 number	 of	

cells	 counted, 𝑛!"#$%&!	is	 the	 number	 of	 large	 squares	 counted,	𝑓! 	represents	 the	

dilution	factor.	

To	prepare	 the	 sample	 for	experiments,	 1	 x	104	 cells	mixed	with	1	mL	of	 growth	

culture	 medium,	 seeded	 in	 a	 petri	 dish	 with	 a	 glass	 bottom	 (ibidi,	 Φ35mm,	

thickness	 0.17	 mm)	 and	 kept	 in	 the	 incubator.	 After	 2.5h	 cell	 adhered	 and	 the	
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medium	was	gently	removed	and	changed	into	1	mL	of	CO2	independent	Leibovitz’s	

L-15	Medium	 (c.c.pro)	 containing	 10%	 FCS	 and	 25	 nM	Hoechst	 33342	 nuclei	 dye	

(Invitrogen)	and	incubated	for	1h	at	37°C	before	imaging.	

	

	Figure	3.3	Structure	and	calculation	principle	of	the	hemocytometer.	

3.3.4 Cell	Transfection	

For	 actin	 dynamic	 study,	 seeded	 cells	 were	 further	 transfected	 with	 Lifeact-GFP	

mRNA	 plasmids.	 Briefly,	 ~1x	 104	 cells	 were	 seeded	 into	 a	 35mm	 µ-Dish	 and	

incubated	 2.5h	 at	 37°C	 in	 5%	 CO2	 for	 cell	 adhesion.	 1.25µl	 Lipofectamine	

MessengerMax	 Reagent	 (Invitrogen)	 was	 diluted	 in	 123.75µl	 OptiMEM	 (Life	

Technologies)	 transfection	medium	 and	 incubated	 10	min	 at	 room	 temperature.	

500	 ng	mRNA	 (0.5	 µl	 x	 1000ng/	 µl)	was	 diluted	 in	 124.5µl	 OptiMEM.	 (Note	 that	

mRNA	should	be	kept	on	ice	after	thaw,	RNAse-free	pipette-tips	should	be	used	in	

operation.).	 Both	 solutions	 were	 mixed	 and	 incubated	 for	 5	 min	 at	 room	

temperature	 for	 lipoplex	 formation.	 Adhered	 cells	were	washed	with	 1xPBS,	 and	

carefully	added	the	250µl	transfection	mix.		After	a	1h	incubation	at	37°C	in	5%	CO2,	

the	 cell	 transfection	mix	was	 replaced	 by	 1	ml	 Leibovitz’s	 L-15	Medium	 (c.c.pro)	

containing	10%	FCS	before	proceeding	to	time	lapse	imaging.	



3.4	Evaluation	and	Analysis	of	Cell	Tracks	

47	

3.4 Evaluation	and	Analysis	of	Cell	Tracks	

3.4.1 Single	Cell	Tracking	and	Image	Processing	

The	 phase	 contrast	 videos	 of	 cells	 on	 patterning	 structures	 were	 recorded	 for	 a	

certain	 period	 by	 the	 time	 lapse	 microscope,	 and	 the	 further	 analysis	 of	 cells	

images	in	video	files	were	carried	out	by	ImageJ	(National	Institutes	of	Health,	NIH).	

Firstly,	 to	 research	 the	migration	behavior	of	 single-cells	without	effects	of	other	

cells	or	cell-cell	interactions,	only	circle/	ellipse/stripe-shaped	patterns	that	contain	

isolated	 cells	 are	 chosen	 by	 eye.	 Secondly,	 only	 cells	 which	 move	 at	 least	 one	

period	 (from	one	 side	 to	 another	 side	 and	 then	back)	 are	 considered	 to	 analyze,	

non-moving	cells	such	as	dead	or	dying	cells	were	excluded.	Thirdly,	when	the	cells	

run	out	of	or	partly	span	over	the	micropatterns,	the	following	record	 images	are	

excluded.	 Fourthly,	 only	 cells	migration	 tracks	 that	 last	 for	 at	 least	 18	 hours	 are	

considered.	 In	 particular,	 if	 no	 specific	 note,	 single	 cell	 with	 two	 nuclei	was	 also	

excluded.	 Finally,	 images	 of	 those	 qualified	 isolated	 cells	migrating	 in	 the	micro-

patterns	 were	 manually	 cropped.	 The	 trajectory	 of	 each	 stained	 nucleus	 was	

preprocessed	 by	 first	 applying	 a	 bandpass	 frequency	 filter	 and	 a	 fluorescence	

intensity	threshold	to	the	fluorescence	images,	and	the	geometric	center	of	mass	of	

nucleus	was	subsequently	evaluated.	The	geometric	mean	of	the	nucleus	position	

was	 considered	 as	 the	 cell	 position.	 As	 a	 result,	 ImageJ	 reads	 out	 the	

spatiotemporal	 displacements	 of	 the	 nucleus	 in	 two	 dimensions	 in	 the	 form	 of	

𝑥(𝑡!)	and	𝑦(𝑡!),	𝑖 = 0, 1, 2,… ,𝑁.	𝑖	is	the	number	of	frames	in	the	video.	

3.4.2 Data	Analysis	

Trajectories	of	individual	cells	were	analyzed	in	Matlab	(Math-works).	If	not	noted	

otherwise,	 the	 center	 of	 the	 stripe	 was	 defined	 as	 origin	 of	 linear	 coordinate	

system,	 such	 that	 the	 coordinate	 y	 for	 the	 position	 might	 be	 either	 positive	 or	

negative,	and	the	cell	velocity	was	evaluated	 from	the	component	along	the	 long	

edges	of	the	stripe	(the	migrating	direction),	
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𝑣! = (φ!!!−𝜑!)/ ∆t,	 (3.2).	

Where	𝜑! 	indicates	the	cell	position	at	time	i	and	∆t	is	the	intervals.	The	statistical	

analysis,	curve	fitting	as	well	as	turn-around	time	were	processed	with	handwritten	

Matlab	code.	
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Chapter	4 Guiding	Micropatterns	to	
Study	Single-Cell	Migration	

Cells	 are	 highly	 sensitive	 to	 geometrical	 and	 mechanical	 constraints	 from	 their	

microenvironment.	Micro-patterning	techniques	can	provide	a	soft,	3-dimensional,	

complex	 and	 dynamic	 microenvironment	 for	 individual	 cells	 arrangements.	 By	

imposing	defined	boundary	conditions,	cells	can	precisely	adapt	 their	cytoskeleton	

architecture	 to	 the	 geometry	 of	 their	 microenvironment.	 Moreover	 surfaces	

presenting	 signal	 molecules	 can	 further	 impact	 cell	 adhesion,	 morphology,	 and	

migration.	Understanding	cell	motility	may	be	profoundly	important	for	the	study	of	

chemotaxis,	 embryogenesis,	 and	 cancer	metastasis.	 Section	 4.1	 shows	 that	 single	

MDCK	 cells	 on	 circle-shaped	 micro-patterns	 exhibit	 a	 spontaneous	 oscillatory	

motion	 behavior.	 	 In	 a	 second	 step,	 Section	 4.2	 demonstrates	 the	 effect	 of	

geometries,	such	as	circle,	ellipse	and	stripe,	on	the	spontaneous	oscillatory	motion.	

Section	 4.3	 describes	 the	 oscillatory	motion	 of	 different	 cell	 lines,	 such	 as	MDCK,	

Huh7,	and	MDA-MB-231	cells.	The	last	two	sections	summarize	the	cell	motions	and	

choose	 an	 appropriate	 cell	 line	 and	 micropattern	 to	 the	 highly	 reproducible	 and	

controllable	oscillation	behavior	serving	for	upcoming	study	in	Chapter	5.		
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4.1 The	 Emerging	 of	 Spontaneous	 Oscillations	 on	

Micropatterns	

Spontaneous	molecular	 oscillations	 are	ubiquitous	 in	 biology.	Oscillations	play	 an	

important	 role	 in	many	dynamic	 cellular	processes.	Understanding	 cell	 oscillatory	

motility	may	be	profoundly	important	for	the	study	of	chemotaxis,	embryogenesis,	

and	 cancer	 metastasis.	 Cells	 are	 highly	 sensitive	 to	 geometrical	 and	 mechanical	

constraints	 from	 their	 microenvironment.	 Moreover,	 surfaces	 presenting	 signal	

molecules	 can	 further	 impact	 cell	 adhesion,	 morphology,	 and	 migration.	 Herein,	

our	central	hypothesis	is	that	by	imposing	defined	boundary	conditions,	single	cells	

can	 precisely	 adapt	 their	 cytoskeleton	 architecture	 to	 the	 geometry	 of	 the	

micropatterns	and	generate	oscillatory	motion	inside	it.	

In	 order	 to	 study	 the	 single	 cell	 migration	 behavior	 in	 a	 well	 defined	 and	 a	

standardized	environment,	in	a	first	set	of	experiments,	MDCK	cells	are	seeded	on	

micro-structured	 fibronectin-coated	 circles	 surrounded	 by	 a	 PEGylated	 area.	

Consequently,	 cells	 that	 are	 on	 the	 specific	 structures	 always	 stay	 on	 the	

micropattern	 and	 do	 not	 get	 in	 contact	with	 other	 cells.	 The	main	 advantage	 of	

circles	is	that	they	are	isotropic.	We	find	that	some	cells	exhibit	an	oscillatory	mode	

of	migration.		

Single	cells	located	on	a	circle	were	used	for	studying	individual	cell	behavior	until	

they	divide.	To	avoid	that	multiple	cells	on	the	observed	structure	and	to	observe	

cells	over	several	days,	cells	have	to	be	seeded	at	rather	low	concentrations.	Figure	

4.1(a,b)	shows	a	typical	trajectory	of	a	MDCK	cell	migrating	over	a	period	of	3	days	

in	a	circle-shaped	micropattern.	The	diameter	of	one	circle	was	chosen	to	be	75	μm.	

On	these,	cells	exhibited	a	morphology	closely	resembling	that	cells	on	an	open	2D	

surface,	but	they	were	still	sufficiently	guided.	It	is	unclear	how	the	curvature	might	

influence	 the	migration	behavior,	which	will	 therefore	be	 studied.	 The	 cell	 nuclei	

were	 fluorescently	stained,	and	 thereby	 the	 trajectory	of	 the	geometric	center	of	

mass	of	the	nucleus	was	evaluated	in	ImageJ	[134].	It	 is	not	easy	to	recognize	the	



4.1	The	Emerging	of	Spontaneous	Oscillations	on	Micropatterns	

51	

distinct	 phases	 of	 the	 random	 motions	 and	 the	 oscillations	 from	 the	 two	

dimensional	trajectory.		In	order	to	discriminate	different	modalities,	an	automated	

tracking	 of	 the	 cell	 position	 along	 the	 x-axis	 over	 time	 is	 shown	 in	 Figure	 4.1(c).	

Distinct	phases	of	motion	and	morphology	are	discernible,	as	shown	in	Figure	4.1(c	

and	d).	Four	characteristic	cell	modes	of	migration	and	morphology	were	found:	(A)	

A	 random	walking	mode	 with	 a	 roundish	 cellular	 morphology.	 The	 cell	 starts	 to	

migrate	randomly	after	being	seeded	on	the	surface	resembling	a	cell	migrating	on	

an	open	2D	surface.	This	state	lasts	about	2500	min.	(B)	A	circling	mode	with	a	fish-

like	shape,	an	asymmetric,	polarized	morphology.	This	morphology	occurs	just	after	

the	 random	 mode	 and	 persists	 as	 shortly	 as	 ~300	 min.	 In	 this	 phase,	 the	 cell	

probing	the	boundary	of	the	micropattern.	(C)	An	oscillation	mode	with	a	polarized	

morphology	 with	 lamellipodia	 at	 the	 leading	 edge.	 The	 cell	 traverses	 the	micro-

pattern	 from	 one	 side	 directly	 to	 the	 opposite	 side.	 This	 kind	 of	 back	 and	 forth	

motion,	 which	 was	 called	 “oscillation”,	 persists	 ~1500	 min.	 	 (D)	 Gradual	

reorientation	with	a	random	walk	following	the	oscillation.		

In	fact,	multi-modality	in	cellular	migration	has	reported	before	[135-137],	however	

among	 those	migration	modalities,	 the	 spontaneous	oscillation	of	whole	 cell	was	

few	 reported.	 Oscillation	 is	 the	 simplest	 cell	 motion,	 which	 could	 be	 the	 ideal	

model	for	studying	cellular	behavior	[138].	
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Figure	4.1	Cell	migrations	in	a	circle-shaped	micropattern.		

(a)	Phase	contrast	images	of	a	single	MDCK	cell	migrating	in	a	circle-shaped	micro	pattern	
(radius=37.5	μm).	Yellow	lines	 indicate	the	trajectories	of	the	geometric	center	of	mass	of	
the	cell	nucleus,	which	was	imaged	every	10	minutes.	(b)	XY-trajectories	of	the	cell	nucleus.	
The	origin	 is	 the	 center	of	 the	 circle	micropattern.	 (c)	 The	position	of	 the	nucleus	against	
time.	 The	 trajectories	 predominantly	 fall	 into	 four	 classes	 A-B-C-D.	 (d)	 Cell	morphologies	
correspond	 to	 the	 four	 classes	 in	 (c):	 A.	 Random	 walking,	 B.	 Circling,	 C.	 Oscillations,	 D.	
Reorientation.	Yellow	arrows	indicate	the	direction	of	motion	of	the	cell.		
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In	 order	 to	 quantify	 the	 oscillations	 observed	 within	 the	 tracks	 and	 gain	 more	

detailed	 understanding	 on	 the	 oscillatory	 migration,	 it	 is	 useful	 to	 analyze	 the	

velocity	of	the	cell.		

𝑣!"# =  (𝑥!!! − 𝑥!)! + (𝑦!!! − 𝑦!)!/∆𝑡	 (4.1).	

Here,	𝑣!"#	denotes	 the	 instantaneous	 velocity,	which	 is	 the	 cell	 position	 from	one	

frame	to	the	next	within	a	specific	 interval	 time, ∆𝑡.	The	resulting	velocity	plot	of	

the	cell	depicted	in	Figure	4.1	is	shown	in	Figure	4.2(a).	Oscillations	are	evident	in-

between	the	red	dashed	lines.	The	velocity	during	the	oscillatory	state	is	very	high,	

reaching	3.0	–	4.0	μm/min.	Moreover,	there	are	at	least	three	periods	of	oscillations	

during	the	observation	time	of	72h.	For	the	random	walking	state,	the	velocity	of	

the	nucleus	exhibits	small	fluctuations	and	is	mostly	less	than	1.0	μm/min,	which	is	

much	slower	than	the	oscillatory	state.	Figure	4.2(b)	shows	a	snapshot	sequence	of	

the	typical	oscillation	morphology	of	cell	in	a	circle	micro-pattern	in	Figure	4.1.	Cells	

move	 periodically	 from	 one	 side	 to	 another	 and	 back.	 Along	 the	way	 it	 shows	 a	

clearly	polarized	phenotype	with	protrusions	or	a	clearly	visibly	leading	edge	and	a	

retracting	 end.	 As	 the	 cell	 hits	 one	 side	 of	 the	 micro-pattern,	 the	 cell	 body	 is	

compressed	until	a	newly	formed	lamellipodium	(indicated	by	a	red	arrow)	appears	

at	the	opposite	end	of	the	cell	body.		
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Figure	4.2	Oscillatory	migrations	of	a	MDCK	cell	on	a	circle-shaped	micropattern.	

	(a)	Velocity	of	the	single	MDCK	cell	in	a	circle-shaped	micro	pattern	(radius=37.5	μm).	The	
period	of	``oscillations``	are	indicated	by	the	two	red	dashed	lines.	(b)	Time-lapse	series	of	
phase	contrast	images	of	cell	oscillatory	morphologies	in	the	circle	(3140-3250	min,	∆𝑡	=	10	
min).	The	yellow	arrow	indicates	the	direction	of	motion	of	the	cell	nucleus.	The	red	arrow	
and	curve	indicate	the	direction	of	cell	membrane	protrusions.		

4.2 Effect	of	Global	Geometry	and	Aspect	Ratio		

In	a	first	set	of	experiments,	MDCK	cell	oscillation	was	achieved	on	circle	patterns	

with	a	radius	of	37.5	μm.		Does	the	dimension	of	the	patterns	affect	the	migration	

behavior?	Distinct	 radiuses	of	 circle	patterns	were	used	 to	detect	 the	occurrence	

frequency	 of	 oscillatory	 motion.	 As	 can	 be	 seen	 in	 Figure	 4.3,	 the	 oscillatory	

migration	was	seldom	observed,	occurring	on	 less	 than	5%	on	circle	patterns	and	

its	 frequency	 increases	with	 decreasing	 size	 of	 the	 circle	 patterns.	 However,	 the	

random	walking	an	occurrence	of	at	 least	78%	 is	 the	main	migration	behavior	on	

the	 circle	 pattern.	 The	 cells,	which	 circled	 around	 the	 inner	 edge	 of	 the	 pattern,	

account	 for	 less	 than	 15%	 of	 migration	 behavior	 on	 each	 kind	 of	 patterns.	 The	
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results	indicate,	nonetheless,	the	increased	adhesion	area	provided	by	larger	circle	

micro-pattern	reduces	the	occurrence	of	oscillatory	migration.		

	

Figure	4.3	The	dimension	of	a	micropattern	affects	the	migrating	morphology.	

Occurrence	 of	 distinct	 migratory	 morphologies	 as	 a	 function	 of	 the	 radius	 of	 circular	
micropatterns:	 random	 migration	 (blue),	 circle	 migration	 (red),	 oscillatory	 migration	
(green).	 Single	MDCK	 cells	 in	 circle-shaped	micropatterns	with	 distinct	 radius,	 R=	 26	 μm,	
37.5	μm,	46	μm	were	analyzed.		~100	cells	were	observed	in	each	kind	of	micro-pattern.	

Even	 though	 single	 MDCK	 cells	 on	 the	 circle	 micro-patterns	 performed	 random	

walking	a	lot,	there	are	still	some	cells	circling	around	the	edge	or	oscillating	along	

one	direction	of	the	diameter.	It	means	that	the	shape	of	the	micro-pattern	has	an	

effect	on	 the	direction	of	 cellular	migration.	 To	apply	 a	 shape	disturbance	 to	 the	

cell	 migration,	 ellipse	 shaped	 micropatterns	 were	 introduced.	 In	 doing	 so,	 we	

tested	if	the	direction	of	oscillatory	migration	could	be	controlled.	 In	Figure	4.4,	a	

phase	contrast	image	of	a	MDCK	cell	confined	to	an	ellipse-shaped	micropattern	is	

shown.	 As	 we	 anticipate,	 the	 cell	 firstly	 fluctuates	 and	 then	 performs	 oscillatory	

migration	along	the	direction	of	the	 long	axis	of	the	ellipse	pattern,	which	can	be	

seen	 from	 the	 trajectories	 in	 Figure	 4.4(b).	 There	 are	 at	 least	 two	 phases	 of	

oscillations	during	the	observation	time	of	24h.	The	persistence	time	of	oscillations	

is	about	9	hours	and	7	hours,	respectively.	The	velocity	along	the	long	axis	averaged	
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over	the	intervals	is	shown	in	Figure	4.4(c),	the	velocity	of	the	oscillations	is	around	

2.0-4.0	μm/min,	and	can	be	as	high	as	5.0	μm/min.	This	value	is	considerably	larger	

than	the	velocity	of	a	randomly	walking	cell,	which	is	usually	about	0.5-1.0	μm/min.	

To	further	confirm	whether	the	system	behaves	in	an	oscillatory	manner,	a	spectral	

analysis	 (fast	 Fourier	 transform	 (FFT))	 of	 the	 velocity	was	 performed.	 	 The	 result	

shows	two	peaks	at	 the	period	of	1.04	h	and	1.26	h	respectively,	 this	matches	to	

the	two	phases	of	cell	oscillations.	Hence,	oscillatory	migration	can	be	induced	on	

micro	patterns	by	geometrical	constrains.	

For	circle-shaped	and	ellipse-shaped	micro-patterns,	about	~100	MDCK	cells	were	

observed	 in	 each	 experiment.	 Taken	 together,	 MDCK	 cells	 exhibit	 obvious	

oscillation	behavior,	however,	they	have	also	drawbacks	that	have	to	be	taken	into	

account.	One	point	is	that	MDCK	cells	divide	quickly,	about	12h	after	seeding.	This	

results	 in	 short	 observation	 time.	Also,	many	MDCK	 cells	 have	 two	nuclei.	MDCK	

cells	sometimes	break	out	of	the	observed	micropattern.	 It	 is	therefore	necessary	

to	 find	an	appropriate	 cell	 line	 for	upcoming	experiments.	 This	 leads	naturally	 to	

another	 question:	 does	 the	 oscillatory	 behavior	 depend	 on	 the	 cell	 type?
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Figure	4.4	Oscillatory	migration	of	a	single	MDCK	cell	on	an	ellipse-shaped	micro-pattern.	

	(a)	 A	 phase	 contrast	 image	 of	 a	 single	MDCK	 cell	migrating	 in	 an	 ellipse-shaped	micro-
pattern	(long	axis=100	μm,	short	axis=80	μm).	(b)	Trajectory	of	the	geometric	center	mass	
of	the	cell	nucleus	along	the	long	axis	X-axis	over	24h.	The	origin	is	the	center	of	the	ellipse	
micro-pattern.	 Between	 the	 red	 dashed	 lines	 oscillation	 phases	 are	 visible.	 (c)	 A	 velocity-
time	plot	of	the	track	of	the	cell	nucleus.	(d)	The	periods	of	the	oscillations	were	calculated	
by	FFT.	

4.3 Distinct	Cell	Lines	on	Circle	and	Ellipse	

To	find	out	whether	other	cell	 lines	also	show	a	spontaneous	oscillatory	behavior	

on	the	micropatterns.	Huh7	cells	and	MDA-MB-231	cells	were	tested.	The	Huh7	cell	
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line	exhibits	a	 substantially	 lower	probability	of	 spontaneous	oscillatory	behavior,	

typical	 examples	 of	 behaviors	 are	 shown	 in	 Figure	 4.5.	 In	 order	 to	 explore	 the	

migratory	behavior	of	Huh7	cells,	ellipse-shaped	micro-patterns	with	distinct	aspect	

ratios	(a/b)	were	introduced	to	the	setup.	Two	possible	outcomes	were	observed:	

either	 the	Huh	7	cells	 randomly	walked	on	 the	ellipse,	or	 the	cells	 circled	around	

the	edge	of	the	ellipse	from	time	to	time.	Only	a	few	oscillatory	behaviors	can	be	

found	 in	 the	 setup	with	aspect	 ratio	of	160/80	 (μm/μm).	Additionally,	Huh7	cells	

have	 a	 considerably	 lower	 run	 velocity.	 Hence,	 a	 longer	 observation	 time	 in	 the	

experiments	is	needed.	

	

Figure	4.5	Typical	behaviors	of	Huh7	cells	in	ellipse-shaped	micropatterns.		

Phase	contrast	 images	of	single	Huh7	cells	migrating	in	ellipse-shaped	micropatterns	with	
different	aspect	ratio	(long	axis/short	axis=a/b,	μm/μm).		

In	contrast,	the	MDA-MB-231	cell	line	exhibits	a	substantially	higher	probability	of	

spontaneous	oscillating	as	well	as	circling.	As	shown	in	Figure	4.6,	three	migration	

states	 of	 MDA-MB-231	 cells	 can	 be	 found:	 	 the	 random	 walking,	 the	 orbiting	

around	 the	 inner	 edge	 and	 the	 oscillating	 state.	 Typical	 trajectories	 of	 the	 cell	

nucleus’	positions	further	display	the	three	characteristic	migration	modes	on	the	

circle	 shaped	 micropattern	 (circle	 radius	 R=	 50	 μm).	 The	 highlights	 indicated	 a	

sequence	of	 the	oscillating	morphology.	As	 can	be	 seen,	 the	 single	MDA-MB-231	
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cell	traverses	the	pattern	from	one	edge	directly	to	the	opposite	edge	and	is	then	

reflected	back	with	an	asymmetric	polarized	morphology.	A	series	of	micropatterns	

with	 different	 dimensions	were	 introduced	 into	 the	 setup	 to	 statistically	 analyze	

the	 occurrence	 of	 the	 distinct	 migration	 states.	 As	 shown	 in	 Figure	 4.6(g),	

compared	to	the	circle	shaped	micro-pattern	with	R=	50	μm,	a	smaller	circle	shaped	

micro-pattern	(R=	25	μm)	leads	to	less	oscillating	and	circling	but	to	more	random	

walk.	It	reveals	that	it	is	necessary	to	provide	enough	area	for	oscillating	or	circling.	

Moreover,	 by	 using	 ellipse	 shaped	micropatterns,	we	 found	 that	 a	 higher	 aspect	

ratio	 results	 in	 more	 oscillatory	 motion.	 	 This	 result	 indicates	 that	 one	 might	

achieve	a	higher	frequency	of	oscillatory	behavior	by	narrowing	down	the	shape	of	

the	 micropattern.	 Polarization	 by	 contact	 guidance	 will	 increase	 oscillatory	

migration.	

In	addition,	to	compare	the	morphology	of	MDA-MB-231	cells	on	an	ellipse	shaped	

micro-pattern,	 a	 typical	 phase-contrast	 image	 of	 each	 of	 the	 three	 characteristic	

states	 is	shown	 in	Figure	4.7.	 It	 further	clarifies	that	when	the	cell	 is	at	a	state	of	

random	walking	on	the	ellipse,	 it	has	a	quasi-roundish	morphology	with	scattered	

lamellipodia	 in	many	directions.	As	the	cell	 is	at	a	state	of	circling	or	oscillating,	 it	

has	a	polarized	morphology	with	a	lamellipodium	limited	to	the	cell	front	and	the	

nucleus	is	located	at	the	rear.	



4.	Guiding	Micropatterns	to	Study	Single-Cell	Migration	

60	

	

Figure	4.6	Three	migration	states	of	single	MDA-MB-231cells	on	circle	and	ellipse	shaped	
micro-patterns.	

Phase	 contrast	 images	 of	 single	MDA-MB-231	 cells	 on	 circle-shaped	micropattens,	 radius	
R=50	μm,	(a)	Random	walking	(b)	Circling	(c)	Oscillatory	motion.	The	nucleus	is	labeled	with	
Hoechst	3334	 stain	and	 is	 shown	 in	blue.	 (d-f)	 Trajectories	of	 the	 cell	 nucleus	 tracked	 for	
18h	with	images	taken	every	10	minutes,	corresponding	to	the	three	migration	states	from	
(a-c).	 (g)	 The	 frequency	 of	 occurrence	 of	 the	 different	 migration	 modes	 in	 four	
micropatterns	of	different	dimensions.	(h)	A	sequence	of	images	showing	an	oscillating	cell	
in	the	circle	micro	patterns.	

	

Figure	4.7	Three	migratory	morphologies	of	single	MDA-MB-231cells	on	ellipse	shaped		
micro-patterns.
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(a)	Random	walking,	(b)	Circling	around	the	edge,	(c)	Oscillation.	The	ratio	of	the	long	axis	
and	short	axis	of	the	ellipse	is	a/b=100	μm	/40	μm.	

Taken	 together,	 the	MDA-MB-231	 cell	 line	 is	 the	most	 suitable	 for	 the	 following	

experiments.	The	MDA-MB-231	cell	line	was	chosen	for	five	reasons:	Firstly,	MDA-

MB-231	cells	are	more	likely	to	perform	oscillations	than	MDCK	cells	and	Huh7	cells.	

Secondly,	 MDA-MB-231	 cells	 have	 a	 longer	 lifetime	 than	 MDCK,	 most	 of	 them	

divide	 after	 36	 hours.	 Thirdly,	 only	 a	 few	 MDA-MB-231	 cells	 have	 two	 nuclei.	

Fourthly,	MDA-MB-231	cells	are	better	confined	on	the	micro-pattern	than	MDCK	

cells.	They	almost	never	leave	the	field	of	view.	Moreover,	MDA-MB-231	cells	run	

faster	 than	 Huh7	 cells	 on	 the	micro-patterns.	 Thus,	MDA-MB-231	 cells	 exhibit	 a	

high	amount	of	oscillatory	events	in	a	shorter	observation	time.	

4.4 MDA-MB-231	Cells	on	Stripe-shaped	Micropatterns	

According	to	the	above	findings	that	the	probability	for	cells	to	be	in	an	oscillatory	

state	 is	 increased	 by	 narrowing	 the	 confining	 geometry	 of	 the	micropattern,	 we	

hypothesize	that	polarization	by	contact	guidance	will	increase	directed	oscillatory	

migration.	 To	 test	 this	 hypothesis,	we	 introduce	 stripe-micro	 patterns	with	 circle	

shaped	tips	to	the	setup.		The	appropriate	geometry	for	an	assay	for	an	oscillation	

study	has	to	be	 identified	 first.	To	this	end,	as	shown	 in	Figure	4.8,	stripe-shaped	

micropatterns	 that	have	different	 lengths	 from	30	µm	 to	120	µm	were	designed.	

The	second	important	parameter	to	choose	is	the	width	of	the	stripe.	To	this	end,	a	

series	of	micropatterns	with	distinct	widths	 from	5	µm	 to	50	µm	were	 tested.	 In	

order	to	avoid	cell-cell	interaction,	the	gap	between	each	stripe	is	60	µm. 
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Figure	4.8	Stripe-shaped	micro-patterns	with	different	sizes.		

(a-f)	The	width	of	the	structures	is	50,	40,	30,	20,	10,	5	µm	respectively.	The	length	L=30,	40,	
50,	60,	70,	80,	90,	100,	110,	120	µm.	

As	 shown	 in	Figure	4.9,	 for	a	width	of	 the	 stripes	 less	 than	10	µm,	MDA-MB-231	

cells	migrating	on	the	stripes	are	 likely	to	run	out	of	the	confining	patterns.	For	a	

width	of	 the	stripes	of	more	than	30	µm,	cells	have	a	certain	probability	 to	circle	

around	the	inner	edge	of	the	pattern	or	randomly	walk	on	the	pattern.	Moreover,	

for	a	width	of	 the	stripes	of	more	 than	40	µm,	 it	 is	 likely	 to	have	more	 than	 two	

cells	on	one	stripe.	Hence,	the	width	of	the	stripe	was	chosen	to	be	20	µm,	which	is	

about	 as	 wide	 as	 a	 MDA-MB-231	 cell.	 In	 this	 case,	 MDA-MB-231	 cells	 exhibit	 a	

morphology	closely	resembling	that	during	one-dimensional	movement	regardless	

of	 the	 stripe	 length	 (Figure	 4.9c).	 In	 particular,	 previous	 studies	 showed	 a	

dependence	of	migration	velocity	and	cell	shape	on	the	width	of	the	micro-pattern	

[106].	
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Figure	4.9	Morphology	of	MDA-MB-231	cells on	stripe-shaped	micropatterns.  

An	appropriate	width	of	the	stripe	for	an	assay	for	oscillation	study was	found.	a)	Cells	on	
stripes	with	a	width	of	40	µm.	b)	cells	on	stripes	with	a	width	of	5	µm.	c)	Cells	on	stripes	
with	a	width	of	20	µm,	and	the	length	of	the	stripe	was	50,	70,	100,	120	µm	respectively.	

To	 increase	 the	 amount	 of	 oscillation	 events,	 another	 important	 parameter	 to	

choose	 is	 the	 length	 of	 the	 stripe.	 For	 the	 width	 =	 20	 µm,	 distinct	 cellular	

movement	 states	 were	 found	 on	 the	 stripes	 with	 different	 length.	 As	 shown	 in	

Figure	 4.10,	 the	 tracks	 of	 the	 cell	 position	 and	 the	 velocities	 indicate	 that	 when	

single	MDA-MB-231	cell	migrate	on	the	shorter	stripes	(L=30	µm	and	L=50	µm),	the	

velocity	of	cells	and	the	center	of	mass	of	the	nucleus	fluctuate	slightly.	There	is	no	

oscillation	behavior,	because	there	is	not	enough	space	for	the	cell	to	move	on	the	

shorter	 stripes.	 When	 a	 single	 cell	 migrates	 on	 the	 longer	 stripe	 (L=100	 µm),	 it	

fluctuates	slightly	in	the	center	of	the	stripe	and	then	migrates	back	and	forth	after	
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10	hours	with	a	 fast	 velocity,	which	could	be	up	 to	3.0	µm/min,	and	 this	are	 the	

phases	of	the	oscillations.			

As	 the	 cell	 behavior	 clearly	 changes	with	 the	 length	of	 the	 stripe,	more	 constant	

conditions	 for	 single-cell	 oscillations	 have	 to	 be	 considered.	Whether	 single	 cells	

oscillates	on	the	stripes	with	the	 length	between	50	µm	and	100	µm	needs	to	be	

clarified.	As	shown	in	Figure	4.11,	the	cell	position	and	the	velocity	of	cell	on	stripes	

with	 length	 of	 50,	 60,	 80,	 100	 and	 200	 µm	 are	 compared.	 When	 a	 single	 cell	

migrates	on	a	stripe	less	than	100	µm,	e.g.	L=60,	80	µm,	it	fluctuates	most	of	time,	

the	 tendency	 to	 oscillate	 does	 not	 increase.	 In	 contrast,	 as	 the	 stripe	 length	

increases,	e.g.	L=100,	200	µm,	oscillations	became	pronounced.	Here,	for	L=200	µm,	

the	maximum	of	the	velocity	is	4.2	µm/min.	

	

Figure	4.10	Initial	observations	of	single	MDA-MB-231	cells	on	short	and	longer	stripe-	
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shaped	micro-patterns		

a)	 Trajectories	 of	 the	 geometric	 center	 of	 mass	 of	 the	 cell	 nucleus	 on	 the	 stripe	 shaped	
micro-pattern.	The	origin	is	the	center	of	the	stripe-shaped	micro-pattern.	b)	A	velocity-time	
plot	of	 the	 track	of	 the	cell	nucleus.	The	 length	of	 the	stripe	was	30	µm,	50	µm,	100	µm,	
respectively.	All	stripes	had	a	width	of	20	µm.	

	

Figure	 4.11	 Analysis	 of	 single MDA-MB-231	 cells on	 stripe-shaped	micro-patterns	with	
distinct	length		

a)	 Trajectories	 of	 the	 geometric	 center	 of	 mass	 of	 the	 cell	 nucleus	 on	 the	 stripe	 shaped	
micro-pattern.	The	origin	is	the	center	of	the	stripe-shaped	micro-pattern.	b)	A	velocity-time	
plot	of	the	track	of	the	cell	nucleus.	The	length	of	the	stripe	was	50	µm,	60	µm,	80	µm,	100	
µm,	200	µm,	respectively.	All	stripes	had	a	width	of	20	µm.	

Taken	 together,	 the	 results	 of	 this	 section	 show	 that	 the	 arrays	 of	 stripe-shaped	

micro-patterns	 are	 a	 suitable	 platform	 to	 study	 cell	 oscillatory	 behavior.	 These	

findings	 indicate	that	 it	 is	possible	 to	observe	many	oscillatory	motions	on	 longer	
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stripes	(such	as,	L>=100	µm)	with	a	width	of	20	µm.	For	spontaneous	oscillations,	

the	 increasing	velocity	might	be	due	to	the	fact	that,	after	some	time,	cells	move	

over	a	surface	where	they	already	have	been	before.	More	importantly,	the	results	

show	 that	 there	 would	 be	 a	 threshold	 of	 size	 of	 micropattens	 that	 generates	

oscillations;	 otherwise,	 a	 random	migration	 is	 the	main	mode.	 On	 small	 sizes,	 a	

polarized	 state	 of	 cell	 is	 not	 supported,	 but	 as	 the	 cell	 spreads	 on	 larger	

micropattern,	 the	polarized	state	and	homogeneous	state	could	reach	a	balanced	

bistability.	For	a	cell	of	fixed	size,	the	threshold	decreases	with	the	 increasing	cell	

area.	 Spontaneous	 oscillation	 is	 such	 kind	 of	 state	 that	 repeats	 polarization-	

repolarization	reaction	to	respond	external	perturbation.	For	a	cell	in	a	1D	system,	

periodic	 oscillations	 can	 happen	 if	 an	 external	 perturbation	 is	 beyond	 a	 certain	

threshold,	which	was	earlier	by	B.	Camley	et	al	[139].	

4.5 Actin	Morphologies	in	An	Oscillating	Cell		

Eukaryotic	 cells	 can	 utilize	 different	 arrangements	 of	 actin	 filaments	 to	 perform	

distinct	processes.	 In	order	 to	 investigate	 the	actin	morphologies	 in	an	oscillatory	

cell	we	used	LifeAct-transfected	MDA-MB-231	cells.	The	actin	binding	peptide-GFP	

fusion	construct,	Lifeact,	is	known	to	not	interfere	with	actin	dynamics	[140,	141].	

As	 preliminary	 results,	 distinct	 actin	 morphologies	 are	 found	 in	 cells	 during	

oscillation	or	migration,	such	as	finger-like	protrusions,	sheet-like	protrusions,	long	

tails,	microvilli	or	filopodia,	which	are	shown	in	Figure	4.12.	There	are	usually	three	

types	 of	 actin	 structures:	 parallel	 bundles,	 antiparallel	 bundles	 and	 dendritic	

networks.	The	processes	performed	by	 the	different	actin	 filament	structures	can	

generally	be	divided	 into	 two	 categories:	 Protrusions	 leading	 to	 the	expansion	of	

the	cell	membrane,	or	contractions	leading	to	shrinkage.	In	particular,	the	long	tails	

might	be	 the	cell	 fragments,	which	have	no	nucleus	and	no	microtubules	but	are	

still	 able	 to	 move[142].	 The	 tails	 might	 be	 the	 simplest	 model	 system	 for	 actin	

driven	locomotion[143].	Moreover,	actin	might	have	a	distinct	conformation	in	the	

oscillatory	cell	as	it	moves	on	different	micropatterns.	In	the	next	chapter,	further	

work	is	dedicated	to	the	study	of	actin	dynamics.	
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Figure	 4.12	 Distinct	 actin	 morphologies	 of	 a	 LifeAct-GFP	 labeled	 MDA-MB-231	 cell	
oscillating	on	a	microlane.		

(a)	Contractions	leading	to	shrinkage	(b)	Finger-like	protrusions	leading	to	the	expansion	of	
the	cell	membrane	(c)	Moving	tails	behind	the	cell	body	(d)	microvilli	and	filopodia.	Stripe	
length	 L=100	 μm,	width	W=20	 μm.	 The	 red	 arrow	 indicates	 the	 direction	 of	 the	motion.
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Chapter	5 Quasi-Oscillations	 and	 Actin	
Dynamics	of	Single	Cell	on	Microlanes	

Cell	 migration	 on	 microlanes	 represents	 a	 suitable	 and	 simple	 platform	 for	 the	

exploration	of	the	molecular	mechanisms	underlying	cell	cytoskeleton	dynamics.	In	

this	Chapter,	the	quasi-oscillatory	movements	of	single	MDA-MB-231	cells	confined	

in	stripe-shaped	microlanes.	We	observed	cell	behavior	in	form	of	alternating	states	

of	directional	polarized	migration	 in	 the	middle	of	 the	microlane	and	depolarized-

repolarized	reorientation	at	the	pole.	The	spatial	velocity	distribution	and	frequency	

spectrum	are	analyzed,	that	provide	a	set	of	parameters	that	succinctly	describe	cell	

quasi-oscillation.	 By	 introducing	 distinct	 geometric	 ends	 into	 the	 microlanes	 and	

using	LifeAct-GFP	transfected	MDA-MB-231	cells,	we	found	that	 local	deformation	

of	the	leading	edge	has	almost	no	effect	on	the	reversal	time	(repolarization	time)	

but	has	an	effect	on	the	actin	arrangements.	Applying	a	computational	Potts	model	

that	 includes	 a	 minimal	 dynamical	 cytoskeleton	 model	 allows	 probe	 distinct	

scenarios	of	repolarization	and	actin	dynamics	at	the	end	of	microlanes.	
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5.1 Typical	Quasi-oscillatory	Motion	of	Single	Cells	on	

Microlanes	

In	 the	 first	 set	 of	 experiments,	 we	 investigated	 whether	 cells	 captured	 on	

microlanes	 exhibit	 oscillatory	 migration	 (Chapter	 4).	 One	 typical	 oscillating	

migration	of	single	cell	on	stripe-shaped	microlane	was	shown	in	Figure	5.1.	Breast	

cancer	cells	 (MDA-MB-231),	which	were	chosen	as	 the	 representative	cell	 type	 in	

the	 following	 study,	 were	 seeded	 on	 arrays	 of	 20µm	 wide	 and	 100µm	 long,	

fibronectin	coated	micro-lanes	surrounded	by	PEGylated,	cell	repellent	surface.	The	

fabrication	 of	 the	 micro-pattern	 follows	 previous	 protocols	 and	 is	 described	 in	

detail	 in	 the	 methods	 section.	 Cells	 adhere,	 spread	 and	 remain	 confined	 in	 the	

microstructures	during	the	entire	period	of	the	experiment.		Movies	were	taken	in	

time-lapse	mode	recording	 images	every	10	minutes	over	36	h.	 	During	this	time,	

cells	 migrate	 in	 a	 guided	 manner	 and	 always	 align	 their	 front-rear	 polarity	 axis	

along	 the	 main	 axis	 of	 the	 microlanes.	 We	 observe	 repeated	 cycles	 of	 directed	

motion,	 termination	 of	 the	 motion	 at	 the	 ends,	 and	 cell	 repolarization	 in	 the	

opposite	 direction.	 The	 recurring	 sequence	 of	 events	 leads	 to	 quasi-periodic	

migration	 as	 shown	 in	 the	 time	 sequences	 in	 Figure	 5.1a.	 Cells	 exhibit	 a	 typical	

migratory	morphology	with	an	actin-rich	lamellipodium	at	the	leading	edge,	seen	as	

dark	rim	in	phase	contrast,	and	a	retracting	tail	at	the	rear.	As	cells	reach	the	end	of	

the	 micro-lanes,	 they	 take	 a	 shortened,	 almost	 round	 appearance	 with	 no	

lamellipodium	until	a	newly	formed	lamellipodium	appears	at	the	opposite	end	of	

the	 cell	 body.	 These	 migratory	 and	 resting	 phenotypes	 coincide	 with	 distinct	

regimes	 of	 the	 center	 of	mass	motion	 of	 the	 cell	 nucleus.	 Figure	 5.1b	 shows	 an	

exemplary	 trajectory	 of	 a	 cell	 nucleus	 over	 36	 hours.	 The	 cell	 shows	 phases	 of	

directed	motion	followed	by	pausing	and	repolarization,	hence	resulting	in	a	quasi-

periodic	movement.	The	migration	pattern	 is	quasi-periodic	 in	 the	 sense	 that	 the	

timing	of	reorientation	is	stochastic	and	hence	leaves	to	variability	in	the	period	of	

the	back-and-forth	motion.	 Figure	5.1c	and	d	 show	exemplarily	 for	 the	particular	

sequence	 the	 time	 dependence	 of	 the	 cell	 body	 length.	 Two	 states	 of	 cell	 body	

could	 be	 discriminated,	 a	 compressed	 state	 and	 a	 prolong	 state.	 When	 a	 cell’s	
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position	 in	 the	end	of	microlane,	 the	 feature	of	 this	behavior	becomes	evident	 in	

the	formation	of	rest	phase	which	exhibits	a	slower	or	zero	velocity.	When	the	cell	

leaves	the	end	of	micro-lane,	the	feature	of	its	morphology	becomes	evident	in	the	

formation	 of	 polarized	 phase	which	 exhibits	 a	 faster	 until	 highest	 velocity	 in	 the	

center	 position	 of	 the	 micro-lane.	 The	 advantage	 of	 stripe-shaped	 microlanes	 is	

that	 the	 conversion	 of	 polarization-depolarization	 of	 single	 cells	 could	 occur	

repeatedly	 in	 the	same	view	field.	Hence	hundreds	of	 repolarization	progress	can	

be	analyzed	in	parallel.	

	

Figure	5.1	Typical	oscillatory	migration	on	a	stripe-shaped	microlane			

(a)	 Time	 sequence	 of	 a	 cell	 (MDA-MB-231)	 migrating	 on	 a	 stripe-shaped	 micropattern	
(Stripe	 length	L	=	100	µm,	width	W	=	20	µm,	10	min	 time	 intervals).	 Images	are	 taken	 in	
phase	contrast	and	with	fluorescence	microscopy.	The	nucleus	is	labeled	with	Hoechst	3334	
as	indicated	in	blue.	(b)	Trajectory	of	cell	nucleus	tracked	over	the	course	of	36	h	showing	
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quasi-periodic	alternations	between	directed	migration	and	repolarization.	 	 (c)	Velocity	of	
cell	is	in	directional	state	(vertical	direction).	(d)	Transformation	of	cell	length.	

5.2 Effective	 Periodicity	 and	 Its	 Dependence	 on	 Lane	

Length			

Next,	we	study	how	cells	reverse	direction	at	the	ends	of	the	microlanes.	In	order	

to	better	distinguish	phases	of	directed	migration	from	the	phases	of	reorientation	

we	fabricated	micro-lanes	with	different	lengths	(Figure	5.2).		

	

Figure	5.2	Microlanes	with	different	lengths.		

(a-e)	Fluorescence	 image	of	 the	pattern	consisting	of	 labeled	 fibronectin	 (bright)	and	PLL-
PEG	(dark).	Length,	L=50,	100,	150,	200,	250	µm	respectively.	All	the	width	of	the	structures	
are	20	µm.	

Sufficient	 statistics	 of	 many	 hundreds	 of	 cells	 in	 parallel	 was	 sampled	 using	

automated	 tracking	 of	 the	 fluorescently	 labeled	 nuclei.	 The	 automated	 image	

analysis	 yields	 cell	 trajectories  𝑥(𝑡) 	as	 described	 in	 the	 method	 section.	 The	

instantaneous	 velocities	 are	 determined	 as,	v(𝑡) = [𝑥 𝑡 + Δ𝑡 − 𝑥 𝑡 ] Δ𝑡,	where	

Δ𝑡 = 𝑡!!! − 𝑡!,	denotes	the	10min	 intervals	of	 two	subsequent	 frames.	Figure	5.3	

shows	 exemplary	 single	 cell	 trajectories,	 together	with	 the	 spatial	 distribution	 of	
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cell	 positions	 and	 velocities	 (we	have	 sampled	 an	 ensemble	 of	 over	 100	 cells	 for	

each	 microlane	 length).	 These	 distributions	 are	 determined	 by	 binning	 the	 cell	

positions	into	5	µm	wells	along	a	stripe,	and	then	computing	the	fraction,	p x ,	and	

the	mean	absolute	velocity,	⟨|v|⟩(x),	of	cells	found	in	each	bin.	It	appears	that	cells	

in	the	shortest	microlane	(L=50	µm)	don’t	exhibit	periodic	motion	and	remain	in	a	

symmetric	morphology	with	 two	 lamellipodium	extending	 to	 the	 ends.	 Evidently,	

there	is	not	enough	space	for	directional	migration	on	short	microlanes.	In	contrast,	

quasi-periodic	migration	is	observed	in	longer	microlanes	(L=100	to	250µm).	Figure	

5.3	 shows	 that	 the	 detection	 frequency	 of	 cell	 nuclei	 decreases	 towards	 the	

micropattern	tips	and	becomes	flat	 in	the	middle	of	the	microlanes.	Similarly,	the	

mean	 absolute	 velocity	 distributions	 decline	 towards	 the	 micropattern	 tips	 and	

show	a	distinct	plateau	behaviorat	the	case	of	longer	stripes.	In	the	center	of	longer	

microlanes,	 we	 find	 that	 the	 cells	 migrate	 with	 a	 mean	 absolute	 velocity	 of	

approximately	0.4	-	0.6	µm/min.	Note	that	for	L=150µm	the	probability	density	of	

the	nucleus	position	as	well	as	the	spatial	distribution	of	the	mean	absolute	velocity	

has	two	obvious	peaks,	which	also	can	been	faintly	seen	in	the	L=200	µm	and	L=250	

µm	 lanes.	 The	 peaks	 indicate	 that	 the	 cells	 start	 to	 spend	 more	 time	 in	 the	

microlane	ends	due	 to	 the	repolarization.	 In	 the	same	duration,	compared	to	 the	

length	 100,	 200	 and	 250,	 more	 pronounced	 quasi-oscillatory	 events	 could	 be	

observed	at	 length	150µm,	a	fact	that	we	will	use	 length	150	µm	in	the	following	

experiments.	

In	 order	 to	 differentiate	 the	 center	 of	 the	 microlanes,	 where	 cell	 speeds	 are	

distributed	 uniformly	 (plateau),	 from	 the	 micropattern	 tips,	 where	 cell	

repolarization	 takes	 place,	 we	 look	 more	 closely	 at	 the	 mean	 absolute	 velocity	

distribution.	 We	 approximate	 the	 spatial	 velocity	 distribution	 by	 a	 trapezoidal	

profile,	where	two	velocity	ramps	at	the	micro-lane	tips	are	connected	by	a	plateau	

in	 the	micro-lane	 center.	We	 determine	 the	 transition	 points	 between	 the	 ramp	

(repolarization)	and	plateau	(run)	regions	(see	black	dash	lines	in	Figure	5.3).			
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Figure	5.3	Migration	pattern	as	a	function	of	lane	length.		

From	 left	 to	 right:	 (a)	 Time	 courses	of	 cell	 nucleus	position	of	 cells	within	microlanes.	 (b)	
Spatial	distributions	of	nuclei.	 (c)	 Spatial	distributions	of	mean	absolute	cell	 velocity. Blue	
lines	are	SE	for	the	binned	data.	(d)	Schematic	drawing	of	the	microlanes	with	length	L	=	50,	
100,	150,	200,	250	µm	and	width	W	=	20	µm.	Dashed	lines	indicate	the	transition	between	
microlane	 tips	 and	 microlane	 center.	 These	 results	 were	 obtained	 by	 binning	 the	 cell	
positions	 (5µm	 bin	width).	 For	 each	micro-pattern	 stripe	 length,	we	 tracked	 roughly	 100	
cells.	The	positions	of	the	cell	nuclei	were	tracked	over	a	time	course	of	36h,	with	 images	
taken	every	10	minutes.	
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Table	5.1	Number	of	analyzed	cells	for	different	lengths	of	microlane	with	round	tips		

Length	(µm)	 L=50	 L=100	 L=150	 L=200	 L=250	

Ncell	 95	 114	 100	 80	 103	

5.3 Definition	of	Reversal	Area	

To	study	the	cell	repolarization	at	the	edges	separately	from	the	free	cell	migration	

in	 the	middle	of	 the	micro-pattern,	we	 identify	 the	transition	points	between	the	

ramp	(repolarization)	and	plateau	(run)	regions.	A	reversal	area	A!	at	the	tips	of	the	

microlane	was	defined.	

We	 observed	 that	 the	 distance	 of	 the	 nucleus	 to	 the	 tip	 of	 the	 stripe	 during	

repolarization	varies	quite	a	 lot	for	different	cells.	Thus,	 it	 is	not	trivial	to	find	the	

value	of	reversal	boundary.	On	the	one	hand,	it	has	to	be	large	enough	that	for	all	

cells	the	center	of	the	nucleus	is	inside	the	reversal	area	when	touching	the	tip	of	

the	 stipe.	 On	 the	 other	 hand,	 it	 has	 to	 be	 as	 small	 as	 possible	 to	 get	 a	 good	

separation	between	running	and	repolarization	of	cells.	

To	find	an	appropriate	reversal	area	A0	and	the	boundary	ξ0	for	the	microlane	with	

round	tips,	we	looked	at	the	mean	velocity	along	the	stripe	positional	axis	(Figure	

5.3),	which	shows	a	plateau	in	the	center	and	decreasing	velocity	towards	the	ends,	

a	 schematic	 example	 was	 depicted	 in	 Figure	 5.4.	 In	 the	 area	 where	 the	 velocity	

decreases,	the	cells	presumablyinteract	with	the	end,	thus	we	use	this	to	define	the	

reversal	 area.	 To	 make	 the	 transition	 easier	 to	 detect,	 we	 calculate	 the	 mean	

velocity	by	binning	the	cell	position	 into	5	µm	wells	along	the	 lane.	 	 .	Considering	

cells	do	not	polarize	and	thus	there	is	no	clear	repolarization	in	the	short	microlane,	

here	 we	 apply	 the	 analysis	 to	 the	 four	 longer	 microlanes.	 We	 use	 the	

“findchangepts”	function	in	Matlab,	which	uses	a	maximum	likelihood	approach	to	

find	 the	 most	 probable	 change	 point	 (CP)	 between	 two	 linear	 regimes.	 The	

resulting	value	is	ξ!=	55	µm	for	the	round	geometry,	leading	to	a	reversal	area	A!	=	
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1057	µm²	for	all	geometries. Here,	the	calculation	procedure	was	briefly	described	

as	follow:	

𝜐!"#$:	The	mean	velocity	of	a	cell	migrating	in	a	bin-range	(each	bin	step	=	5	𝜇𝑚)	

along	the	lane,	𝜐!"#$ = | 𝜐! !"#$ !| .	Where	𝜐! 	indicates	the	cell	velocity	at	time	i,	

𝑣! = (x!!!− x!)/ ∆t,	𝑥! 	indicates	the	cell	position	at	time	i.	The	error	range	given	is	

the	standard	error	of	the	mean.	(Figure	5.5)	

A	symmetry	cumulative	sum	by	the	center	of	the	stripe	was	used	to	mirroring	the	

𝜐!"#$	distribution	along	the	stripe	position,	therefore	𝜉	=0	corresponds	to	the	end	

of	the	lane,	the	max	value	of	𝜉	depends	on	the	different	half-length	of	the	stripes.	

Afterwards,	the	trapezoid	distribution	of	𝜐!"#$	can	be	fitted	to	a	linear	regression	

for	 the	 repolarization	 region	 and	 yields	 the	 mean	 velocity	 value	 of	 the	 motility	

region.		

For	 long	 stripe	 (L=150-250 𝜇𝑚)	 the	CP	positions	were	calculated	at	𝜉=	50~60	𝜇𝑚.	

Therefore,	a	uniform	reversal	region,	where	𝜉!=55	𝜇𝑚	away	from	the	round	tip	of	

the	microlane	was	defined,	 leading	to	a	constant	reversal	area	A!	=	1057	µm²	for	

cells	on	all	microlanes	with	geometric	tips.		
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Figure	5.4	Schematic	diagram	of	the	determination	of	reversal	area.		

Cells	on	microlane	with	the	length	L=200	µm	was	taken	for	an	example,	a	clear	plateau	of	
constant	velocity	is	visible	towards	the	middle	of	the	stripe.	The	transition	from	the	plateau	
to	the	tips	was	 found	by	dotted	 lines	 (green),	which	provide	the	 likelihood	regimes	 for	CP	
analysis	 in	the	following	step.	The	shaded	region	 indicates	the	tip	area	used	to	define	the	
time	points,	t1	and	t2	of	entry	and	exit	of	the	cell.			
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Figure	5.5	Determination	of	reversal	line.		

Mean	cell	velocity	as	a	function	of	the	distance	to	thenearest	tip	on	microlanes	of	different	
length	(top	to	bottom:	100,	150,	200,	250	µm).	The	velocity	is	averaged	over	the	whole	cell	
population	 in	 regions	of	width	5µm.	The	 transition	 from	 the	plateau	 to	 the	 reversal	 area	
(dotted	 line)	 is	 found	 by	 a	 maximum	 likelihood	 CP	 analysis	 that	 finds	 changes	 between	
different	linear	regimes	(red	lines).	
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5.4 	Velocity	Distribution	and	Sustained	Oscillations	

We	further	quantify	 the	quasi-periodic	migration	of	cells.	First,	we	determine	 the	

overall	 distribution	 of	 absolute	 cell	 velocities	 (Figure	 5.6a).	 We	 find	 that	 for	

microlanes	 long	enough	to	show	persistent	cell	migration	(L=100-250µm),	the	cell	

velocity	distributions	collapse	onto	an	exponentially	decaying	master	curve.	Short	

microlanes,	 where	 we	 don’t	 observe	 persistent	 cell	 migration,	 show	 a	 distinctly	

narrower	 velocity	 distribution.	 This	 can	 be	 explained	 as	 follows:	 we	 have	 seen	

earlier	 that	 the	 cell	 begins	 to	 repolarize	 at	 a	 distance	 of	 55µm	 from	 the	micro-

pattern	 tips.	 If	 the	micro-lane	 is	 shorter	 than	 this	 distance,	 then	 the	 cell	 is	 in	 a	

constant	state	of	repolarization,	which	leads	to	diminished	oscillatory	motion.	

Then,	we	performed	a	discrete	Fourier	transform	of	the	cell	velocity	time-traces	for	

different	 stripe	 lengths,	which	 yields	 the	 frequency	 distribution	 corresponding	 to	

the	 quasi-periodic	 cell	migration.	We	 find	 that	 the	 frequency	 spectrum	 follows	 a	

log-normal	 distribution.	 Furthermore,	 the	 dominant	 frequency	 (f!"#,	 peak	 of	 the	

frequency	 spectrum)	 shifts	 to	 lower	 frequencies	 for	 longer	 stripe	 lengths.	 This	

indicates	 that	 cells	 move	 with	 a	 constant	 velocity	 across	 the	 micro-lane.	 To	

demonstrate	this	hypothesis,	we	plot	the	period	of	migration,	T = 1/f!"#,	against	

the	 stripe	 length	 (Figure	 5.6c).	 We	 find	 that	 the	 period	 of	 migration	 increases	

linearly	 with	 the	 stripe	 length,	 at	 a	 slope	 dT/dL = 0.054± 0.0058 h/µm ,	

corresponds	 to	 a	 constant	 average	 velocity	 of	 pole-to-pole	 migration,	 v! =

0.62µm/min,	which	 is	 in	 good	 agreement	with	 the	 velocity	 plateau	 in	 the	 stripe	

centers	(cf.	Figure	5.3).	
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Figure	5.6	Overall	spectral	analysis	of	the	large	ensemble	of	cell	traces.		

(a)	 Normalized	 distribution	 of	 absolute	 cell	 velocities,	⟨|𝑣|⟩,	 for	 single	MDA-MB-231	 cells	
migrating	 in	 stripe-shaped	micro	patterns	of	 five	different	 lengths	and	 fixed	width	 (W=20	
µm).	 Inset:	Non-normalized	(counts)	velocity	distribution	in	a	 logarithmic	plot.	(b)	Discrete	
Fourier	 transform	 of	 the	 time-dependent	 directional	 velocities,	 fitted	 by	 a	 log-normal	
distribution	(lines).	(c)	The	migration	period	(T=1/frequency)	of	single	cells	increases	linearly	
with	the	stripe	length.	The	error	bars	correspond	to	the	peak	width	of	(b).		
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5.5 Repolarization	Time	

In	 the	 following	 we	 address	 the	 repolarization	 of	 cells	 and	 the	 way	 directed	

migration	 is	 reversed	 at	 the	 ends	 of	 the	 microlanes.	 We	 observe	 that	 cells	

depolarize	when	the	protruding	lamellipodium	encounters	the	confining	PEG-layer.	

Then,	 the	 cell	 shrinks	 as	 its	 trailing	 edge	 continues	 to	move.	 Finally,	 the	 trailing	

edge	stalls,	the	cell	begins	to	expand	again,	and	repolarizes	towards	the	opposite,	

free,	 cell	 edge.	 This	 repolarization	 manifests	 itself	 in	 a	 new	 lamellipodium	 that	

emerges	at	the	free	cell	edge.	Note	that	this	phenomenon	of	internal	repolarization	

is	 rather	 specific	 for	 cells	 confined	 on	 tracks.	 The	 more	 general	 appearance	 of	

mesenchymal	 cell	 migration	 in	 2D	 as	 well	 as	 3D	 appears	 to	 redirect	 existing	

lamellipodia	 or	 exhibit	 several	 competing	 lamellipodia.	 However,	 in	 the	

experiments	 presented	 here,	 the	 appearance	 of	 lamellipodia	 is	 restricted	 to	 two	

sides	 of	 the	 cell	 due	 to	 its	 lateral	 confinement	 by	 the	 microlanes.	 Hence,	

reorientation	 of	 crawling	 cells	 occurs	 via	 a	 relatively	 well-defined	 cycle	 of	

depolarization	and	 repolarization.	 This	 feature	allows	us	 to	examine	 the	 ‘reversal	

time’,	which	 is	 a	measure	 for	 the	 time	 scale	 of	 depolarization	 and	 repolarization	

when	a	 cell	 reaches	 the	end	of	 a	microlane.	 To	 this	 end,	we	define	a	distance	 ξ0	

from	the	ends	that	marks	the	positions	where	the	velocities	are	seen	to	decrease	

(Figure	 5.7a).	 Using	 the	 trapezoidal	 velocity	 profiles	 shown	 in	 Figure	 5.3,	 we	

determine	this	boundary	to	be	ξ0	=	55	µm.		During	a	depolarization-repolarization	

cycle,	a	cell	traverses	this	transition	point	twice:	once	at	t = t!,	when	it	approaches	

the	micro-lane	tip,	and	once	at	t = t!,	when	it	leaves	the	micro-lane	tip.	Therefore,	

we	define	the	reversal	time	as	t! = t! − t!,	and	determine	its	distribution	for	four	

different	 micro-lane	 lengths	 (Figure	 5.7b).	 We	 note	 that	 the	 distributions	 are	

independent	of	the	stripe	length.	Although	the	exact	value	of	the	average	reversal	

time	 will	 typically	 depend	 on	 the	 particular	 choice	 of	 the	 reversal	 area,	 we	

consistently	 find	 an	 average	 depolarization	 and	 repolarization	 time	 of	

approximately	100	min.		
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Figure	5.7	Distribution	of	reversal	time	of	the	cells	on	micro-lanes	with	distinct	lengths.		

(a)	Schematic	drawing	of	a	cell	entering	 the	microlane	 tip	 region	 (A0),	arresting	and	 then	
returning	from	the	tip	region,	with	the	 leading	edge	of	the	cell	shaded	 in	dark	green.	The	
red	dashed	line	indicates	the	position	of	cell	entry	into	the	tip	region,	at	time	𝑡!,	and	exit	of	
the	 tip	 region,	 at	 time	𝑡!.	 (b)	 The	 normalized	 distribution	 of	 the	 reversal	 times	𝑡! = 𝑡! −
𝑡!for	four	different	microlane	lengths.	

5.6 Developed	Cellular	Potts	Model	(CPM)*	

The	data	presented	so	 far	are	 taken	 from	 large	ensembles	of	cells	and	hence	the	

distribution	functions	of	the	quasi-oscillatory	motion	present	a	robust,	generic	test	

bed	 for	comparison	with	mathematical	modeling.	 	We	have	 recently	developed	a	

computational	 model,	 based	 on	 a	 2D	 Cellular	 Potts	 Model	 (CPM),	 to	 provide	

valuable	insights	into	the	temporally	and	spatially	resolved	evolution	of	shape	and	

position	of	cellular	ensembles[34,	144].	Cellular	Potts	Model	 (CPM)	was	originally	

implemented	by	J.	Glazier	and	F.	Graner	[132,	133]	In	this	work	cell	migration	was	

represented	with	linear	coordinates,	rather	than	polar	coordinates	as	the	previous	

study	[4],	for	the	reader´s	convenience,	we	concisely	present	the	simulation	in	this	

section.	This	section	is	to	a	large	part	based	on	the	publication	of	F.	Thüroff	et	al*,	

and	A.	Goychuk*	[34,	144,	145].		

In	 the	cellular	potts	model	 (CPM),	each	cell	 is	 represented	by	a	simply	connected	

set	 of	 lattice	 sites  D(!) = x c x  	(referred	 to	 as	 the	 domain	 of	 cell	 α).	 The	
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indicator	 function c x 	gives	 the	 index	 of	 the	 cell	 occupying	 grid	 site	x.	 Each	 grid	

site	x,	can	be	occupied	by	at	most	one	cell.	The	time	evolution	of	a	cell’s	domain	

D(!)	proceeds	 via	 a	 succession	 of	 protrusion	 events	 and	 retraction	 events,	 which	

will	 be	 collectively	 referred	 to	 as	 “elementary	 events”	𝒯 .	 The	 dynamic	 of	 the	

system	proceeds	via	a	succession	of	Monte-Carlo	steps	(MCS).	 	Each	MCS	consists	

of	a	series	of	attempts	to	perform	elementary	events,	in	which	a	certain	of	“source”	

grid	site	x!	is	randomly	chosen.	During	a	retraction	event,	cell	α	expels	one	of	the	

grid	sites	to	its	border,	 	x! ∈ B(!):	𝐷!"#
(!) → 𝐷!"#

(!) = 𝐷!"#
(!)  \ x! .	During	a	protrusion	

event,	 cell	 α	 incorporates	 one	 grid	 site	x! ∈ N(!) 	(“target	 grid	 site”)	 from	 its	

neighborhood	N(!) 	:	𝐷!"#
(!) → 𝐷!"#

(!) = 𝐷!"#
(!)  ∪ x! 	.	 (Shown	 in	 Figure	 5.8).	 The	

probability	𝑃 𝒯  for	such	elementary	event	is	determined	by	a	“Hamiltonian”:					

𝑃 𝒯 = 𝑚𝑖𝑛 1, 𝑒!
∆!
!!! 	

The	constant	term, 𝐾!𝑇 > 0,	can	be	 justified	 in	the	activity	of	 the	system.	Where	

∆𝐻 	indicates	 the	 energy	 response	 in	 the	 successful	 elementary	 event.	 Here	

𝐻 =  𝐻!"#$ + 𝐻!"! + 𝐻!"#$,	which	takes	into	account	the	effect	of	cell	contractility	

(𝐻!"#$),	cell	–	cell	adhesion	 (𝐻!"!),	and	polymerization	–	depolymerization	of	 the	

cytoskeleton	(𝐻!"#$).	More	detailed	and	in-depth	description	of	the	model	can	be	

referred	to	[144].	

	 	 	

Figure	5.8	Illustration	of	the	sets	of	Cellular	Potts	Model.		
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Grid	sites	occupied	by	cell	α	are	indicated	by	orange.		Within	a	feedback	radius	(dotted),	an	
elementary	event	of	protrusion	(red)	and	retraction	(light	yellow)	of	the	cell	on	the	grid,	the	
regulatory	 factors	𝐹(𝑥!)	are	 incremented	 (+)	 or	 decremented	 (-)	 	 respectively.	 The	 inner	
field	variable	is	modified	accordingly,	thus	promoting	or	inhibiting	further	migration	in	this	
area.	

In	 the	model,	we	 consider	 the	 time	evolution	of	 the	 contact	 area	between	a	 cell	

and	the	two-dimensional	surface	 that	 the	cell	migrates	on.	From	now	on,	we	will	

refer	 to	 this	 contact	area	 simply	as	 “cell”,	which	has	area	𝐴	and	perimeter	𝑃.	We	

discretize	 each	 cell	 into	 a	 simply	 connected	 set	 of	 hexagons	 and	 associate	 its	

configuration	with	an	energy,	𝐻 = 𝐻cont + 𝐻cyto,	which	has	contributions	from	cell	

contractility	and	from	cell	polarizability.	Cell	contractility	is	captured	by	the	term		

𝐻cont = κ!𝐴! + κ!𝑃!,	

which	 assigns	 an	 energetical	 cost	 for	 increasing	 cell	 area	 or	 cell	 perimeter.	 Cell-

substrate	 adhesions	 as	 well	 as	 forces	 exerted	 via	 actin	 polymerization	 and	

actomyosin	contractility	are	captured	by	the	term	

𝐻cyto = − 𝜖 𝒙, 𝑡
!

,	

Where	𝜖 𝒙, 𝑡 	is	 a	 spatially	 resolved	 scalar	 protrusion	 field.	 We	 assume	 that	 the	

protrusion	field	has	both	an	upper	bound	(due	to	limited	protein	availability)	and	a	

lower	bound	(minimal	adhesion	energy):	𝜖 𝒙, 𝑡 ∈ 𝜖! − Δ𝜖/2… 𝜖! + Δ𝜖/2 .	Then,	

the	 time	 evolution	 of	 the	 cell	 is	 governed	 by	 a	 Metropolis	 algorithm	 with	 an	

effective	 temperature	𝑇	and	 gradually	 approaches	 the	minimum	of	 its	 associated	

energy	𝐻,	by	making	new	cell-substrate	contacts	(protrusion)	or	by	detaching	from	

the	substrate	(retraction).	

We	break	detailed	balance	by	introducing	two	prototypic	feedback	loops	that	serve	

to	approximate	the	underlying	chemical	pattern	formation:	
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	(i).	 Protrusions	 and	 the	 associated	 positive	mechanochemical	 signaling	 reinforce	

the	protrusion	field	(cell	adhesions	and	cell	cytoskeleton)	within	a	radius	𝑅.	There,	

the	protrusion	field	exponentially	approaches	its	upper	bound,	ϵ → ϵ! + Δϵ,	with	a	

rate	𝜇.	

(II).	 Retractions	 and	 the	 associated	 negative	 mechanochemical	 signaling	 weaken	

the	protrusion	field	(cell	adhesions	and	cell	cytoskeleton)	within	a	radius	𝑅.	There,	

the	protrusion	field	exponentially	approaches	its	lower	bound,	𝜖 → 𝜖! − Δ𝜖,	with	a	

rate	𝜇.	

In	 the	 absence	 of	 mechanochemical	 signals,	 the	 protrusion	 field	 exponentially	

approaches	its	neutral	state,	𝜖 → 𝜖!,	with	a	rate	µ.	

Micropatterning	of	 the	 substrate	 is	achieved	 in	 the	 simulations	by	 superimposing	

the	protrusion	field	with	a	second	spatially	varying	scalar	field	φ,	which	reflects	an	

offset	 in	 the	cell-substrate	binding	energy.	Here,	we	 implement	 the	micropattern	

by	introducing	no-go	areas,	φ → −∞	,	which	the	cell	cannot	explore.	

Our	 extended	 Cellular	 Potts	 model	 has	 several	 control	 parameters.	 The	 average	

protrusion	 field,	ϵ! ,	 and	 the	 bulk	 stiffness,	κ! ,	 jointly	 determine	 cell	 size.	 Cell	

dynamics	 is	 controlled	by	 the	 ratio	between	 the	polarizability	of	 the	 cell,	Δϵ,	 and	

the	membrane	stiffness,	κ!,	as	well	as	the	signaling	range,	𝑅,	and	the	cytoskeletal	

rate,	𝜇 .	 The	 overall	 stochasticity	 of	 the	 system	 can	 be	 tuned	 by	 the	 effective	

temperature,	𝑇,	which	 can	also	be	absorbed	by	 rescaling	 the	membrane	 stiffness	

and	 the	perimeter	 stiffness.	 In	our	previous	work,	we	have	 investigated	how	cell	

behavior	 depends	 on	 these	 parameters	 [144].	 In	 the	 current	 project,	 a	 finer	 cell	

discretization	 of	 the	 cell	 than	 that	 in	 [144]	 was	 necessary	 to	 resolve	 the	

micropattern	 tips.	 We	 achieved	 this	 by	 increasing	 the	 average	 protrusion	 field	

compared	 to	our	previous	work;	note	 that	 it	 is	equally	valid	 to	decrease	 the	bulk	

stiffness	 [144].	 Then,	 to	 account	 for	 the	 observed	 persistent	 cell	 motion	 and	

stochasticity	 in	 the	experiments,	we	 increased	cell	polarizability	and	 the	effective	

temperature.	Furthermore,	we	reduced	the	signaling	radius	so	that	cells	can	form	
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multiple	competing	lamellipodia.	Lastly,	we	decreased	the	polarization	update	rate	

to	account	for	a	higher	temporal	resolution	of	the	simulations.	

Table	5.2	Parameters	used	for	the	computational	simulation	in	this	work,	the	simulation	
conditions	are	used	to	all	single	cell.	

Name Function Value 

𝑹 signaling radius 4 

𝚫𝛜 cell polarizability 75 

𝛋𝑷 cell contractility (perimeter stiffness) 0.06 

𝝁 cytoskeletal response rate 0.02 

𝝐𝟎 average protrusion field 1500 

𝜿𝑨 cell contractility (area stiffness) 0.18 

𝑻 effective temperature 25 

5.7 CPM	Recapitulates	Quasi-oscillatory	Motion	

The	 extended	 Cellular	 Potts	 model	 is	 capable	 of	 describing	 spatiotemporal	

dynamics	 of	 cells	 in	 2D[34,	 144],	 which	 can	 recapitulate	 the	 quasi-oscillatory	

migration.	In	particular,	we	model	the	contact	area	of	a	cell	with	a	planar	substrate,	

which	is	described	by	a	set	of	discrete	adhesion	sites	on	a	2D	lattice.	In	addition	to	

a	 simplified	 description	 of	 the	 mechanical	 properties	 of	 cells[146-148],	 we	 also	

account	 for	 a	minimal	mechanism	of	 cell	 polarization.	 Specifically,	we	 include	 an	

internal	self-regulating	polarization	field	within	each	individual	cell,	which	emulates	

effective	 protrusive	 forces	 due	 to	 actin	 polymerization,	 as	 well	 as	 actomyosin	

contractility	 and	 cell-substrate	 adhesions.	 This	 polarization	 field	 is	 regulated	 via	

intracellular	 signals	 that	 are	 assumed	 to	 have	 a	 fixed	 range.	 In	 more	 detail,	 we	

simplify	all	 intracellular	 signaling,	which	 is	mediated	by	 the	Rho	GTPase	 family	of	

proteins	 for	 example,	 into	 two	 prototypic	 feedback	 loops:	 (i)	 cell	 protrusions	
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reinforce	the	protrusion	field	and	lead	to	further	protrusions	and	(ii)	cell	retractions	

weaken	 the	 protrusion	 field	 and	 lead	 to	 further	 retractions[34,	 144].	 Then,	 we	

simulated	 individual	 cells	 with	 fixed	 parameters	 and	 constant	 average	 area	 on	

stripe-shaped	 microlanes.	 Note	 that	 this	 premise	 already	 marks	 a	 striking	

difference	 to	 the	 experiments:	 in	 the	 simulations	we	 investigate	 a	 population	 of	

clonal	and	therefore	identical	cells,	while	the	cells	used	in	the	experiments	show	a	

wide	 variation	 in	 morphology	 and	 migratory	 behavior.	 Therefore,	 we	 expect	 all	

variances	in	the	simulations	to	be	under-estimated	compared	to	the	experiments.	

Furthermore,	we	adjusted	the	duration	of	a	Monte	Carlo	step	so	that	the	average	

absolute	velocity	of	simulated	cells,	⟨|𝑣|⟩ = 0.6 µ𝑚/𝑚𝑖𝑛,	matches	the	experiments.		

We	 find	 that	 the	model	 reproduces	 the	 quasi-oscillatory	motion	 observed	 in	 our	

experiments,	 with	 the	 simulated	 cell	 trajectories	 being	 in	 good	 agreement	 with	

experimental	data	(Figure	5.9).	Then,	we	evaluated	the	distribution	of	cell	reversal	

times	 in	 the	 simulations	 analogously	 to	 the	 experiments,	 finding	 a	 pronounced	

peak	 at	 100	 min	 (Figure	 5.9c).	 Furthermore,	 the	 simulated	 cells	 show	 a	 similar	

spatial	velocity	distribution	as	in	the	experiments	(Figure	5.9d).	In	addition,	we	also	

performed	 more	 intuitive	 comparisons	 between	 simulation	 and	 experiment.	 In	

particular,	we	found	similar	morphologies	of	(i)	polarized	and	persistently	migrating	

cells	with	a	 flat	 leading	edge	and	a	 tapered	 rear	part,	 (ii)	 cells	 that	contract	after	

running	into	a	dead	end	on	the	micro-lane,	and	(iii)	repolarized	cells	(Figure	5.9a).	

In	 addition,	 to	 assess	 actin	 distribution	 during	 cell	migration,	we	 transfected	 live	

cells	with	a	fusion	construct	of	the	actin-binding	peptide	LifeAct	and	GFP	(LifeAct-

GFP).	 Intuitively	 comparing	 the	 representative	 kymographs	 for	 both	 a	 simulated	

cell	 and	 an	 experimental	 LifeAct-GFP	 transfected	 cell,	 both	 demonstrate	 similar	

oscillations	 on	 the	 same	 microlane	 (Figure	 5.9b).	 Our	 findings	 suggest	 that	 the	

quasi-periodic	migration	 of	 cells	 on	microlanes	 is	 well	 described	 by	 an	 extended	

Cellular	Potts	model.	This	model	predicts	emergent	cell	polarization	from	stochastic	

occurrence	 and	 self-reinforcement	 of	 cell	 protrusions,	 which	 then	 leads	 to	 a	

stochastic	 (re)polarization	 time.	 However,	 we	 also	 note	 a	 qualitative	 difference	

between	 experiment	 and	 simulation.	 It	 seems	 likely	 that	 there	 is	 a	 sharper	 actin	

accumulation	at	the	leading	edge	in	experiment,	in	contrast	to	the	polarization	field	
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(which	 can	 be	 seen	 as	 a	 proxy	 for	 the	 cytoskeleton	 density)	 of	 a	 simulated	 cell	

decreasing	progressively	from	front	to	rear.	

	 	

Figure	5.9	Comparison	of	 computer	 simulation	and	experimental	 results.	The	microlane	
length	is	fixed	at	150	µm	with	a	round	tip	geometry.		

(a)	Our	extended	Cellular	Potts	model	features	an	internal	polarization	field.	The	simulation	
reproduces	the	distinct	run	and	rest	phenotypes	and	yields	cell	center-of-mass	trajectories	
that	 show	 quasi-periodic	 behavior	 (bottom);	 experimentally	 obtained	 cell	 trajectories	 are	
indicate	 on	 the	 upper	 right.	 (b)	 Comparison	 between	 the	 kymograph	 of	 a	 LifeAct-GFP	
transfected	 MDA-MB-231	 cell	 with	 nuclear	 staining	 (bottom)	 and	 the	 kymograph	 of	 a	
simulated	cell.	Top:	Zoom-in	into	a	region	that	contains	two	periods	of	oscillation.	Top	left:	
Simulated	 cell.	 Top	 right:	 Experimental	 cell.	 Bottom:	 Zoom-out	 to	 the	 kymograph	 of	 an	
experimental	 cell	 that	 performs	 many	 periods	 of	 oscillation.	 Red	 arrows	 indicate	 actin	
dynamics	 in	 the	 front	 of	 the	 cells.	 (c)	 Reversal	 time	 distributions	 of	 simulated	 and	
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experimental	 cells.	 (d)	 Spatial	 mean	 absolute	 velocity	 distributions	 of	 simulated	 and	
experimental	cells.	

5.8 Effect	of	Curvature	on	Actin	Dynamic	

It	is	understood	that	the	non-linear	dynamics	of	actin	polymerization	and	turnover	

depends	on	the	cell	shape	and	the	geometry	in	which	the	cell	migrates[24,	149].	In	

order	 to	 test	 the	 interplay	 between	 surface	 geometry	 and	 cell	 contour,	 we	

investigate	 the	 depolarization	 and	 repolarization	 of	 cells	 on	 microlanes	 with	

differently	 shaped	 tips.	 For	 example,	 a	 tapered	 tip	 allows	 us	 to	 explore	 how	 the	

reversal	 time	 depends	 on	 the	 deformation	 of	 the	 leading	 lamellipodium.	 To	 this	

end,	 we	 fabricated	 microlanes	 with	 four	 distinctly	 curved	 tips:	 round-,	 blunt-,	

sharp-,	and	concave-shaped.	Then,	we	chose	a	constant	stripe	length	L	=	150	µm.	

Exemplary	fluorescent	images	of	the	adhesion	micro-patterns	are	shown	in	Figure	

5.10b.	 	 To	 assure	 the	 comparability	 of	 the	 cell	 behavior	 on	 microlanes	 with	

different	 tips,	we	kept	 the	 total	area	of	all	 stripes	as	well	as	 the	defined	 reversal	

area	constant.	To	satisfy	these	constraints,	we	 individually	computed	the	position	

of	 the	 cell	 reversal	 boundary	ξ!	for	 each	 of	 the	 four	 tip	 shapes	 (Figure	 5.10a).	

Across	 all	 studied	 geometries,	 we	 find	 that	 cells	 consistently	 perform	 oscillatory	

motion.	 Furthermore,	 the	 distribution	 of	 reversal	 times,	 or	 in	 other	 words	 the	

depolarization-repolarization	times,	does	not	significantly	depend	on	the	respective	

tip	geometry	(Figure	5.10c).	All	reversal	times	are	centered	around	approximately	

100	min,	which	is	consistent	with	the	results	in	Figure	5.7b.	Evidently,	tip	curvature	

does	not	play	a	 significant	 role	 in	determining	 the	 reversal	 time	 for	a	defined	 tip	

area.	 A	 comparison	 between	 experiment	 and	 simulation,	 using	 analogous	

algorithms	 for	 the	 analysis,	 yields	 similar	 reversal	 times	 (Figure	 5.10d).	 However,	

the	 reversal	 time	 distribution	 is	 typically	 broader	 in	 the	 experiments	 than	 in	 the	

simulations,	 indicating	that	our	simulations	might	underestimate	the	variability	of	

cells.	Note,	however,	that	it	is	equally	likely	that	the	broad	distribution	of	reversal	

times	 in	 the	 experiments	 originates	 for	 cell-to-cell	 variability	 in	 the	 ensemble,	

which	is	not	considered	by	the	simulations	at	all.	
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Figure	5.10	Effect	of	curvature	on	the	repolarization	time.	

(a)	 Schematic	 diagram	 of	 micropattern	 geometry	 with	 four	 different	 tip	 shapes:	 blunt,	
concave,	 round,	 and	 sharp.	 The	 area	 of	 all	microlanes	and	 the	 reversal	 area	𝐴! are	 kept	
constant	 same,	 the	whole	 lane	 length	are	different.	 	 (b)	 Exemplary	 fluorescent	 images	of	
microlanes	 of	 width	 W=20	 µm.	 (c,	 d)	 The	 distribution	 of	 cell	 reversal	 times	 (Δt)	 when	
reaching	the	microlane	tips,	for	four	different	tip	shapes.	The	cell	enters	the	reversal	area	at	
a	 distance	of	 ξ0	 =55	µm	 from	 the	 corresponding	 round	 tip	 of	microlane.	 (c)	 Experimental	
reversal	time	distribution.	(d)	Simulated	reversal	time	distribution. 

To	 gain	 additional	 insight	 into	 the	 spatiotemporal	 actin	 dynamics	 at	 the	 leading	

edge	 of	 the	 cell,	 we	 recorded	 a	 series	 of	 live	 time-lapse	 images	 of	 LifeAct-GFP	

transfected	 MDA-MB-231	 cells.	 LifeAct,	 which	 is	 an	 actin-binding	 peptide-GFP	

fusion	 construct,	 does	 not	 interfere	with	 actin	 dynamics[80].	 The	 deformation	 of	

the	 leading	 edge	 and	 the	 spatial	 distribution	 of	 F-actin	 in	 the	 protrusions	 are	

visualized	 in	 a	 close-up	 image	 series	 of	 the	 advancing	 lamellipodium	 at	 the	

microlane	ends	(Figure	5.11).	There,	we	also	show	snapshots	of	the	leading	edge	of	

simulated	cells	 for	a	direct	comparison	between	experiment	and	simulation.	Both	

in	experiment	and	simulation,	we	find	that	the	lamellipodium	splits	in	the	concave-
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shaped	end	and	 that	 it	 is	 focused	 in	 a	 sharp	 tip.	 These	 findings	 indicate	 that	 the	

local	 actin	 assembly	 is	 determined	 by	 the	 local	 curvature	 of	 the	 confining	 PEG-

border.	 Furthermore,	 our	 experiments	 show	 that	 the	 cell	 contour	 is	 not	 entirely	

adjusted	 to	 the	 contour	 of	 the	 fibronectin/PEG	 interface.	 In	many	 instances,	 we	

find	 transient	 actin	 protrusions	 into	 the	 PEGylated	 area.	 Because	 the	 PEGylated	

area	 does	 not	 constitute	 a	 solid	 mechanical	 boundary	 in	 our	 experiments,	 actin	

protrusions	 may	 lead	 to	 invasion	 of	 said	 region.	 However,	 there,	 the	 cell	 is	 not	

capable	of	adhering	to	the	underlying	substrate,	leading	to	a	subsequent	retraction.	

In	 contrast,	 in	 our	 computer	 simulations,	we	 strictly	 confined	 the	 cell	 contour	 to	

the	micropattern.	Furthermore,	in	the	simulation,	the	contour	of	the	advancing	cell	

edge	 does	 not	 adopt	 the	 shape	 of	 the	 concave	 and	 sharp	microlane	 tips	 to	 the	

same	degree	 as	 in	 the	 experiments	 (Figure	 5.11c,	 d).	 This	might	 be	 due	 to	 (i)	 an	

overestimation	of	the	perimeter	stiffness	or	(ii)	prohibiting	the	simulated	cell	from	

leaving	the	micropattern,	which	would	allow	less	curved	cell	shapes.	
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Figure	5.11	Geometry	dependence	of	migratory	arrest.		

Comparison	 between	 LifeAct	 GFP	 labeled	 MDA-MB-231	 cells	 and	 simulated	 cells,	 which	
migrate	 towards	differently	 shaped	micro-lane	 tips	 (Stripe	 length	 L=150	µm,	width	W=20	
µm).	 The	 top	 row	 (in	 green)	 shows	 fluorescence	 time	 lapse	 data,	 while	 the	 bottom	 row	
shows	the	corresponding	computer	simulation	for	a)	round-shaped	tips	b)	blunt-shaped	tips	
c)	sharp-shaped	tips	and	d)	concave-shaped	tips	
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Chapter	6 Conclusion	and	Outlook	

Oscillatory	motion	represents	an	ideal	and	simple	mode	for	the	exploration	of	cell	

migration.	 Although	 the	 basic	 mechanisms	 of	 random	 cell	 migration	 are	 well	

studied,	no	individual	model	explains	the	complex	regulation	of	spontaneous	quasi-

periodic	migration,	especially	the	repolarization	and	its	dependence	on	curvatures.	

In	 this	work	we	 investigated	single	cells	migrating	 in	confining	micropatterns.	We	

found	 that	 cells	 migrate	 in	 a	 pronounced	 oscillatory	 manner	 with	 repetitive	

depolarization-repolarization	processes.		

Micropatterned	surfaces	evolved	into	useful	tools,	providing	defined	environments	

for	the	study	of	cell	migration	and	cellular	responses	to	external	cues.	In	Chapter	4,	

µPIPP	and	µCP	were	 introduced	 for	 the	 creation	of	biocompatible	micropatterns.	

The	techniques	are	not	only	quite	easy	to	implement	but	also	low	cost.	It	supports	

defined	conditions	for	cell	adhesion	and	meanwhile	reduces	the	variability	from	cell	

to	 cell.	 Combining	 the	 µPIPP	with	 µCP	 allows	 the	 realization	 of	 special	 designed	

microenvironments	 such	 as	 surfaces	 with	 gradients	 proteins	 and	 structure	 with	

some	 chemotactic	 barriers	 [150,	 151].	 Micropatterns	 provide	 the	 possibility	 to	

capture	 and	 study	 the	 dynamic	 adaption	 of	 a	 single	 cell	 on	 the	 underlying	

substrates	 with	 distinct	 geometries.	 We	 used	 such	 patterned	 surfaces	 to	

independently	 vary	 the	 geometry	 to	 study	 the	 role	 of	 global	 features	 and	 local	

curvatures	on	cell	behavior.		

Initial	studies	were	conducted	to	determine	whether	the	shape	of	the	micropattern	

is	the	more	important	factor	that	determines	the	occurrence	of	the	cell	oscillatory	

motion.	For	this,	micropatterns	that	from	isotropic	shape	to	anisotropic	shape	were	

used	to	confine	MDCK	cells.	Additionally,	for	each	kind	of	pattern,	the	influence	of	

its	 aspect	 ratio	 was	 tested	 as	 well.	 	 On	 these	 patterns,	 strong	 evidence	 for	 a	

spontaneous	quasi-oscillatory	behavior	of	single	cells	was	found.	These	initial	tests	

resulted	 in	the	following	observations:	(i)	Single	cells	on	the	circle-shaped	pattern	
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exhibit	 dominantly	 a	 random	 walk	 mode	 and	 a	 circling	 mode.	 The	 cells	 form	

lamellipodia	at	all	regions.	Few	cells	on	the	circle	perform	quasi-oscillatory	motion	

that	provides	an	 interesting	 starting	point.	 (ii)	Cells	on	 the	ellipse-shaped	pattern	

have	a	higher	occurrence	frequency	of	oscillations	along	its	 long	axis,	and	a	lower	

occurrence	 of	 circling	mode,	which	 leads	 to	 a	 hypothesis	 that	 narrower	 patterns	

might	 yield	more	 oscillation	 events.	 Then,	 (iii)	 a	 stripe-shaped	micropattern	 was	

introduced	and	showed	higher	occurrence	of	periodic	pole-to-pole	migration.	The	

direction	 of	 those	 lamellipodial	 protrusions	 was	 well	 dictated	 by	 stripe-shaped	

islands.	The	results	demonstrate	that	global	geometric	features	in	the	extracellular	

environment	can	control	both	the	internal	cytoskeleton	of	cell	and	the	orientation	

of	oscillatory	motion.	

More	 important,	 the	 above	 study	 indicates	 that	 for	 all	 these	 geometries,	 there	

would	be	a	threshold	of	size	and	aspect	ration	to	generate	oscillations;	otherwise,	a	

random	walk	 is	 the	main	migration	mode.	We	present	 this	 study	 primarily	 as	 an	

example	of	the	complex	cellular	behaviors	demonstrating	that	periodic	migration	is	

coupled	 to	external	perturbation	and	 cell	 shape.	When	a	 cell	 confined	 to	a	 small	

micropattern,	a	primary	cilium	grows	on	its	dorsal	surface,	and	the	polarized	state	

is	not	supported	[111].	In	contrast,	on	enlarged	pattern,	the	ventral	surface	of	cell	

has	no	primary	 cilium;	 the	polarized	 state	 and	homogeneous	 state	 could	 reach	a	

balanced	 bistability.	 Earlier	 reports	 on	 polarity	 by	 B.	 Camley	 et	 al	 predict	 that	 in	

a1D	system,	the	actin	promoter	density	on	the	membrane	at	a	homogeneous	state	

will	 reach	 a	 polarized	 state	 when	 an	 external	 perturbation	 is	 beyond	 a	 certain	

threshold.	For	a	cell	of	 fixed	size,	the	threshold	decreases	with	the	 increasing	cell	

area.	 Spontaneous	 oscillation	 is	 such	 kind	 of	 state	 that	 repeats	 polarization-	

repolarization	reaction	to	respond	external	perturbation	[139].	

In	contrast	 to	previously	mentioned	 that	 the	global	geometry	cues	can	affect	 the	

cell	motion,	we	meanwhile	use	different	cell	lines	(such	as	MDCK,	Huh7,	MDA-MB-

231	 cells)	 to	 study	 whether	 the	 cells	 differ	 in	 their	 intrinsic	 levels	 of	 the	

spontaneous	 quasi-oscillatory	 migration.	 In	 the	 same	 observation	 time,	 higher	

occurrence	frequency	of	quasi-oscillations	can	be	observed	for	MDA-MB-231	cells.	
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However,	MDCK	cells	often	undergo	a	division	state	with	two	nuclei	in	a	single	cell,	

and	Huh	7	cells	run	lower	than	MDa-MB-231	cells.	Hence,	in	combination	with	the	

stripe-shaped	 micropatterns,	 MDA-MB-231	 cell	 line	 were	 found	 to	 be	 the	 most	

appropriate	cell	line	to	highly	reproduce	the	controllable	oscillations	for	upcoming	

analysis	in	Chapter	5.		

Taken	 together,	 the	 quasi-oscillatory	motion	 of	 single	 cells	 in	 our	 setup	 typically	

includes	the	following	processes:	(i)	formation	of	protrusion	toward	the	direction	of	

migration;	 (ii)	 fast	 motion	 of	 the	 bulk	 of	 the	 cell	 body	 at	 a	 morphological	

polarization;	(iii)	polarization	quenched	when	the	cell	hits	the	tip	of	micropattern;	

(iv)	 reversal	 repolarization	 toward	 the	 opposite	 direction.	 The	 bimodal	 supports	

detail	insights	into	the	polarization-repolarization	behavior.	

As	 what	 we	 investigated	 in	 Chapter	 4,	 it	 is	 possible	 to	 obtain	 large	 amount	 of	

oscillatory	motion	of	MDA-MB-231	 cells	 by	 using	 stripe-shaped	microlanes.	Next,	

the	dominating	frequency	of	oscillation,	the	spatial	distribution	of	cell	position	and	

the	persistent	velocity	of	polarized	migrating	cell	as	a	function	of	microlane	length	

confirms	a	pole-to-pole	oscillation	mode	in	Chapter	5.	We	found	that	cells	migrate	

in	 a	 pronounced	 oscillatory	 manner	 with	 repetitive	 depolarization-repolarization	

progresses. A	 morphological	 view	 of	 this	 quasi-periodic	 migration	 highlights	 the	

repetitive	depolarization	and	repolarization	of	cells.	At	 the	tips	of	 the	microlanes,	

cell	polarization	and	hence	cell	advancement	is	quenched	due	to	contact	with	the	

PEGylated	area.	Then,	spontaneous	protrusions	of	the	cell	along	its	opposite,	free,	

edge	and	subsequent	polarization	in	the	opposite	direction	reverses	the	cell	motion.	

The	reversal	time	does	neither	dependent	on	the	length	nor	the	geometric	tips	of	

the	 microlanes.	 We	 find	 that	 an	 extended	 Cellular	 Potts	 model	 (CPM)	 can	

recapitulate	 the	 experimentally	 observed	 pole-to-pole	 cell	 oscillatory	 mode.	 The	

model	 shows	 that	 the	 distribution	 of	 stochastic	 repolarization	 times	 might	 be	

explained	as	 follows.	Stochastic	membrane	protrusions	explore	 the	vicinity	of	 the	

cell.	 Then,	 if	 the	 cell	 can	 adhere	 in	 the	 explored	 region,	 these	 protrusions	 form	

stable	lamellipodia	through	a	self-reinforcing	feedback	loop.	In	addition,	the	model	

also	 captures	 details	 of	 the	 spatiotemporal	 evolution	 of	 the	 actin	 polymerization	
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front	such	as	lamellipodium	splitting	in	concave	tip	geometries.	These	findings	are	

surprising,	 since	 currently,	 the	 CPM	 does	 not	 take	 into	 account	 any	 molecular	

details	 of	 the	 cytoskeleton.	 Further,	 development	 of	 the	 CPM	 model	 including	

myosin	and	the	actin	regulating	RhoGTPases,	which	has	been	the	subject	of	interest	

in	 analytical	 reaction-diffusion	 models	 of	 moving	 cells	 [16,	 21-24],	 will	 possibly	

improve	the	simulation	of	morphology	and	dynamics	of	the	moving	cell.	

Hence	the	microlane	assay	provides	a	useful	testbed	for	future	refinements	of	CPM	

simulations	 as	 the	 setting	 allows	 the	 gathering	 of	 statistical	 data	 over	 repeated	

events	of	protrusions	encountering	defined	obstacles.	As	a	cell	depolarizes	 in	 the	

different	shaped	ends	of	micro-lanes,	the	spatial	distribution	of	actin	activity	could	

lead	towards	a	better	understanding	of	how	cell	adhesion	and	the	local	geometrical	

membrane	 curvature	 regulates	 actin	 polymerization	 [110,	 152,	 153].	 In	 these	

respects,	 future	 studies	 combining	 cellular	 migration	 assays	 confined	 to	 micro-

patterns	and	computational	simulation,	might	be	of	value	to	 identify	mechanisms	

of	migration	phenotypes.	

Cell	 migration	 can	 be	 actively	 driven	 by	 the	 arrangements	 of	 actin	 and	 myosin.	

Indeed,	 the	 role	of	 actin	 in	 guiding	 cell	 polarization	 in	 response	 to	 geometry	 still	

remains	 under	 intense	 investigation.	 The	 intracellular	 signaling	 pathways	 that	

regulate	 actin	 cytoskeleton	 organization	 or	 protrusion	 formation	 are	 likely	 to	

contribute	to	the	quasi-oscillatory	migration.	The	orientation	of	the	polymerization	

of	 F-actin,	 which	 can	 drive	 the	 finger-like	 filopodia	 and	 broad	 lamellipodia,	 are	

strongly	 influenced	 by	 the	 confinement	 geometry.	 The	 polymerization	 of	 actin	 is	

triggered	by	different	molecular	switches	RhoA,	Rac	1,	or	Cdc	42.	An	aspect,	which	

could	 be	 addressed	 in	 future	 experiments,	 is	 how	 the	 geometrical	micro-pattern	

affects	the	dynamics	of	the	molecular	switches	when	a	cell	performs	an	oscillatory	

migration.		

Forming	 the	 polarization	 axis	 is	 important	 for	 cell	 migration,	 particularly	 for	

directionally	 oscillatory	 migration,	 which	 is	 regulated	 by	 the	 Rho	 GTPase	 family	

members	RhoA,	Rac	1	and	Cdc	42,	as	shown	in	Figure	6.1.	The	level	of	Rac	1	activity	
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plays	a	central	 role	 in	choosing	random	or	directional	migration	[154].	During	the	

intrinsic	 migration	 of	 a	 cell,	 Rac	 1	 is	 highly	 active	 at	 the	 leading	 edge.	 Rac	 1	 is	

known	 to	 trigger	 the	 local	polymerization	of	actin	and	 the	structure	 formation	of	

lamellipodia	[155].	Cdc	42	are	the	master	regulators	of	cell	polarization	that	effect	

directional	migration	[156].	Rac	1	and	Cdc	42	can	also	promote	Rho	A	activity	at	the	

rear	of	the	cell,	meanwhile,	 they	aid	the	formation	of	the	 leading	edge	as	well	as	

the	trailing	edge	[157].	In	fact,	many	current	models	have	shown	that	Rac	promotes	

membrane	protrusion	at	the	leading	edge	and	that	RhoA	regulates	contractility	 in	

the	 cell	 body	 [158-160].	 Moreover,	 there	 is	 evidence	 that	 RhoA	 also	 regulates	

membrane	 protrusion	 [161,	 162].	 	 Then,	 to	 shed	 light	 on	 the	 process	 of	 cell	

oscillatory	 migration,	 it	 would	 be	 helpful	 to	 have	 a	 marker	 to	 indicate	 the	

polarization	 axis.	 Such	 a	 marker	 should	 allow	 the	 tracking	 of	 the	 signalling	

pathways	throughout	the	whole	cell.	

	

Figure	6.1	The	regulating	network	of	cytoskeleton	dynamics.	

Therefore,	 a	 fluorescent	 biomarker	 to	 visualize	 the	 spatiotemporal	 dynamics	 of	

RhoA	 activity	 during	 cell	 migration	 could	 be	 designed	 in	 future	 assays.	 Rac	 has	
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previously	 been	 shown	 to	 antagonize	 RhoA	 activity	 [163,	 164].	 However,	 little	 is	

known	about	 the	 specific	 competition	effects	 between	 these	molecular	 switches.	

Thus,	 studying	 the	effect	of	geometry	on	the	dynamics	of	 the	molecular	switches	

might	 complement	 those	 studies	 and	 give	 insights	 into	 the	 process	 of	 cellular	

polarization-repolarization.		

In	conclusion,	the	findings	of	this	thesis	shed	new	light	on	the	directional	migration	

of	 cells.	 Surfaces	 micropatterns	 constrain	 individual	 cells	 to	 distinct	 geometries;	

these	geometries	act	as	global	spatial	cues	to	govern	the	cells	performing	a	quasi-

oscillatory	 migration;	 the	 local	 features	 of	 geometries	 provides	 a	 subtle	 but	

significant	 effect	 on	 the	 repolarization	 of	 actin.	 The	 technique	 and	 setup	 in	 this	

work	 enable	 reliable,	 quantitative	 assays	 for	 tracking	 cell	 polarization.	 More	

importantly,	 the	 combination	 with	 the	 computer	 simulation	 model	 and	 the	

dynamics	 of	 cytoskeletal	 architecture	 (e.g.,	 actin)	 of	 single	 cell	 contribute	 to	 the	

development	of	the	understanding	of	cellular	process.	
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