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Zusammenfassung

Die Hauptakteure in der (Embryonal-)Entwicklung und bei Immunreaktionen, sowie
bei Krebsmetastasen sind migrierende Zellen. Zellen passen ihre Art der Migrati-
on aktiv den von ihrer mikroskopischen Umgebung gesetzten Randbedingungen an.
Um standardisierte und justierbare Mikro-Umgebungen für die Untersuchung von
Zellorganisation und -migration bereitstellen zu können, wurden Mikrostrukturie-
rungstechniken entwickelt. Die Mikrostrukturierung erlaubt es, zelladhäsive Proteine
in definierten Geometrien an einer Oberfläche anzubinden, während die umgeben-
den Flächen zellabweisend funktionalisiert werden. Die Spreit-Dynamik von Zellen
auf Mikrostrukturen wurde schon zuvor erfolgreich modelliert; und eine Vielzahl an
theoretischen Modellen existieren, die die Zellmigration auf homogenen Substraten
beschreiben. Im Gegensatz dazu ist wenig über die Dynamik von Zellen in einen-
genden Geometrien bekannt. Insbesondere ist die Frage, wie sich die Dynamik als
Funktion der Geometrie der Einengung verändert, noch unbeantwortet.

In dieser Dissertation habe ich ein artifizielles mikrometerskaliges Zweizustandssys-
tem für die Untersuchung der Zellmigration bei Einengung entwickelt. Weiterhin
habe ich mehrere geometrische Bestimmungsgrößen identifiziert, die die Migrations-
dynamik beeinflussen, und habe ihren Effekt quantifiziert. Das mikrostrukturierte
System besteht aus zwei zellgroßen Adhäsionsflächen, die an den beiden Enden ei-
nes verbindenden Streifens liegen. Menschliche Brustkrebszellen MDA-MB-231, so-
wie verschiedene andere Zelllinien, migrieren in dieser Hantelgeometrie zwischen den
Adhäsionsflächen hin und her. Die Migration kann durch aus den Zelltrajektorien
direkt auslesbare Größen wie Beschleunigungen, Aufenthaltsdauern und Aufenthalts-
wahrscheinlichkeiten charakterisiert werden. In Kollaboration mit der Arbeitsgruppe
Broedersz haben wir eine neuartige theoretische Beschreibung der Zellmigration in
beengten Geometrien entwickelt, die ausschließlich auf der Kurzzeitdynamik basiert.
Wir haben gezeigt, dass die Zellmigration in Zweizustands-Mikrostrukturen von ei-
ner stochastischen Bewegungsgleichung, die aus einem deterministischen und einem
stochastischen Term besteht, beschrieben wird. Beide Terme wurden aus den Daten
inferiert und eine gute Übereinstimmung zwischen Modellvorhersagen und Experi-
mentaldaten wurde beobachtet. Insbesondere haben wir herausgefunden, dass hoch-
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Zusammenfassung

metastatische MDA-MB-231 Brustkrebszellen und nicht maligne Zellen aus Brustge-
webe (MCF10A) auf Zweizustandssystemen mit Brückenbreite 7.2 µm verschiedene
deterministische Dynamiken aufzeigen. Das Zweizustandssystem wurde weiterhin ge-
nutzt, um systematisch den Einfluss der Geometrie der Mikrostruktur auf die Zellmi-
gration zu studieren. Dabei haben wir herausgefunden, dass die Migrationsdynamik
der Zellen sensitiv gegenüber der Brückenlänge und -breite, sowie der Adhäsionsflä-
chengröße und -orientierung ist. Insbesondere wurden die Austrittsraten der Zellen
aus Adhäsionsflächen mit verschiedenen Formen bestimmt. Wir haben festgestellt,
dass die Austrittsraten für isotrope Formen ausschließlich von der Adhäsionsflä-
che linear abhängen. Wenn die Adhäsionsflächen eine signifikante, zur Brücke der
Mikrostruktur orthogonale, Ausdehnung haben, beeinflusst die Zellpolarisation die
Aufenthaltswahrscheinlichkeiten.

Daraus folgend ist das Zweizustandssystem ein geeigneter Testaufbau um Zelldyna-
mik als Funktion der einengenden mikroskopischen Umgebung zu studieren. In dieser
beengten Geometrie müssen Zellen ihre Form verändern um Übergänge zwischen den
zwei Adhäsionsflächen zu bewerkstelligen. Da Zelllinien mit unterschiedlichem me-
tastatischem Potential unterschiedliche dynamische Verhalten aufzeigen, kann man
potentiell die gemessene Austrittsdynamik mit klinischen Parametern wie Invasivität
verbinden.

xii



Summary

Migrating cells are key players during development and immune response, and also
in cancer metastasis. Cells actively adapt their mode of migration to constraints im-
posed by their microenvironment. To provide standardized and tunable microenvir-
onments for the study of cell organization and migration, micropatterning techniques
were developed. Micropatterning allows the controlled deposition of cell-adhesive
proteins in defined geometries on a surface while rendering the surrounding areas
cell-repellent. The spreading dynamics of cells on micropatterns has previously been
successfully modelled and several theoretical models exist for cell migration on ho-
mogeneous substrates. In contrast, little is known about the dynamics of cells in
confining microenvironments. In particular, it is an open question how the dynamics
changes as a function of the geometry of the confinement.

In this thesis, I developed an artificial micrometre-scale two-state system for the
study of cell migration in confinement. Furthermore, I identified several geomet-
ric determinants affecting the migration dynamics and quantified their effect. The
micropatterned system consists of two cell-sized adhesion sites at either end of a
connecting stripe. MDA-MB-231 human breast cancer cells, and several other cell
lines, responded to the dumbbell-like geometry by migrating back and forth between
the adhesion sites. The migration can be characterized by direct readouts from the
cell trajectories such as accelerations, dwell times and occupation probabilities. In
collaboration with the Broedersz group, we found a novel theoretical description
for cell migration in confinement that is entirely based on short-timescale readouts.
We showed that the cell migration in the two-state micropattern is captured by a
stochastic equation of motion consisting of a deterministic and a stochastic term.
Both terms were inferred from the data and a good agreement between model pre-
diction and experimental data was found. In particular, we established that highly
metastatic MDA-MB-231 breast cancer cells and non-tumourigenic MCF10A breast
epithelial cells have distinct deterministic dynamics on two-state patterns with a
bridge width of 7.2 µm. The two-state setup was further used to systematically
probe the influence of geometrical cues presented to the cells within the micropat-
terns. Thus, the migration dynamics of cells was found to be sensitive to bridge
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Summary

length and width, adhesion site area and adhesion site orientation. Specifically, the
escape rates of cells from differently shaped adhesion sites were determined. For
isotropic shapes, it was found that the escape rates linearly depend on adhesion site
area only. When adhesion sites extend significantly into the direction orthogonal to
the micropattern’s bridge, cell polarisation on the adhesion sites biases occupation
probabilities.

Consequently, the two-state system is a suitable assay to study cell dynamics as a
function of the confining microenvironment. In this particular confinement, cells
have to deform in order to transition between the two adhesion sites. As cell lines
of different metastatic potential exhibit different dynamic behaviour, the measured
escape dynamics may possibly be connected to clinical parameters like invasiveness.
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1. Introduction

In the human body, cell migration is ubiquitous; it is a physiological process occur-
ring at all stages of life and a task performed by a variety of cell types. Thus, neurons
migrate from the sites they are generated in to their target destinations during brain
development [4], leukocytes migrate from blood vessels to a specific site during im-
mune response [5] and migrating epithelial cells mediate wound healing [6]. Likewise,
pathological cell migration takes place during metastasis, when cancer cells leave the
primary tumour, travel with the blood flow and eventually invade distant tissues [7].
Also, the failure to reliably perform a migratory function [8] or the inhibition of cell
migration by scar tissue and excreted inhibitory molecules [9] may cause pathological
states or prevent regeneration.

The quantitative study of cell migration began within the last century [10,11]. Before
modern digital imaging techniques were developed and became commercially avail-
able, the study of microscopic systems was labour-intense and time-resolution was
limited. How different the workflow used to be is nicely illustrated in the early pa-
pers on cell migration. Thus, Przibram observed and tracked the motion of infusoria
under a light microscope with the help of Abbe’s drawing apparatus. Briefly, this
apparatus allows the simultaneous observation of a sample under the microscope and
of a pen placed on a sheet of paper next to the microscope. By creating a virtual
image overlay, the user sees the tip of the pen and the sample superimposed and can
easily trace objects seen under the microscope [12]. Time was given by the beats of
a metronome. In this manner, it was established that infusoria moved randomly [10].
A few years later, Fürth measured mean passage times with the help of a grid pat-
tern in the light path of the microscope and established that infusoria performed a
persistent random walk [11]. His formula for the mean squared displacement (MSD)
has remained a standard for the analysis of cell trajectories.

Considerable technological advances have eliminated the need for drawing apparat-
uses and metronomes. In stark contrast to Przibram’s and Fürth’s work, nowadays
many cells can be imaged simultaneously, with resulting datasets comprising tens [13,14],
hundreds [15], and thousands [16] of cell traces. This leads to higher statistical certi-
tude but can give rise to many new questions, as more phenomena become visible and
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1. Introduction

experimental parameters can often be easily tuned. Related to this is the changing
view of cell migration in 2D: While for many years, in line with Fürth’s findings, cell
migration has been described as a persistent random walk [17,18], recently, contradict-
ory results have started emerging and challenging this view [13,19]. In their seminal
work, the group of Flyvbjerg carefully and systematically analysed the migration
of cells on homogeneous 2D substrates and thereby showed that the data disagrees
with some assumptions of the Ornstein-Uhlenbeck process underlying the persistent
random walk model. They further proposed a workflow for the construction of cell-
type specific models [20]. While such "bespoke" models give analytical expressions
and are certainly useful to correctly capture and predict cell-type specific motion,
it is difficult to compare parameters between different cell-type-specific models, and
eventually assign a biological meaning to them. Therefore, it is all the more of
interest to determine whether general "laws" describing cell migration exist.

The study of cells and cell migration on unstructured two-dimensional surfaces is use-
ful for the characterisation of cell motion [1,17,18]. Also, cellular response to different
surface structures has been successfully studied on 2D substrates. These experi-
ments were often conducted sequentially, i.e. in a way that one surface was probed
per experiment [21–24]. Similarly, two different surfaces can be placed next to each
other to study population-level cellular affinities towards surfaces [25–30]. Such affinity
assays are of great interest for biomedical applications which frequently depend on
controllable cell adhesion to surfaces. However, mostly endpoint readouts were ex-
tracted, rather than details of the cellular dynamics. In these setups, it also remains
unclear how a single cell would respond if probed several times. In particular, each
cell contributes only one data point that does not allow for the determination of a
single-cell relative affinity towards different surfaces. What is more, the results are
routinely averaged over the whole cell population which includes cells with a wide
range of sizes and shapes. Therefore, several parameters can potentially contrib-
ute to the final readout. Hence, it is desirable to increase standardisation, i.e. to
provide additional control over cell morphology and interactions. To this end, sev-
eral micropatterning techniques have been developed [31–33]. Micropatterning allows
the deposition of a protein of choice in regions of particular shape and size, typically
over a large area of a culture dish. As many micropatterning techniques are based
on reusable masks or moulds, patterns are highly reproducible. Micropatterns have
successfully been utilised to study the influence of cell shape and size on survival
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and function [31,32,34], to probe cell spreading [32,35,36], to map internal cell organisa-
tion [37–40], define a hierarchy of geometric shape cues on cell polarisation [41] and to
immobilise cells in a defined lattice [42,43]. Micropattern shapes can be modified to
address specific questions and enable (semi-)automated data analysis: A program
can take micropattern dimensions and separation as an input and, based on this
information, automatically define regions of interest for further data analysis [16].

Several groups have aimed to study the influence of cell shape on cell migration.
One possible approach is to initially confine cells to micropatterned adhesion sites
and, after the cells have adopted the shapes of the underlying micropatterns, to
release them from their confinement. To this end, either an electric field has to
be applied [44] or a chemical has to be added to the sample [45]. In both cases, it is
possible that cells are influenced by the external stimulus, and that the substrate
undergoes ill-defined changes. When the micropattern’s size is scaled up, motile
cells can migrate within. Thus, micropatterned lanes have proved useful to confine
cell migration to 1D. In this way, the speeds of several types of persistently mi-
grating cells could be compared [46] and migratory fingerprints of several cell lines
migrating on ring-shaped microlanes were identified [47]. In rows of triangles and
teardrop-shaped micropatterns, cells migrate preferentially in one direction [14,48,49].
Due to the high reproducibility of behaviours and therefore repeated observations,
it was possible to propose several mechanisms responsible for the biased migration.
In particular, Caballero et al. quantitatively analysed cellular protrusions extending
over non-adhesive areas and managed to successfully capture the main geometric
determinants of cellular transitions between unconnected adhesion sites. Thus, the
probability to transition between two unconnected micropatterns depends on their
distance, the length of cellular protrusions, the rate of protrusion generation and
the available adhesive area in reach of cellular protrusions [49]. However, all these
measures are cell-type and setup-dependent. Therefore, it cannot be known in ad-
vance how different cell lines will respond to a variety of anisotropic shapes. Also, in
different micropattern designs, some of the identified parameters might not be well
defined any more.

The aim of this dissertation is to explore and describe cell migration in confining two-
state systems. While the migration of unconfined cells has been studied extensively,
it is not a priori clear how a cell will respond to confinement. In analogy to a freely
diffusing particle, confinement could alter the migratory behaviour markedly and
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1. Introduction

new laws for the motion might emerge. In a novel approach, we employ a data-driven
modelling approach to capture the dynamics of cell migration in two-state patterns.
Furthermore, the experiments were designed to systematically study the influence
of the geometry of the confining environment on cellular migratory response. It is
not known yet whether cell migration in different geometries obeys the same rules,
and how the response is quantitatively altered by micropattern geometry.

Addressing these questions, this dissertation has the following structure: The key
concepts and methods mentioned in this introduction, i.e. cell migration, its math-
ematical description and micropatterning techniques, are described in more detail
in Chapter 2. In Chapter 3 an artificial two-state system for the detailed study
of cell migration in confinement is introduced. In this geometry, cells migrate re-
peatedly between the two adhesion sites. It is shown that the observed hopping
behaviour of cells is a common feature of several cell types. We find a nonlin-
ear stochastic equation of motion capturing the dynamics of cell migration in this
dumbbell-like micropattern. Chapter 4 offers a more detailed characterisation of
cell migration in the two-state setup. Here, the question of how escape rates are
influenced by adhesion site size, shape and orientation is studied. In addition to
the measures introduced in Chapter 3, more coarse-grained readouts are used for
the characterisation of cell response. It is found that shapes isotropic under 90◦

rotations only weakly influence the escape behaviour, while adhesion site area and
orientation are major determinants. The internal cell organisation is linked to bi-
ases detected in occupation probabilities. Chapter 5 summarises the key findings,
provides an outlook to outstanding questions and sketches out future experiments.
Experimental details are given in Appendix A.1, and data analysis is described in
detail in Appendix A.2.

4



2. Fundamental Concepts

Cell migration is of importance in many healthy physiological processes in the human
body but also for the development or progression of disease. Thus, cells migrate as
single cells or collectively during embryogenesis, immunoresponse and wound healing.
One of the hallmarks of cancer is the activation of the migratory ability in cells and
resulting metastasis [50,51]. In cancer metastasis, cells leave the site of the primary
tumour and colonise a new, secondary site. To recolonise, cells have to migrate
through the basement membrane and stroma and pass through a layer of endothelial
cells to enter blood vessels (Fig. 2.1). During their journey, cells encounter a variety
of environments and barriers, ranging from criss-crossing extracellular matrix fibres
to relatively unstructured surfaces [52]. Typically though, migration in vivo takes
place in confining environments, where cells can either use existing tracks or create
their own by degradation of extracellular matrix [53]. Typical pore diameters range
from 1 to 20 µm, and fibrillar or channel-like tracks are typically 3 to 30 µm wide [54].
Whether cells need to degrade the surrounding matrix by proteases depends on
the prevalent pore size in the matrix. It was also shown that no migration can
occur, if matrix degradation is not possible, for pore sizes smaller than 10% of the
nuclear cross-section [55]. To disentangle the cues cells face in vivo, microstructuring
techniques were developed that provide defined in vitro environments.

This chapter aims to summarise the basic mechanisms underlying cell migration, to
introduce micropatterning as an experimental method for the standardisation of the
study of cell migration in vitro and to introduce theoretical models of cell migration
and the migratory machinery.

2.1. The Basics of Cell Migration

Depending on their position in the body, cells are faced with 1D, 2D or 3D en-
vironments through which they migrate. One-dimensional environments in vivo
are typically provided by collagen fibres. 2D migration occurs on the surface of
physiological structures such as blood vessels or epithelial tissue. Three-dimensional
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2. Fundamental Concepts

Figure 2.1.: Tissue invasion by cells. A: Single cells leaving a tumour site. During their
migration, they interact with epithelial cells, fibroblasts, the extracellular matrix (ECM)
and endothelial cells. B: A group of cells leaving a tumour site and migrating collectively
towards a blood vessel. Reprinted with permission from VanderVorst et al. [56].
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2.1. The Basics of Cell Migration

Figure 2.2.: The cycle of cell migration. (I): A cell polarises, which means that it acquires a
shape with a designated front and back. The nucleus (blue) trails the cell front. (II): The
cell front grows. Several types of protrusions can occur: needle-like filopodia and sheet-
like lamellipodia. A lamellipodium is characterised by the branched actin network inside
(green). Rho, Rac, Cdc42 and Arp 2/3 are the key players mediating protrusion formation.
Adhesions to the substrate form under the protrusion, providing a means for the cell to
apply traction forces. These cell-substrate links are called focal adhesions (FAs) (pink).
Highly contractile ventral stress fibres (SFs) (yellow) link focal adhesions inside the cell.
(III): The rear is retracted and the cell moves forward. In this step, which is prominently
mediated by myosin II and Rho, the attachment points at the cell back are released and
thereby a net translocation of the cell is achieved.

migration distinguishes between confined and discontinuous meshwork environments:
Confined environments are given where cells are being "sandwiched" between struc-
tures from two sides, e.g. between fibre bundles, and discontinuous meshworks are
typically encountered where extracellular matrix proteins criss-cross [57].

The cell type and the exact molecular and structural make-up of the cellular en-
vironment determine the migratory phenotype. Tumour cells are able to adapt
their migratory response to the environments they face and switch between migra-
tion modes, a behaviour called migration mode plasticity [58,59]. It was suggested
that the migration mode is determined by adhesion with the substrate, cell con-
tractility and confinement [59]. In amoeboid migration, cells typically have a rounded
morphology and round membrane protrusions (blebs) contribute to the migration.
Typically, cells push themselves through the extracellular matrix (ECM) or deform
it. Also, in amoeboid migration, adhesion to the surrounding matrix is low or ab-
sent. The variations are classified into a range of sub-modes, ranging from gliding
to protrusion-mediated migration [57,60]. Conversely, in mesenchymal migration, cells
have an elongated morphology and a defined cell front and rear. In this migration
mode, cells can degrade and remodel the surrounding extracellular matrix [58,61].

7



2. Fundamental Concepts

Mesenchymal cell migration is a cyclic process comprising three main steps [62], which
are shown in Fig. 2.2: (I) Cells polarise, often in response to external cues such as
gradients of chemoattractants or spatial cues. Polarisation denotes an organisational
difference between cell front and back. (II) The polarisation is accompanied by
protrusion formation at the cell front. Actin polymerisation pushes the membrane
forward. Typically, two types of protrusions are distinguished: lamellipodiaa, which
are broad sheet-like structures with an underlying branched actin network, and
filopodia, which are thin needle-like structures of parallel actin bundles. Both have
distinct roles in cell migration: Lamellipodia are necessary for directional migration
whereas filopodia seem to act as sensors to explore the cellular environment. The
protrusions are stabilised and the cell anchors to the substrate using integrins. These
sites of adhesion are a means of traction force generation. (III) Contractile forces
generated by myosin II help to release the adhesions in the cell rear to allow for
locomotion.

A host of signalling molecules is involved in all these steps of cell migration. Thus,
actin polymerisation in the lamellipodium is mediated by Arp2/3, which in turn
is regulated by Rho GTPases and WASP/WAVE family activators. Of the Rho
GTPases, Rac1, Cdc42 and RhoA are required for the protrusion of lamellipodia
and filopodia. Furthermore, the engagement of integrins in new adhesions activates
Rac. Rho and Rac are antagonists, so that the presence of active Rac in the cell
front leads to an inhibition of Rho. Consequently, Rho accumulates mainly on the
sides and in the rear of the cell, thereby manifesting a polarised cell state. Cdc42
regulates cell polarity by restricting where protrusions form and by localising the
microtubule organising centre and the Golgi apparatus. Integrins are a family of
migration promoting transmembrane receptors and mechanosensors. By attaching
to binding sites in the substrate, they stabilise the lamellipodium and are used for
force transmission to the substrate. The strongest forces are exerted at the cell front
and at the cell rear. In the cell front, new adhesions perpetually form, while older
adhesions are either disassembled or reinforced. Force transmission is myosin II

aNote that, strictly speaking, the leading edge of a cell consists of two distinct functional entities,
the 1-3 µm wide lamellipodium and the more proximal lamella. The lamellipodium is character-
ised by fast actin polymerisation and fast retrograde flow, whereas the lamella marks a region
of slow retrograde flow, the presence of myosin II and focal adhesion assembly [63]. In this work,
lamellipodium is used for both functional entities, as the experimental data does not allow a
clear distinction.

8



2.1. The Basics of Cell Migration

Figure 2.3.: Actin filaments. Left: Electron micrograph of an actin filament partially dec-
orated with myosin motor heads ("decorated seed"), giving rise to the arrowhead pattern
which gives both actin filament ends their names ("barbed" and "pointed" ends). Second
from left: Actin filament with association and dissociation rates and equilibrium dissoci-
ation constants K for adenosine diphosphate (ADP)- and adenosine triphosphate (ATP)-
actin. Right: Ageing of actin filaments. At first, the ATP in the ATP-actin monomers
is hydrolysed, before the phosphate is slowly dissociated. Reprinted with permission from
Pollard and Borisy [66].

regulated, which itself is regulated by molecules involving myosin light chain (MLC)
kinase, Rho kinase, MLC phosphatase and MLC. Cell-substrate adhesion sites may
be small, consisting of single integrins or may result from integrin clustering and
be (much) bigger. These clusters are called focal adhesions (FAs). Ventral stress
fibres (SFs) connect FAs at the cell front and rear - and through contractility they
apply pulling forces over the cell length. Two other types of stress fibres have been
identified, dorsal fibres and transverse arcs, and only the former are attached to focal
adhesions on one end. Some details of the workings of stress fibres and of stress-
fibre-focal-adhesion interactions remain unclear up to now [64]. In the last step, rear
retraction, myosin II is again involved [62,65].

Interestingly, cells do not need their nuclei, microtubules, centrosomes and most
other organelles to migrate. Yet actin is crucial for cell migration. Actin is also the
main component of the lamellipodium, occuring in two forms: as globular monomer,

9



2. Fundamental Concepts

Figure 2.4.: Lamellipodial growth at the molecular level. 1. An external stimulus triggers
a signalling cascade that involves GTPases (2.) and WASP (identical to WASp) (3.).
4. Active Arp2/3 attaches to actin filaments, initiating branching. 5. Actin monomers
attach to the barbed ends of actin filaments, which push the membrane forwards (6.).
7., 8., 9. In some actin branches, elongation is capped by capping proteins. During
ageing of actin filaments, ATP-actin is hydrolysed and the phosphate is dissociated, and
eventually the ADP-actin-filaments are severed and depolymerised with the help of actin
depolymerising factor (ADF)/cofilin. 10. Profilin catalyses the exchange of ADP to
ATP in the actin monomers, so that 11. a pool of ATP-actin is maintained. 12. Rho
GTPases also activate PAK which activates LIM-kinase. LIM-Kinase inhibits ADF/cofilin.
Reprinted with permission from Pollard and Borisy [66].
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2.1. The Basics of Cell Migration

or in double-helical filaments. The electron microscope image of such a filament is
shown in Fig. 2.3 on the very left. In the region called "decorated seed", an arrowhead
pattern of myosin motor heads is visible. This arrowhead pattern indicates the
polarity of each actin filament: The filament has a barbed and a pointed end. Actin
monomers bound to ATP or ADP can bind to both ends, but the binding and
dissociation rates differ between the ends (compare Fig. 2.3, second image from left),
giving rise to what has been termed treadmilling. Treadmilling refers to the constant
growth of actin filaments at their barbed ends, while simultaneously disassembly
takes place at their pointed ends. It is this continuous growth and disassembly that
results in protrusion growth and actin retrograde (i.e. rearwards) flow inside the
cell. Within each actin filament, the ATP-actin is quickly hydrolysed (half time:
2 seconds) to ADP-Pi-actin. The dissociation of the phosphate takes place on a
longer time scale, with a half time of 6 minutes [66].

Inside the lamellipodium, several actin filaments have to cooperate to exert mean-
ingful forces needed for protrusion growth. Thus, actin filaments are densely packed
at the leading edge at about 100 filaments per micrometre [67]. A scheme of the most
important processes involved in protrusion formation is shown in Fig. 2.4. Rather
than comprising single actin filaments, the lamellipodium consists of a branched
actin network where new actin filaments grow out of existing filaments in branches.
The branching is mediated by Arp2/3. Arp2/3 caps the pointed ends of actin fila-
ments and thereby initiates growth in the direction of barbed ends only, at an angle
of 70◦ to an existing filament. Profilin also prevents the binding of actin monomers
to pointed ends and inhibits nucleation. As treadmilling can only continue in the
presence of a sufficient concentration of actin monomers, it is important that the
pool of monomers is not depleted and that disassembly at the ends of actin filaments
takes place at a practical rate. To limit the use of actin monomers, capping proteins
attach to barbed ends of actin filaments and terminate their growth. Also, actin
depolymerising factor (ADF)/cofilin accelerates actin depolymerisation and phos-
phate dissociation. The force to push the plasma membrane forward is generated by
short filaments which are highly cross-linked. To resolve the question of how actin
filaments can grow while their barbed ends push against the membrane, the elastic
Brownian ratchet mechanism was proposed: Thus, actin filaments are bending, and
through this new monomers can get into place at the front [68]. Figures 2.3 and 2.4
were reproduced from the excellent review by Pollard and Borisy [66] where more
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2. Fundamental Concepts

details on the molecular processes involved in actin-mediated cell migration can be
found.

Myosin II is an actin-binding motor protein that walks along actin filaments and
can generate contraction. Its assembly in the cell rear, and consequently the estab-
lishment of cell polarity, is tightly associated with actin dynamics. In migrating fish
keratocytes, which are a model organism for the study of cell migration, myosin II
localises in the lamellipodium but remains stationary with respect to the substrate.
Thus, while the cell moves, myosin "relocates" to more proximal cell regions [69]. An-
other proposed mechanism for myosin II assembly in the cell rear is that myosin
II associates with actin filaments and is transported rearwards by the retrograde
flow. In the cell rear, the actin network is disassembled and actin filaments are eas-
ily contracted by myosin motors [70]. Also, a combined experimental and theoretical
study found that the accumulation of myosin triggers two feedback loops: First, the
contractility of myosin increases rearward actin flow, which in turn transports more
myosins to the cell rear. Second, fast actin flow reduces adhesion, which in turn
increases actin flow. Thereby, the polarity of migrating cells can be reinforced [71,72].

To have an effect, the forces created within cells need to be translated to the sub-
strate. The means of doing so are FAs. Focal adhesions are integrin-based adhesion
organelles which connect the actin cytoskeleton to integrins binding to the ECM.
As actin cannot directly bind to integrins, other molecules need to be involved to
mediate the interaction, such as talin, α-actinin and paxillin, giving rise to a layered
3D structure. FAs form as small nascent adhesions under the lamellipodium with a
life time of about one minute. A subset of these nascent adhesions gets disassembled,
whereas the other fraction grows into mature FAs. FA maturation requires tension
application, either internally or externally, and thus focal adhesions are associated
with SF assembly and myosin II activity. The working mechanism of focal adhe-
sions is summarised in the molecular clutch hypothesis [73] and a schematic drawing
is depicted in Fig. 2.5. Briefly, without clutch engagement, new actin monomers
attach to the front of existing actin filaments, resulting in a fast retrograde flow,
no traction forces and no membrane displacement (Fig. 2.5 a and b). In contrast,
when the clutch becomes engaged by binding to the ECM externally and to actin
internally, the retrograde actin flow slows down, leading to the transfer of traction
force to the substrate. Also, the newly growing actin filaments are able to apply
forces to the membrane and induce membrane protrusion (Fig. 2.5 c) [74].
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2.1. The Basics of Cell Migration

In recent years, the microscopic study of the localisation of the key players of mem-
brane protrusion events, Cdc42, RhoA and Rac1, has provided new insights. In the
past, bulk measurements of protein localisation were carried out. The recent devel-
opment of fluorescence resonance energy transfer (FRET)-based biosensors shifted
the focus onto the study of protein activation. Thus, surprisingly, it was found that
RhoA is active in a narrow band along the edge of membrane protrusions in ran-
domly migrating cells [75]. Also, RhoA activity is low across the cell body, challenging
the assumption that it is involved in FA production in the cell body [76]. However,
the effectors of membrane protrusions seem to matter, as in growth-factor induced
lamellipodia, no pronounced band of RhoA actication was visible [75]. In a follow-
up study, the activity of all three key Rho proteins was monitored with biosensors.
This confirmed the previous finding of localised RhoA activity, confined within 2 µm
of the leading edge, which coincides with edge protrusion. In contrast, Cdc42 and
Rac1 are activated with a 40 s delay, at a distance of 1.8 µm from the leading edge [77].
While the different localisation of RhoA and Rac1 activities is in line with the notion
that both proteins are antagonists [78], the relative spatiotemporal activation of these
RhoGTPases challenges the view of how Rac and Cdc42 are involved in protrusion
formation (see above).

In the absence of external cues, cells polarise and form protrusions randomly along
the cell periphery. Homogeneously distributed cues may increase the rates of protru-
sion formation but will not induce directionality. In this case, intrinsic directionality
will decide over the extent of persistence in resulting migration [79]. In contrast, the
following cues can directionally bias migration:

• fibre orientation (contact guidance) [80]

• gradient of surface-bound adhesive molecules (haptotaxis) [81]

• stiffness gradient of the substrate (durotaxis) [82]

• gradient of chemicals in solution (chemotaxis) [83]

• electric fields (electrotaxis) [84]

Importantly, all of these cues occur in vivo [85].

Upon closer investigation of protrusions forming in stationary and also in migrating
cells, travelling protrusion waves along the cell periphery [86,87] and periodic cycles of
protrusions and retractions [86,88] were observed. It was suggested that the periodic
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2. Fundamental Concepts

Figure 2.5.: The molecular clutch hypothesis formulated for FAs. a: Integrins (green and
purple) are attached to the ECM and actin filaments (dark blue) grow by the binding of
new actin monomers (light blue). b: The binding of new actin monomers to the front of
existing actin filaments is accompanied by a constant depolymerisation at the back of the
filaments, giving rise to treadmilling and a retrograde flow of actin. c: When the clutch
becomes engaged, i.e. the integrins are connected to actin via some binding proteins
(yellow), the retrograde flow can be converted into traction forces, and the binding of
new actin results in membrane protrusion. Reprinted with permission from Case and
Waterman [74].
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2.2. Cell Migration Assays

contractions of lamellipodia are a means to probe substrate stiffness and to modulate
adhesion to the substrate [88]. Rac1 activity plays a crucial role in travelling waves
and oscillating protrusions-retraction cycles: Thus, a positive feedback loop during
protrusion formation further enhances Rac1 activity, which leads to the depletion of
actin monomers and eventually results in retraction [86]. Only recently, a whole-cell
model comprising actin-myosin dynamics, adhesion formation and substrate deform-
ation was developed which is able to capture the emergence of rotating lamellipodial
waves. Furthermore, the model explains how cells are able to polarise in the presence
of these isotropically-distributed waves [89]. This is in line with a model developed
by Zimmermann and Falcke finding that for random protrusion formation, no cell
signalling is necessary. Using the density and length of actin filaments, and divid-
ing the cell front into two distinct regions, one of them gel-like and the other one
semi-flexible, they were also able to predict the formation of transverse arcs [90].

Based on recent experiments, and using experimentally determined quantities for
diffusion coefficients et cetera, models incorporating molecular processes were de-
veloped to model cellular response to external stimuli. Thus, the group of Edelstein-
Keshet managed to capture the essential features of cell polarisation, as mediated by
Rho proteins, using reaction-diffusion dynamics. In particular, their model is able
to account for polarisation in response to several types of external stimuli as well
as to describe the change of polarisation direction. For this, they made a number
of assumptions, namely that the membrane-bound, active form of a Rho protein
diffuses much slower than the cytosolic, inactive protein, that protein numbers are
conserved and that the protein self-enhances its activity [91]. In another study it
was found that the localised presence of curvature-inducing signalling molecules in
the cell membrane triggers a local response in actin polymerisation, and allows to
account for membrane ruffling and filopodia formation in response to external stim-
uli [92]. It remains a challenge to accommodate all of these principles into one working
theoretical framework.

2.2. Cell Migration Assays

Due to the variability of cellular environments in vivo, and the corresponding neces-
sity for cells to adapt their migration behaviour, it is difficult to repeatedly observe
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Figure 2.6.: Micropatterning techniques. (a): The workflow of microscale plasma-initiated
protein patterning (µPIPP). 1. A polydimethylsiloxane (PDMS) stamp is brought into
contact with a substrate, where it selectively covers some areas. These areas are not
subjected to oxygen plasma (1.), and subsequently not passivated with poly-l-lysine-graft-
polyethylene glycol (pll-PEG) (2.). 3. Therefore, upon removal of the stamp, protein
can adhere to the non-passivated areas. (b): Workflow of two-protein patterning, which
is a combination of µPIPP and microcontact printing (µCP). Two-protein patterning
expressly requires framed structures, while for µCP any geometries can be used. 1. The
stamp is inked with a protein and brought into contact with a substrate (2.). Applying
oxygen-plasma is not necessary for µCP. 3. In the next step, pll-PEG is applied to all
uncovered areas. 4. After removal of the stamp, for two-protein patterning, a second
protein can be incubated. Reprinted with permission from Segerer et al. [93].
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the same processes and to gather sufficient statistics for describing and modelling
migration behaviour. For that reason, several techniques for the structuring of sur-
faces were developed [31–33]. The advantage of such techniques is that the resulting
cellular microenvironments are reproducible, tunable and well defined. Micropat-
terning techniques are used to deposit cell-adhesive proteins in a controlled manner,
while rendering the surrounding areas cell-repellent. In particular, microcontact
printing (µCP) [94–96] and microscale plasma-initiated patterning (µPIP) [97], micro-
scale plasma-initiated protein patterning (µPIPP) [93] and variants thereof [98–101] are
widely used. These techniques are polydimethylsiloxane (PDMS) stamp-based. The
stamp is cast from a silicon wafer that acts as a master mould, and that can be
repeatedly used. To engrave the desired structures and patterns onto the silicone
wafer, photolithography techniques are employed. Here, µCP and µPIPP will be
described in more detail: In µCP, the stamp is coated with a protein before it is
pressed, structures facing down, onto a substrate (Fig. 2.6 (b), steps 1 and 2 without
O2-plasma). This results in the localised deposition of a protein layer on the sub-
strate. To enable the adsorption of a cell-repellent polymer to the substrate, in this
case poly-l-lysine-graft-polyethylene glycol (pll-PEG), the substrate is subjected to
ultraviolet (UV) light and ozone gas prior to stamping. This activates the surface,
promoting electrostatically-mediated binding between the substrate surface and the
polycationic poly-l-lysine (PLL) backbone [102]. The stamp is left in contact with the
substrate for a few minutes, and during that time, pll-PEG is added to bind to the
substrate as well (Fig. 2.6 (b), step 3). Upon removal of the stamp, the substrate
comprises protein-coated microstructures with cell-repellent surroundings.

For µPIPP, the bare stamp, structures facing down, is brought into contact with the
substrate. Afterwards, all areas which are not covered by the stamp are subjected
to oxygen plasma treatment (Fig. 2.6 (a), step 1). Plasma treatment is another way
to activate the substrate to promote pll-PEG binding. While the stamp is still on
the substrate, pll-PEG is incubated. When the stamp is removed, activated, PEG-
coated and untreated, blank surface areas are present on the substrate. In a final
step, a protein is added that can be physisorbed to the blank, hydrophobic substrate
surface (Fig. 2.6 (a), step 3). Note that both techniques may be combined to allow
for the patterning of two proteins, as shown in Fig. 2.6 (b) [93].

Cells plated on micropatterned surfaces self-organise on the surface [103]. Once they
attach to a micropattern, cells spread to adopt the underlying shape [32], and thus
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enable the study of internal cell organisation with respect to the adhesive geo-
metry [37–40], yielding a map of internal cell organisation by averaging over several
cells of equal shape. Such experiments allow to observe changes in cell organisation
induced by drugs and genetic knockouts [104,105]. If the adhesive area or the number of
adhesion sites is increased, microstructured environments can also be used to study
cell migration. Thus, micropatterned lanes, with their ability to confine cell motion
to 1D, have proved useful for extracting and ranking cell motility parameters. Due
to the standardisation of cell behaviour, it was possible to measure these quantities
for several cell types [46,47]. When asymmetric geometric shapes are patterned close
to each other in a row, or if connected, they can guide cell migration directionally,
a mechanism termed ratchetaxis [14,48,49].

2.3. Theoretical Description of Cell Spreading and
Migration

The trajectories of cells migrating freely on a homogeneous 2D substrate are shown
in Fig. 2.7. For decades, such a motion has been described as persistent random
walk (i.e. an Ornstein-Uhlenbeck process) [17,18] with Fürth’s formula [11] for the MSD
as central descriptor:

〈d(t)2〉 = 2ndimD(t− P [1− exp(−t/P )]) (2.1)

with ndim number of dimensions, P persistence time and D diffusion coefficient.

Technological advances improving time-resolution and statistical certitude are main
contributors to the recent advances in the understanding of cell motility. Over the
last two decades, contradictory results have started emerging and the prevalent view
has been challenged, both in 2D [19,20,106] and 3D [107]. In particular, it was shown that
the persistent random walk does not capture all features of the data collected for
several motile cell lines: In three dimensions, an anisotropic random walk correctly
describes the data [19]. In 2D, made-to-measure models including memory kernels of
past velocities have been proposed and shown to describe cell motility data [20,106].

When confined to micropatterns, cell shapes and migratory behaviours are different
to those of freely moving cells: Arbitrary shapes can be imposed on the cells and
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2.3. Theoretical Description of Cell Spreading and Migration

Figure 2.7.: MDA-MB-231 cells spreading and migrating on a homogeneously fibronectin-
coated surface. The coloured lines represent trajectories of single cells. Due to the bright-
ness variation, it can clearly be seen that for the analysis of freely migrating cells four
individual fields of view were stitched together to allow for longer tracking. Image cour-
tesy of C. Schreiber.
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micropatterned environments act as constraints on the migration. Thus, it is not
a priori clear how cell migration in these microenvironments can be described with
respect to the additional determinants.

There are models that describe cell shape in confining environments. Thus, to
model cell shapes on micropatterned adhesion sites, a Cellular Potts Model (CPM)
combined with a tension-elasticity model has been successfully utilised. In order to
determine the spreading shape and dynamics, the following energy functional has
been assigned to each cell:

H = σA+ λsl +
∑
arc i

EA

2L0,i
(Li − L0,i)2 − E0

Aref + Aad
Aad (2.2)

where the first and second term comprise surface tension, σ, which scales with cell
area A and line tension, λs, scaling with cell perimeter l, respectively. The third
term accounts for free arcs over non-adhesive areas, with the one-dimensional elastic
modulus EA and contour lengths of free spanning cell edges, Li and L0 (rest length).
The last term takes the adhesive geometry into account. In particular, the adhesive
area Aad does not have to be equal to cell area and thereby can give rise to free arcs.
E0 and Aref are parameters controlling adhesive energy [36].

To describe the motion of cells confined to micropatterned stripes [108] or in contact
with a surface of tilted micropillars [109], the language of energy potentials has also
been employed, with the cell modelled as an active Brownian particle in a potential,
successfully reproducing the experimentally observed migratory response. Similarly,
a phase-field model including cell-substrate adhesions, actin and myosin contractions
and the cytoskeleton as an active viscous compressible fluid, has predicted periodic
migration and turning on micropatterned stripes [110]. Such a behaviour has indeed
been observed experimentally [111].

On ratchets, i.e. a series of micropatterned anisotropic adhesion sites, cells are
typically modelled as random walkers on a lattice: Thus, the probability to walk
over several sites in the same direction depends on the number of sites and on the
individual probability to exit an adhesion site to the left or right [14]. Alternatively,
on a more mesoscopic level, the direction chosen by a cell depends on the frequency
of its protrusions in that direction and on the time the protrusions dwell on the
probed adhesive area [49].
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3. The Bridge Modulates Cell Migration in
Two-State Patterns

While freely migrating cells have been extensively studied (see Section 2.3), much
remains unknown about the dynamics of cell migration in confining geometries. This
is all the more surprising as cells frequently encounter confining geometries in vivo.
In this chapter, a versatile dumbbell-like two-state micropattern to study single cell
migration in confining geometries is introduced. Cells repeatedly migrate back and
forth between the two adhesion sites. Using a data-driven modelling approach, we
find an equation of motion. The dynamics of cell migration in the two-state system
is modulated by bridge length and width.

Most of the results presented in this chapter were published in Publication [P1]. The
variability in cell behaviour mentioned in this chapter is described in more detail in
Publication [P3]. New results are presented in Chapter 3.4.

3.1. Phenomenology of Cell Migration in Two-State
Patterns

Within five hours of cell deposition on the microstructured substrate, a sufficient
number of cells have adhered to the dumbbell-shaped micropatterns consisting of
two square adhesion sites and a connecting stripe (Fig. 3.1). The adhesion site area
was chosen to be similar to the size of freely migrating MDA-MB-231 human breast
carcinoma cells. Cells usually adhere to one of the two adhesion sites and spread
within. Afterwards, a typical order of morphologies can be observed (see also Fig.
3.2 A):

(i) membrane ruffling

(ii) protrusion formation

(iii) lamellipodial extension and growth
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3. The Bridge Modulates Cell Migration in Two-State Patterns

Figure 3.1.: Fluorescently labelled dumbbell-shaped micropatterns. The main geometric
parameters are indicated, namely bridge length L, bridge width w and adhesion site edge
lengths a,b.

While a cell is located within one adhesion site, membrane ruffles, visible as dark
regions in the phase contrast images, can be seen along the periphery of the cell
(Fig. 3.2 A, denoted by the white arrows). These membrane ruffles indicate in-
efficient lamellipodial protrusions and sites of densely packed actin [112] during the
exploration of the adhesion site. That the black regions on the cell periphery, or
at the lamellipodial tip, coincide with actin accumulation can be seen in LifeAct-
GFP stained cells migrating on the same type of dumbbell patterns, as shown in
Fig. 3.2 B. Protrusions forming at the bridge entrance can grow into mature lamel-
lipodia. However, some of these protrusions are retracted again. In most cases, a
protrusion reaching the unoccupied island and its tip growing into a fan-like shape, is
a safe indicator for a subsequent transition of the cell body. Before transitioning, the
cell rear rounds up, as can be seen by the white halo around it in Figure 3.2 A. Once
the cell body has transitioned over the narrow bridge, the cell spreads on the new
adhesion site and the described typical morphological sequence starts again. At high
optical magnification, filopodia extending over the passivated areas surrounding the
fibronectin-coated micropatterns and retraction fibres (RFs) trailing the cell can be
observed. Also, aligned in the direction of cell polarisation, faint stress fibres (SFs)
spanning over the cell body are visible in LifeAct-stained cells (Fig. 3.2 B with SF
direction indicated by the yellow line and RFs indicated by pink arrows).

Microscale plasma-initiated protein patterning (µPIPP) allows for the simultaneous
production of thousands of adhesion sites. MDA-MB-231 cells reliably follow the pre-
viously described behaviour on dumbbell-like two-state patterns, so that, per exper-
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3.1. Phenomenology of Cell Migration in Two-State Patterns

Figure 3.2.: Timeseries of single MDA-MB-231 cells migrating in the two-state micropat-
tern. A: Snapshots with a time difference of 10 minutes of a single cell in the dumbbell-like
micropattern. The cell is migrating repeatedly back and forth between the two square
adhesion sites. Below is a zoom-in: The cell spreads into the adhesion site and forms
membrane ruffles (dark regions, indicated by white arrows). These ruffles can grow to be-
come mature protrusions inside the channel. Once a lamellipodium reaches the unoccupied
adhesion site, the cell rear rounds up and the cell transitions over the bridge. Afterwards,
the process repeats. B: Timeseries of a LifeAct-GFP stained cell. The time interval is 10
minutes. Bright actin hotspots at the cell periphery are visible. Above is a zoom-in where
stress fibres (SFs) and retraction fibres (RFs) are visible. SF orientation is illustrated by
the yellow line and pink arrows indicate RFs. Scale bars: 25 µm. Figure adapted and
modified from published version in Brückner et al. [1].
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3. The Bridge Modulates Cell Migration in Two-State Patterns

iment, hundreds of cells hop between the two adhesion sites. A typical experimental
field of view is shown in Fig. 3.3 A. In order to track these cells semi-automatically,
their nuclei are labelled with Hoechst 33342. Experiments are run for up to 50 h,
and single cell trajectories are recorded until the cells round up for division or until
the end of a measurement. For each cell, the trajectory of the labelled nucleus is
extracted. Trajectories of 149 cells, recorded in seven experiments, are shown in Fig.
3.3 B. While all the trajectories exhibit similar behaviour, showing repeated rapid
transitions between the sites, the variability in trajectories is striking. Thus, some
cells transition frequently in a very regular manner, while other cells either show a
large variability in their migration pattern or transition only rarely. A sample tra-
jectory is shown in more detail in Fig. 3.3 C: First, transitions between the adhesion
sites occur rapidly, which is why the setup may effectively be considered as a two-
state system. In this context, the dwell time τ is defined as the time between two
subsequent transitions of the centre of the cell nucleus over the middle of the bridge.
The definition of τ is illustrated by the two dotted lines in Fig. 3.3 C. Second, al-
though cells do not perform any net movement while located on the square adhesion
sites, an intrinsic noise in the trajectories is visible. This most likely correlates with
the exploration of the adhesion site and the surroundings, as well as with protrusion
formation on the bridge. The previously described heterogeneity of trajectories is
also manifested in the broad distribution of dwell times seen in Fig. 3.3 D. While
dwell times, and their distributions, give insight into the dynamics of the system,
we can also quantify cellular behaviour on two-state micropatterns using occupa-
tion probabilities (Fig. 3.3 C). Occupation probabilities are given by the normalised
distributions of cell positions on the micropatterns.

Not all cells are included in the analysis. While it is clear that non-moving cells
cannot be used for further analysis, some other considerations need to be taken into
account. Thus, trajectories are typically cropped in a way that excludes the first
and the last stay. This is done to avoid artefacts, as the lengths of the first and
last stay are determined by the start and the end of the measurement, respectively,
rather than by the cellular dynamics itself. More details on cell exclusion criteria
can be found in Appendix A.2.

Interestingly, the hopping behaviour is a common feature in several cell lines (Fig. 3.4).
Cell lines derived from different species and tissues and of variable invasive poten-
tial all transition between the two adhesion sites. All types of cells used, and their
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3.1. Phenomenology of Cell Migration in Two-State Patterns

Figure 3.3.: Experimental readouts. A: Typical experimental field of view. Cells are
sparsely seeded to ensure that only single cells occupy the micropatterns. The image is
denoised and drawings of the micropatterns are superimposed. Scale bar: 50 µm. B: All
trajectories of experiments performed on micropatterns with a bridge length L of 35.3 µm.
The length of the trajectories varies due to cell division and the length of measurements.
The vertical axis is position along the long axis of the micropattern, the horizontal axis is
time. C: Zoom-in for the trajectory highlighted in orange in B. The grey region corres-
ponds to the nuclear trajectory of the cell shown in Fig. 3.2 A. Also, the definition of a
dwell time on the right side of the dumbbell, τR, is marked. When all cellular positions are
counted and plotted, the resulting histogram looks like that shown on the right. The his-
togram depicts the occupation probabilities. D: Probability distribution of dwell times τ
for L=35.3 µm. Figure adapted and modified from published version in Brückner et al. [1].
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Cell
Line

Property
Invasiveness Species Tissue Disease

MDA-MB-231 [113] +++ [114] \++ [115] human breast carcinoma
MCF10A [116] + [115] human breast fibrocystic disease

MDA-MB-436 [117] ++ [114] \+++ [115] human breast carcinoma
MDCK [118] - (low) [119] dog kidney none
A549 [120] yes [121] human lung carcinoma
HuH7 [122] low [123] human liver carcinoma

Table 3.1.: Overview over all cell lines used in this work. An invasiveness rating is given
according to literature. However, it is not possible to relate the invasiveness of cell lines
of different tissues to each other, as no such studies comparing these cell lines exist.

invasiveness, are summarised in Table 3.1. For MCF10A and MDA-MB-436 cells,
the typical morphological sequence, as described previously for MDA-MB-231 cells
(in Chapter 3.1), consisting of membrane ruffle formation, extension of a lamelli-
podium and rounding of the cell body during the bridge passage, is visible. The
details of adhesion site exploration are concealed by a white halo for MDCK and
A549 cells (Fig. 3.4 B, C). This halo indicates that the cells extend well into the
z-direction, either because they do not have sufficient space to spread on the adhe-
sion site or because they cannot adhere properly on the fibronectin-coated surface.
For experimental reasons, such as dwell times well below typical division times and
good adhesion to fibronectin-coated surfaces, we decided to further investigate the
migration behaviour of MCF10A breast epithelial cells in two-state micropatterns
and compare it to that of MDA-MB-231 cells. This also allows a quantitative com-
parison between a cancerous and a non-cancerous cell line derived from the same
tissue.

3.2. Dwell Times Scale with the Bridge Length

To challenge the observed hopping behaviour and to study its universality and limits,
in the next step, we designed two-state patterns with variable bridge lengths L while
maintaining a constant bridge width w of 7.2 µm. Specifically, we have studied cell
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3.2. Dwell Times Scale with the Bridge Length

Figure 3.4.: Timeseries of different cell lines migrating on the two-state micropatterns.
All tested cell lines transition between the adhesion sites. Their different morphologies
on the micropatterns are visible. White halos indicate that cells extend into z-direction
rather than being nearly flat. A: MCF10A, a cell line also further probed in this thesis.
B: A single MDCK epithelial cell. C: A549 human lung carcinoma cell. D: HuH7 liver
carcinoma cell. E: A MDA-MB-436 breast carcinoma cell. Scale bars: 25 µm. Figure
adapted and modified from Supplementary Information of Brückner et al. [1].
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migration behaviour on micropatterns with bridge lengths ranging from L = 6.4±0.3
µm to L = 56.0 ± 0.3 µm. Details on the statistics for each bridge length, and on
the exact measures of all other L, can be found in Appendix A.2.

For all studied bridge lengths, MDA-MB-231 cells perform transitions with the same
morphological sequence as described previously (Fig. 3.2 and Fig. 3.3). The dis-
tribution of dwell times for each bridge length L can be visualised with the help of
survival probability functions S(t). S(t) gives the probability that after a certain time
t a cell has not transitioned to the other site. When plotting S(t) for all used bridge
lengths, we find that the distributions get broader with increasing L (Fig. 3.5 A).
However, when the time axis for each geometry is re-scaled by the mean dwell time
〈τ〉, all curves collapse onto a single master curve (see inset in Fig. 3.5 A). Plot-
ting 〈τ〉 against L reveals a linear increase (Fig. 3.5 B). The data collapse observed
in Fig. 3.5 A means that the process underlying the transitions is the same for all
bridge lengths. Therefore, we can look for a model describing our data.

Figure 3.5.: The dependence of dwell times τ on bridge length L. A: Survival probability
functions S(t) of dwell times on micropatterns with different bridge lengths. The distri-
butions get broader with increasing bridge length. Inset: When the time-axis is re-scaled
by the mean dwell time 〈τ〉, all S(t) collapse onto the same master curve. L given in
µm. B: The mean dwell times 〈τ〉 increase linearly with increasing bridge length L. The
agreement between experimentally determined and theoretically predicted 〈τ〉 (blue and
red datapoints, respectively) is good. Figure adapted and modified from published version
in Brückner et al. [1].
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3.3. Nonlinear Cellular Dynamics in Response to the
Presence of a Constriction

Similar to motion on homogeneous 2D substrates, and as a starting point, we postu-
late that the cell motion in two-state micropatterns can be described by a generalised
Langevin equation:

dv

dt
= F (x, v) + σ(x, v)η(t) (3.1)

As in the Ornstein-Uhlenbeck model for describing persistent random motion, the
noise term σ(x, v) is multiplied by uncorrelated Gaussian white noise η(t). In con-
trast, here both the deterministic force term F (x, v) and the noise strength σ(x, v)
depend on position x and velocity v. The terms are inferred by conditional averaging
from the experimentally acquired trajectories as follows:

F (x, v) = 〈v̇|x, v〉 (3.2)

σ2(x, v) = ∆t〈[v̇ − F (x, v)]2|x, v〉 (3.3)

where ∆t is the experimental time resolution (=10 minutes).

Importantly, both terms Eq. 3.2 and Eq. 3.3 only depend on the local accelerations
v̇, and thereby no explicit knowledge about dwell times τ enters the model. The
model is "trained" on 50% of the data and its predictions are compared to the
remaining 50% of experimental data.

Looking at the phase-space maps of F (x, v) and σ(x, v) is instructive, in particular
to study the influence of the presence of the bridge (Fig. 3.6 A-C, with F (x, v) in the
top row and σ(x, v) in the bottom row). The bridge is marked as the area between
the two dashed lines. For the two different cell lines studied in detail, MDA-MB-231
(Fig. 3.6 A) and MCF10A (Fig. 3.6 C), few differences in the phase-space maps of
F (x, v) (top row) and σ(x, v) (bottom row) are visible. For both cell lines, the highest
velocities on the adhesion sites, or when transitioning towards an adhesion site, are
decelerated the most. Also, motion on the adhesion sites directed towards the bridge
is counteracted. Further, for both cell lines, just upon entry into the channel, the cell
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3. The Bridge Modulates Cell Migration in Two-State Patterns

Figure 3.6.: Stochastic nonlinear dynamics of MDA-MB-231 and MCF10A cells migrating
in confinement. A, B, C: Top row: x-v phase space maps of the deterministic component
F (x, v) of the cell migration for different cell lines (MDA-MB-231 and MCF10A) and
on different micropatterns (rectangular stripe and two-state patterns). Bottom row: x-v
phase space maps of the stochastic component σ(x, v) of cells migrating in the patterns
shown above. The black dashed lines indicate the boundaries of the bridge with L =
35.3 µm. D: Sample trajectories predicted by the model. E: The acceleration in a small
interval around the middle of the channel plotted against velocity v. The dynamics of
MDA-MB-231 cells (blue dots) and MCF10A cells (green dots) show similar behaviour.
Also, MDA-MB-231 cells in rectangles (red dots) and MDA-MB-231 cells migrating on
homogeneous 2D substrates show similar dynamic behaviour. Figure adapted and modified
from published version in Brückner et al. [1].
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is accelerated. For MCF10A cells, this acceleration seems to start just outside the
channel. The most striking differences in F (x, v) are the presence of high velocities
at the micropatterns’ left and right edges for MCF10A cells, thereby increasing the
phase space with respect to MDA-MB-231 cells, and higher accelerations inside the
channel for MCF10A cells. Interestingly, for MDA-MB-231 cells, the highest noise is
visible just at the channel entrance, whereas for MCF10A the noise level persists to
be high within the channel as well. If the bridge is removed, the regions of increased
acceleration within, or next to, the bridge vanish, and the phase space landscape
seems more uniform (Fig. 3.6 B (top)) with the cells being mainly decelerated. Also,
the noise levels σ(x, v) are more uniformly elevated.

More insights into the cellular dynamics can be gained by plotting the deterministic
component against velocity in a small interval around the middle of the bridge
(F (x→ 0, v), Fig. 3.6 E). The data plotted can be divided into two groups, free cells
and confined cells, with free cells comprising cells migrating on a uniform 2D surface
and cells on a wide stripe without constriction. The behaviour of F (x→ 0, v) is very
similar for both types of free cells, as the cells are always decelerated. Interestingly,
the behaviour of MDA-MB-231 and MCF10A cells is also similar; while both cell lines
experience deceleration for high velocities, they are accelerated for low velocities.
This is most pronounced for MCF10A cells.

We can test the predictive qualities of the model by visually comparing the exper-
imentally acquired trajectories (Fig. 3.3 B,C) with those generated by the model,
as shown in Fig. 3.6 D. The similarity of the trajectories is striking, and most im-
portantly, the hopping behaviour, although not encoded in the model, is captured.
When analysed analogously to experimental data, we can extract the mean dwell
times from the theoretical trajectories for different bridge lengths and compare them
to the experimental values (Fig. 3.5 B). A good agreement between experimental
and theoretical values for 〈τ〉 is observed for all L.

When simulating trajectories in the deterministic flow fields, the differences between
the studied systems become apparent. Thus, for different initial conditions, the
trajectories in the deterministic phase space for MDA-MB-231 cells always converge
onto the same limit cycle (Fig. 3.7 A). In effect, MDA-MB-231 cells deterministically
perform an oscillatory motion on the two-state micropatterns. In contrast, the
deterministic dynamics of MCF10A cells encodes a bistable system (Fig. 3.7 C).
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Figure 3.7.: Flowfields of the deterministic component F (x, v) and deterministic trajector-
ies within these flowfields. Blue arrows denote deceleration, orange arrows show accelera-
tion. A: All trajectories in the deterministic flowfield of MDA-MB-231 cells on two-state
micropatterns collapse onto the same curve and thereby describe a limit cycle. B: All
deterministic trajectories for MDA-MB-231 cells on a rectangle collapse onto the same line
of fixed points at v = 0. C: Trajectories for MCF10A cells collapse on either of the two
fixed points situated on both adhesion sites. The black line is the separatrix showing the
boundaries of the basins of attraction of the respective fixed points. Figure adapted and
modified from published version in Brückner et al. [1].

The black line in Fig. 3.7 C denotes the border between the basins of attraction
for each fixed point. As the basins of attraction for each fixed point reach well onto
the other side of the micropattern, a small perturbation by noise can result in the
cell transitioning towards the other fixed point. Strikingly, for both cell lines, the
transitions we observe are encoded in the deterministic dynamics of the cells. In the
absence of a constriction, MDA-MB-231 cells always relax at v = 0 (Fig. 3.7 B).

3.4. The Bridge Width Alters the Deterministic
Dynamics

In the previous sections, it was shown that the bridge mediates the transition dy-
namics of cell migration in two-state micropatterns. In particular, the dwell times
〈τ〉 scale with the length of the bridge (see Chapter 3.2) and we found a marked
difference in cell dynamics between two-state systems with a thin constriction and
in the absence thereof (see Chapter 3.3). Furthermore, we observed distinct dy-
namics of cancerous and non-cancerous cell lines. Mechanical differences have been

32



3.4. The Bridge Width Alters the Deterministic Dynamics

reported before; generally, cancer cells are softer than their non-cancerous counter-
parts [124,125]. Thus, a link between cell deformability and the dynamics could exist.
As cells have to deform for their transit over the bridge, we hypothesise that the
bridge width w will affect transition dynamics. It remains to be seen at what bridge
width the observed dynamics of limit-cycle oscillations changes into a dynamics that
relaxes at v = 0. To this end, additional two-state micropatterns with a fixed bridge
length L ≈ 37 µm but with varying widths w = 3.5, 12.1, 18.5 µm are created.

For all bridge widths, MDA-MB-231 cells transition repeatedly back and forth
between the two adhesion sites (Fig. 3.8 (i-iv), and Fig. 3.9 A) and spread and
explore the micropatterns. As expected, lamellipodial widths during the growth pro-
cess within the channel are different (compare, for example, Fig. 3.8 (i) at 420 min,
(ii) at 150 min, (iii) at 160 min and (iv) at 190 min). The wider the channel, the more
continuous the back and forth motion: On wider bridges, cells can start their trans-
itions to the neighbouring adhesion site as soon as the lamellipodium has reached
the other site (Fig. 3.8 (iii) 110 min and (iv) 80 min). In contrast, there is usually
some lag time between the lamellipodium reaching the unoccupied island and the
onset of a transition for narrower bridge widths. In the presence of a constriction,
all trajectories have similar traits (Fig. 3.9 A). Generally, they are characterised by
stays of stochastic length on the adhesion sites without any net displacement of the
cell nucleus, and abrupt transitions between the two adhesion sites. Interestingly, it
seems as though the trajectories become more irregular for the largest used bridge
width.

Note that without a constriction, or in other words on a rectangular island, “adhesion
sites” and “dwell times” are not well defined anymore. Therefore, for rectangular
stripes without a bridge, cells that did not perform at least three transitions (data
inclusion criterion 3, Appendix A.2.2) were nevertheless included in the data ana-
lysis. In most cases, cells on rectangular stripes perform a back and forth motion,
while in some cases cells move more erratically (Fig. 3.9 A). The survival probability
functions S(t) for bridges of 3.5 µm and 7.2 µm widths show a prominent plateau for
small bridge widths (Fig. 3.9 B, red and black curves) and the long-timescale be-
haviour is very similar. Also, the behaviour of S(t) for bridges of w = 12.1 µm and
w = 18.5 µm width is alike (Fig. 3.9 B, blue and green curves). These similarities
are reflected in the mean dwell times 〈τ〉 as can be seen in Fig. 3.9 C. Interestingly,
〈τ〉 does not seem to decrease linearly with increasing bridge widths. There is a
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Figure 3.8.: Timeseries of single MDA-MB-231 cells on two-state patterns with different
bridge widths w, and without constriction (v). Scale bars: 25 µm.
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Figure 3.9.: Cell trajectories and transition dynamics on two-state micropatterns with
different bridge widths w. A: Randomly selected sample cell trajectories in systems with
different bridge widths w, and without a bridge (i.e. on the rectangular stripe). The x-
axis corresponds to 50 h, the y-axis is centred at y = 0 and corresponds to 110 µm. B:
Survival probability functions S(t) of dwell times for different bridge widths w. The lightly
coloured lines denote bootstrapping errors. w are given in µm. C: Mean dwell times 〈τ〉
plotted against bridge widths w. The experimental data (blue data points) is compared
to the model predictions (red squares). Errors are bootstrapping errors. Plot courtesy of
D. Brückner.
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good agreement between experimentally determined dwell times (blue data points)
and model predictions (red squares, Fig. 3.9 C), indicating that the previously de-
veloped framework (see Chapter 3.3) captures the essential features of the dynamics
in two-state systems with variable bridge widths.

Specifically, we observe bistable behaviour of the deterministic dynamics for all
newly designed two-state micropatterns with bridges of width w = 3.5, 12.1, 18.5 µm
(Fig. 3.10). This is unexpected, as we found earlier that for an intermediate bridge
width of w = 7.2 µm MDA-MB-231 cells perform limit cycle oscillations (compare
Chapter 3.3, Fig. 3.7 A, Fig. 3.10) and that in the absence of a constriction all
deterministic trajectories converge on a line of fixed points at v = 0 (Fig. 3.7 B,
3.10). Fig. 3.10 also shows that the extent of regions of acceleration (orange arrows)
in the flow fields decreases with increasing bridge length, so that in the case of the
rectangular stripe, acceleration only occurs around v = 0. In light of these distinct
deterministic dynamics, the bridge widths at which transitions between the dynamic
regimes occur remain to be identified.

3.5. Discussion

In this chapter, the repeated transitions of single cells of various cell lines in two-
state micropatterns with varying bridge lengths and widths are described. In par-
ticular, cell lines originating from different species (human and dog), as well as
being associated with different diseases and of different invasiveness perform these
transitions. While the migratory response of MDA-MB-231 and MCF10A cells is
extensively characterised, for a selection of other cell lines, no sufficient statistics
could be gathered for several reasons. For some of the tested cell lines shown in
Fig. 3.4, confinement was not generally sufficient and cells, or their protrusions,
frequently entered the passivated areas. This is altogether important as we aim to
create controlled cellular interactions with adhesion sites of defined areas and com-
position. If confinement is not given, several parameters are not well defined. For a
few of the screened cell lines, the transition statistics obtained with the used setup
is not sufficient: While MCF10A cells (Fig. 3.4 A) readily transition between the
adhesion sites, a single transition of A549 (Fig. 3.4 C) and HuH7 cells (Fig. 3.4 D)
takes much longer. Obviously, mean dwell times vary and have a broad distribution
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Figure 3.10.: Flowfields of the deterministic dynamics of MDA-MB-231 cells for different
bridge widths w, and on the rectangular stripe (i.e. with no constriction). Orange ar-
rows denote areas of acceleration, blue arrows denote areas of deceleration. The green
trajectories are initialised for different starting conditions. For w = 3.5, 12.1, 18.5 µm the
deterministic trajectories converge in fixed points located on the adhesion sites. Flowfields
for w = 7.2 µm and no constriction are reproduced from Fig. 3.7. Plots courtesy of D.
Brückner.
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(compare Fig. 3.3 D) so that a single timeseries does not represent the whole cell
population, but it is well capable of depicting a trend. As already mentioned in
Chapter 3, both MDCK and A549 cells seem to significantly extend into z-direction,
as they are surrounded by a white halo (Fig. 3.4 B and C). This potentially implies
that the fibronectin-coated surface does not support cell spreading for these cell
lines, or that the dimensions of the used adhesion sites are not suitable. However,
as many of these cell lines were previously successfully confined and their migration
analysed [47,126], tuning experimental parameters such as pattern dimensions, surface
adhesiveness and grade of passivation of the surroundings, might enable their study.

Cellular characteristics underlying the variability observed in the trajectories need
further inspection. Clearly, heterogeneity is an intrinsic property of cell cultures [127,128]

and several (sub-)cellular processes, such as protein level dynamics [129] and gene ex-
pression [130], are highly variable. Could the cell transition dynamics be related to cell
size or is the variability caused by heterogeneity in gene expression? It is likely that
both parameters are linked, as it has been shown that molecularly different HeLa
cells have different morphologies [127]. Cell size has previously been identified as a
determinant of migration speed [131,132]. Also, the intrinsic requirements for experi-
ments as posed by the data analysis and data reproducibility, necessitate that several
independent experiments are performed. Sometimes, in a series of similar experi-
ments, different subsamples of the original cell sample obtained from the cell bank
were used. All this increases the likelihood that cells with variable gene expression
are probed in the experiments. In contrast, ensemble-averaged quantities profit from
the repeated observations as the influence of experimental day-to-day-variations can
be reduced by averaging over several experiments.

We found that a nonlinear stochastic equation of motion describes the dynamics of
cancerous MDA-MB-231 and less invasive MCF10A cells in confinement to both,
two-state patterns and on a stripe with similar dimensions (Fig. 3.6). This consti-
tutes a novel finding. The range of models previously used for the description of
cell motion spans from cell-type dependent models of varying complexity [20] for cells
migrating on homogeneous 2D substrates to models that incorporate a switching
between modes of migration [19,47]. Frequently, the language of energy potentials is
used [108,133–135]. In particular, the Cellular Potts Model has been successfully util-
ised to model cell spreading on micropatterns [36,136], periodic migration of cells on
stripes [111] and to capture collective rotational motion [126]. While it seems intuitive,
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and would be in line with other ansatzes, we have ruled out the description of a
cell in a two-state pattern as a Brownian particle in a double-well potential with a
constant noise strength and uncorrelated, time-dependent noise (see Supplementary
Information (SI) of Brückner et al. [1]). Nonetheless, it is likely that other models
are able to describe and predict the observed motion.

On two-state micropatterns with a bridge of w = 7.2 µm, the deterministic dy-
namics of MDA-MB-231 cells encodes limit-cycle oscillations and MCF10A cells
have a deterministic driving to transition to the neighbouring adhesion site. In the
presence of noise, these transitions happen in a repeated manner (Fig. 3.7). In
biology, oscillations in cells are widespread. For example, hair bundles can oscil-
late spontaneously [137], cytoskeletal components in Dictyostelium cells were found
to oscillate [138], lamellipodia exhibit periodic contractions [88] and cell nuclei oscil-
late in cells immobilised on stripe micropatterns [139]. Only in recent years however,
oscillatory and near-periodic migration of cells have been theoretically predicted
and experimentally observed. In particular, zyxin-depleted cells embedded in a 3D
matrix environment performed a one-dimensional oscillatory motion. Interestingly,
when plated on 2D substrates, the same cells’ motion looked like a random walk.
In contrast, on 1D micropatterned stripe, a periodic motion similar to that within
the matrix could be reproduced [140]. A theoretical phase-field model coupling actin
and myosin localisation predicts the emergence of periodic motion in cells confined
to stripes [110]. This has been recently experimentally confirmed when MDA-MB-231
cells seeded on stripe micropatterns exhibited quasi-periodic motion [111].

For MDA-MB-231 cells, we investigated the role of the constriction more closely
by varying the bridge width w. In detail, we find that the bridge width modulates
the deterministic dynamics of the transitions, which includes bistable behaviour for
bridges of width w = 3.5 µm, limit-cycle oscillations for bridges of 7.2 µm width,
another region of bistability for bridges of 12.1 µm and 18.5 µm, and a stable manni-
fold on rectangular stripes. While the mean dwell times in these setups do not seem
to be linearly correlated with the bridge widths, they are lower for increasing w.
Dwell times that decrease with increasing bridge widths (Fig. 3.9 C) are intuitively
understandable, as wider bridges impose less of a hindrance to cells migrating from
the wide adhesion sites onto the bridge (compare also Fig. 3.8). Additionally, it
was recently demonstrated that the available adhesive area determines the growth
and reinforcement of cellular protrusions. In particular, the existence of a minimum
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adhesion nucleation area needed to stably anchor protrusions was reported [141]. It is
therefore possible that the waiting times for the establishment of a sufficient adhesion
area necessary for cell locomotion are longer on narrower bridges. Surprisingly, we
find that limit cycle dynamics are so far restricted to an intermediate bridge width
of 7.2 µm. While for the smallest bridge width (3.5 µm) the bridge constitutes a con-
siderable obstacle to repeated transitions between the adhesion sites, it is less clear
why we observe bistable behaviour for the other two tested bridge widths (Fig. 3.10).
It is possible that the 12.1 µm and 18.5 µm wide bridges are too wide for quick cell
transitions during limit-cycle oscillations: The lamellipodia are less confined in their
growth while on the bridge, and therefore might grow less efficient into the direc-
tion of the other adhesion site, and also cells can establish more adhesions with
the substrate. A less efficient confinement of cells and their protrusions could also
be the reason for the higher phenomenological variability of trajectories for wider
bridges. Previously, a biphasic dependence of cell migration velocity on the width
of micropatterned stripes was reported. For fibroblasts migrating on stripes, Doyle
et al. observed a peak in velocity for an intermediate stripe width, and attributed
the lower velocities for narrower and wider stripes to less efficient adhesions and less
efficient confinement, respectively [142]. Inefficient adhesion formation on very thin
lines has also been suggested by other authors. However, the same authors report
results contradicting Doyle’s findings on wide stripes, reporting quicker and more
persistent cell motion [132,143]. As in all these studies different cell types were utilised,
it is possible that the effect of wide stripes on cell migration is cell-type specific.

On rectangular stripes in the absence of a constriction, the cellular dynamics relaxes
onto a line of fixed points at v = 0. Intuitively, in the absence of a bridge, a migrat-
ing cell can stop in any place, which is a behaviour consistent with the previously
reported persistent random walk on stripes [46,111]. Also, the observed dynamics could
be a superposition of a variety of other dynamic behaviours. In particular, a wide
range of cell migration phenomena on stripes effectively confining cells to one dimen-
sion was found previously, namely two-state motion [47], quasi-periodic motion [111],
oscillations [140] as well as crawling and turning [110].

The bridge constitutes a geometrical constriction in the two-state system. Spe-
cifically, the trajectories are characterised by near-stationary states while the cell
is located on the adhesion sites, and abrupt transitions between the sites (Fig. 3.3
and Fig. 3.9). During their stays on an adhesive motif, cells de- and repolarise fol-
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lowing a transition onto the island, transiently polarise, grow a protrusion on the
bridge, and typically initiate a transition once the lamellipodial tip has reached the
neighbouring adhesion site (Fig. 3.2 and Fig. 3.8). Hence, the spread of the prob-
ability distribution of dwell times (Fig. 3.3 D, Fig. 3.5 B, Fig. 3.9 C) is caused by
the stochasticity of several processes. Recently, Zhou et al. reported a mean de-
and repolarisation time of 100 min for MDA-MB-231 cells reversing repeatedly on
stripes with blunt ends [111], which is smaller than the mean dwell times observed on
any of the two-state geometries (Fig. 3.5 B, Fig. 3.9 C). This further supports the
notion that the bridge acts as a constriction on the motion of migrating cells. Also,
cells visibly round up their rear during the bridge passage (Fig. 3.2 A, Fig. 3.5).
And additionally, the area surrounding the bridge is associated with higher noise
and deceleration (Fig. 3.6 A, C). In contrast, while cellular transitions between
adhesion sites separated by a cell-repellent surface also occur in the absence of a
connecting stripe [47,49,103,144], the stripe also acts as an important guidance cue for
membrane ruffles (Fig. 3.2 A, Fig. 3.8). Furthermore, cells are accelerated on the
bridge (Fig. 3.6 A, C, E and Fig. 3.10), with no such areas of acceleration visible
for cells confined to a rectangular stripe in the absence of the bridge 3.6 B, E). In
other words, the bridge promotes efficient protrusion growth by providing guidance
and confinement, which seems to be a pre-requisite for a deterministic driving to
transition between the adhesion sites.
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4. The Geometry and Orientation of
Adhesion Sites Bias Cell Migration

In Chapter 3, the behaviour of MDA-MB-231 cells and other cell lines on two-
state micropatterns was described. In particular, it was shown that the bridge
modulates the deterministic dynamics of MDA-MB-231 cells. While the bridge acts
as both, constriction and guidance cue, it is unclear how the geometry of the adhesion
sites influences the migratory response of cells in the two-state micropatterns. This
chapter aims to characterise the migration behaviour with respect to adhesion site
geometry.

The results presented here were published in [P2].

4.1. Dwell Times Increase with Increasing Adhesion
Site Area

To test the influence of adhesion site geometry on cell migration behaviour in the two-
state patterns, the symmetry of the system is gradually and systematically changed.
As a first step, the size of the adhesion sites is altered, while their quadratic shape
and a constant bridge length and width are maintained. Thus, we varied the square
edge length a (compare Fig. 3.1) from 27.3± 0.4 µm to 42.2± 0.5 µm. A limit for
adhesion site sizes was found for edge lengths smaller than approximately 25 µm. In
this case, cells do not fully fit onto the small adhesion sites and, in their transitions,
do not comply with the cell exclusion criteria (compare Appendix A.2.2) applied
during data analysis.

Generally, cell behaviour on these newly designed dumbbells does not vary from that
observed on symmetric dumbbells (as depicted in Fig. 3.2): Cells form membrane
ruffles while exploring the adhesion site, and within the channel, protrusions can
grow into mature lamellipodia. Usually, a lamellipodium reaching the opposite, un-
occupied site is a safe indicator for a subsequent transition. Cells then repeatedly
transition between the adhesion sites. When plotting a histogram of nuclear positions
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on the used geometries (Fig 4.1 A), an asymmetry is visible. This asymmetry con-
trasts with the symmetric distribution observed for two-state patterns with equally
sized adhesive squares (4.1 A(iii)). The mean dwell times 〈τ〉 on the adhesive squares
scale almost linearly with adhesion site area (Fig. 4.1 B). Only for large adhesion
sites, the data deviate from the linear trend indicated by the dashed line. It seems
as though the data saturates. Importantly, the data points from different combin-
ations of adhesion site areas agree within errors, indicating that no memory effects
are relevant in this particular setup.

While occupancies pi are an end-point readout, and a static quantity, they can be
connected to the dynamic quantity of mean dwell times as follows:

pi =
∑
i τi
Ttot

= Ni〈τi〉
Ttot

(4.1)

with i = {small, large}, pi the occupation probability, 〈τi〉 the mean dwell time, Ni

the total number of stays on site i and Ttot the total observation time.

Thus, the ratio of occupation probabilities pi/pj becomes

pi
pj

= Ni〈τi〉
Nj〈τj〉

≈ 〈τi〉
〈τj〉

(4.2)

with the last equality holding for Ni ≈ Nj.

The ratio of mean dwell times on both adhesion sites, 〈τsmall〉
〈τlarge〉

follows a linear trend
when plotted against the area ratio of the respective adhesion sites, Asmall

Alarge
(Fig. 4.1 C).

Again, the strongest deviation from the linear trend, marked by the dashed line, is
observed for data from the largest used adhesion sites. This leads to the question
whether cells do not usually fully cover the largest tested adhesion sites. Interest-
ingly, we find that already for adhesion sites larger than ≈ 1250 µm2 the mean cell
area does not increase as much as the adhesion site area (Fig. 4.1 D). However, as
MDA-MB-231 cells have a large size distribution, this is true only on average. Also,
cells grow over time, so that cells that are smaller than the adhesion site initially,
can grow over time to fully fill it. However, it has to be emphasized that the lin-
ear relationship we find between mean dwell times 〈τ〉 and adhesion site areas Aad
can only partially be explained with cell (adhesive) area. As MDA-MB-231 cells are
highly motile, the spreading within and the exploration of the adhesion site certainly
contribute to the dwell times.
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Figure 4.1.: Occupation probabilities and mean dwell times on square adhesion sites of dif-
ferent areas. A: Occupation probabilities along the long axis of the micropattern. (iii) cor-
responds to the symmetric setup as presented in Chapter 3. The occupation probabilities
reflect the asymmetry of the underlying micropattern. B: Mean dwell times 〈τ〉 plotted
against adhesion site area A with the same colour code as in A. Blue data points cor-
respond to square-circle micropatterns with adhesion sites of either equal area or equal
perimeter. The dashed line is a guide to the eye. Errors in x are weighted standard
deviations and errors in y are bootstrapping errors. C: The ratio of mean dwell times
plotted against the ratio of corresponding adhesion site areas. Pink data points corres-
pond to square-square micropatterns and blue data points to square-circle micropatterns.
The dashed line is a guide to the eye. Errors in x are weighted standard deviations and
errors in y are bootstrapping errors. D: Plot of cell area Ac against adhesion site area Aad
for selected combinations of square sizes. The colour code is the same as in panels A and
B. The dashed line is a guide to the eye. Errors in x are weighted standard deviations and
errors in y are bootstrapping errors. Figure adapted and modified from published version
and its SI in Fink et al. [2].
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As for symmetric dumbbells, we can train the previously introduced model (see
Chapter 3.3) on 50% of the experimental data to probe its predictive capabilities for
the asymmetric system. For all two-state patterns with differently sized adhesion
sites the agreement between model prediction and experimental data is good, as
can be seen in Fig. 4.2 C. Again, the phase space maps are instructive. The de-
terministic dynamics, Fig. 4.2 A, shows that the cells are mostly decelerated on the
adhesion sites, unless their velocities lie within a small interval of velocities. When
cells transition from the large to the small adhesion site with a high velocity, they
are strongly decelerated. In contrast, no equally strong deceleration is visible for
transitions from the small to the large adhesion site. The regions of acceleration
within the channel are not as strongly evident as in the symmetric case (compare
Fig. 3.6 A). Similarly, the noisiest regions of σ(x, v) do not extend significantly into
the channel. The noise level is highest just next to the bridge (Fig. 4.2 B).

4.2. Anisotropic Shapes Bias Occupation Probabilities

In the next step, the rotational symmetry of the adhesion sites is changed, and
the migratory response to circular, rhombical and triangular adhesion sites of ap-
proximately the same area is studied. While cells form uniform membrane ruffles
along their periphery while spread on circular adhesion sites, cells on rhombical
and triangular sites preferentially form protrusions in the corners (Fig. 4.3 A). The
occupation probabilities on squares and circles of equal areas do not differ, while
rhombical adhesion sites introduce a small bias. Cells spend a significantly longer
time on the tested triangular adhesion sites than on square sites of approximately
the same size (Fig. 4.3 B). The different response to the probed adhesion sites is
partially due to the extent of cell motion into the y-direction, i.e. perpendicular to
the axis of transitions. Thus, the 2D occupation probability distributions, which are
shown in Fig. 4.3 C, in square-circle and square-rhombus patterns look very similar.
However, on the triangle, cell positions are much more scattered than on any of the
other geometries.

Square-circle micropatterns in particular allow to probe cellular response to adhesion
sites of either equal area or equal perimeter. When the mean dwell times 〈τ〉 on both
setups are included in the 〈τ〉-Aad- and dwell-time ratio versus adhesion-site-area
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Figure 4.2.: Stochastic nonlinear dynamics of MDA-MB-231 cells in two-state micropatterns
with different adhesion site areas. Here, the left square adhesion site has an edge length
a of 42.1 µm and the right square adhesion site has an edge length a of 27.3 µm. The
bridge length is L = 16 µm. A: Phase space map of the deterministic component F (x, v)
of the cellular dynamics. The dashed lines indicate the boundaries of the bridge. B: Phase
space map of the stochastic component σ(x, v) of the cellular dynamics, with the black
dashed lines indicating the boundaries of the bridge. C: Comparison between experimental
occupation probabilities (blue) and model predictions (red) for all tested dumbbell-like
micropatterns with unequally sized adhesion sites. The numbering corresponds to the
numbering in Fig. 4.1 A. Figure adapted and modified from published version and its SI
in Fink et al. [2].

47



4. The Geometry and Orientation of Adhesion Sites Bias Cell Migration

ratio plots in Fig. 4.1 B and C, respectively, the data points follow the same trend
as data points from square adhesion sites.

Figure 4.3.: Occupation probabilities on micropatterns with adhesion sites of different
shapes. A: Single cells spreading on differently shaped adhesion sites of approximately
equal areas. Membrane ruffles, visible as dark regions, are preferentially localised in
corners. Scale bar: 25 µm. B: Corresponding occupation probabilities. The percent-
ages given are normalised by adhesion site area to account for differences in the areas:
While the patterns were designed to have adhesion sites of equal area, due to the manufac-
turing process, the final protein patterns have slightly different adhesion site areas. Errors
are bootstrapping errors. C: Two-dimensional occupation probabilities on the respective
micropatterns. Figure adapted and modified from published version in Fink et al. [2].

So far, it seems as though equally sized shapes that are symmetric under 90◦ ro-
tations only weakly bias occupation probabilities. It is unclear, however, how the
orientation of equal anisotropic shapes influences the migration. To this end, we
have created rectangular adhesion sites of aspect ratio ≈ 1 : 2 with different relative
orientations: Either both rectangles face in the same direction, being both vertic-
ally or horizontally oriented, or their main axes are oriented perpendicularly to each
other. In line with the previously reported observations, cells exhibit an exploratory
behaviour within the adhesion sites and also transition between the adhesion sites.
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Setup
Mean Dwell Time

〈τ‖〉[h] 〈τ⊥〉[h]

symmetric 2.70± 0.11 2.79± 0.21
mixed 2.67± 0.22 3.44± 0.32

Table 4.1.: Mean dwell times 〈τ〉 on rectangular adhesion sites for the symmetric config-
uration, where both adhesion sites are equally oriented and the mixed setup, where the
rectangles are oriented perpendicular to each other. Compare also Fig. 4.4.

Importantly, during their exploratory or spreading phase, cells are seen to form la-
mellipodia in the direction of the long rectangle axis, and sometimes migrate within
the adhesion sites (Fig. 4.4 A, 0-10 min and 220-230 min). Therefore, the distri-
butions of cell positions in 2D look different on differently oriented rectangles (Fig.
4.4 C). In both setups with equally oriented rectangles, the occupation probabilities
on both sides are equal. In the asymmetric, mixed-orientation setup, however, the
occupancies are biased towards the upright rectangle (Fig. 4.4 B). The preferential
localisation of cells on the vertical rectangle is linked to the escape rates ki, which
are defined as the inverse mean dwell times 〈τ〉,

ki = 1
〈τi〉

(4.3)

Figure 4.4 D visualises the distribution of dwell times τ in a plot of the survival
probability functions S(t). Different behaviours for the horizontal escape rate, km‖,
and the vertical rate, km⊥ are apparent. While initially τm⊥ decay faster, indicating
that more cells transition within a short time, the trend reverses for dwell times
> 4 h. Hence, in the long term, cells escape quicker from the horizontal rectangle
than from the upright rectangle. Most interestingly, S(t) behaves very similarly
for the respective dwell times for symmetrically orientated rectangles (Fig. 4.4 E)
including the exchange of relative positions of both curves. Yet, the difference for
long dwell times is much less pronounced than in Fig. 4.4 D. Eventually, these escape
dynamics result in very similar mean dwell times for three of the four conditions,
as can be seen in Table 4.1. Here, the dwell times on the left and right sites for
symmetric combinations of rectangles were pooled to enhance the statistics.

The mechanism leading to different occupancies and escape rates on adhesion sites
of equal area but of different orientation is still unclear. Also, it is an open question
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Figure 4.4.: Cell migration on two-state patterns with rectangular adhesion sites of different
orientations. A: Timeseries of a single cell migrating on a two-state pattern with mixed
rectangle orientations. The cell aligns with the long axis of the rectangle. Scale bar: 25 µm.
B: Occupation probabilities for all setups with rectangular adhesion sites and bridge length
L = 16.2 µm. Errors are bootstrapping errors. C: 2D occupation probabilities, in the same
order as in B. D: Survival probability functions S(t) of dwell times τ on the adhesion sites
in the mixed setup. The lightly coloured lines indicate bootstrapping errors. E: S(t) for
dwell times τ on the adhesion sites in equally oriented adhesion sites. Dwell times on
the left and right adhesion sites are grouped together to enable the comparison between
the different geometries. Bootsrapping errors are shown as lightly coloured lines. Figure
adapted and modified from published version in Fink et al. [2].
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why the occupancy does not differ for squares and circles of equal area, whereas a
pronounced bias is visible for square-triangle systems. To answer these questions, it
is instructive to look at the actin dynamics of cells migrating in three representative
adhesion site shapes, namely in squares of ≈ 37.2 × 37.2 µm2, in circles with a
diameter of ≈ 40.3 µm and in right-angled triangles of the same area. Thus, LifeAct-
GFP transfected MDA-MB-231 cells show very similar actin dynamics on squares
and circles (Fig. 4.5 (i) and (ii)). In both cases, along the cell periphery a single
broad lamellipodium is formed, and actin accumulates in a narrow band all along
its leading edge. If present, stress fibres are only faintly visible and typically span
all over the cell body. Actin hotspots are frequently visible in square corners. This
preferential localisation of hotspots to corners can also be observed on the triangle
(Fig. 4.5 (iii)). Here, several hotspots near different corners are visible at the same
time. Thus, the protrusion dynamics and potentially cell polarisation are altered by
adhesion site shape.

To test whether cell polarisation has a significant effect on cell behaviour within
different adhesion sites, we analyse the angular distribution of cell velocities. Fixed
cells were stained for their actin and paxillin to gain further insights into the under-
lying cell organisation (Fig. 4.6). The reason for using fixed rather than live cells is
related to the low statistics that can typically be gathered in stained live cell imaging
experiments. For medium squares (≈ 37.2× 37.2 µm2), small squares (≈ 27.5× 27.5
µm2), circles of similar area to the medium squares and rhombi of similar area, the
angular distributions of the directions of cell velocities look very similar: Cell motion
within the adhesion sites seems to primarily take place in the direction of transitions.
Motion perpendicular to that axis is infrequent. Interestingly, the most striking dif-
ference in the angular distributions appears to be related to the side the channel
meets the adhesion site. While the distributions for small square, circle and rhom-
bus look almost identical, the distribution for medium squares differs. Thus, cells
seem to migrate more frequently along the line defined by the channel when mov-
ing away from it and within a broader range of directions when migrating towards
the channel. In the case of the triangular adhesion sites, the angular distribution
changes distinctively, and migration perpendicular to the axis of transitions becomes
more frequent.

In general, the internal cell organisation on the studied geometries does not vary
much: Typically, stress fibres are mostly oriented in the direction of migration,
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crossing over the cell body. Lamellipodia are characterised by the occurrence of
transverse arcs and criss-crossing actin fibres. Focal adhesions are preferentially
localised in corners, and accumulate under the leading cell edge. Few focal adhesions
are visible at the cell rear. Studying the co-localisation of actin and paxillin in
greater detail, as shown in the zoom-in for the circular adhesion site in Fig. 4.7,
focal adhesions are co-localised and aligned with the stress fibres crossing the cell
body. Also, typically there is a small band at the cell periphery characterised by the
presence of actin and by the lack of paxillin.

In conclusion, cells polarise to migrate both between adhesion sites and within ad-
hesion sites, and possibly also as a response to adhesion site shape. However, in
the presented analysis it is not possible to distinguish between imposed polarity
and polarisation due to actual migration within the adhesion sites. Of the geomet-
ries studied so far, the triangle alters the directionality of cell migration the most,
introducing a significant amount of motion perpendicular to the main axis of the
micropattern. By this, the bias in occupation probabilities may be explained.

Figure 4.5.: Timeseries of LifeAct-GFP labelled MDA-MB-231 cells spreading on differently
shaped adhesion sites. Bright green regions correspond to areas of actin accumulation.
The non-fluorescent background was inverted using Adobe Photoshop. Scale bars: 25 µm.
Figure reprinted from Fink et al. [2] with author’s rights.

The same analysis can also be performed for all setups with rectangular adhesion
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Figure 4.6.: Direction of motion with respect to the long axis of the micropattern on
adhesion sites of different geometries. The angular probability distributions of the direction
of cell velocities on the adhesion sites are shown. As the scalar product is used for the
calculation of angles, each bar gives the frequency of motion in the direction of that angle
and in the direction of (angle + 180◦). On the right side, images of fixed cells on the
respective adhesion sites, stained for actin and paxillin, are shown. Scale bars: 25 µm.
Figure is adapted and modified from the SI of Fink et al. [2].
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Figure 4.7.: Zoom-in into the fluorescence images of a fixed cell stained for its actin and
paxillin on a circular adhesion site. The zoom-in corresponds to the images inside the
orange frame shown in Fig. 4.6. In the merged image, the co-localisation of actin stress
fibres and focal adhesions is visible. Scale bar: 25 µm.

sites (see Fig. 4.8). In the symmetric cases, the angular distributions on both sites
look very similar. For two horizontal rectangles, cell motion is largely aligned with
the direction of the long rectangle axis and the axis of transitions. Motion in the
y-direction that is not within a ± 30◦-interval of the long axis occurs very rarely
(Fig. 4.8 (ii)). In contrast, if both rectangles are positioned in an upright man-
ner, with their long axis perpendicular to the axis of transitions, the directions of
cell velocities look almost uniformly distributed over the whole [0◦, 180◦] interval
(Fig. 4.8 (iii)). Thus, cells also tend to migrate along the long rectangle axis. Inter-
estingly, in the mixed setup as shown in Fig. 4.8 (i), the distribution on the upright
rectangle differs from those in the symmetric setup. For the horizontal rectangle in
the mixed setup, no such difference can be detected. In particular, cell motion in
the y-direction seems to be more pronounced on the upright rectangle in the mixed
setup.

When the mean dwell times 〈τ〉 of every adhesion site from all tested asymmetric
micropatterns are plotted against adhesion site areas in the same plot, i.e. in a
similar manner as in Fig. 4.1 B, the data points corresponding to stays on the
triangle and on the upright rectangle from the mixed setup deviate most from the
linear trend observed for data from square-square and square-circle systems (Fig.
4.9). The mixed setup’s upright rectangle data point stands out for another reason
as well: For all other data, the neighbouring adhesion site’s geometry does not seem
to have an influence on 〈τ〉. However, the mean dwell times of the vertical rectangles
differ.
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Figure 4.8.: The angular distributions of cell motion on rectangular adhesion sites for
different combinations of adhesion site orientations. Fluorescence images of cells fixed on
rectangular adhesion sites and stained for their actin and paxillin are shown for the mixed
setup only. The internal cell organisation does not seem to vary between the different
setups, it only depends on the orientation of the adhesion site. Figure reprinted from Fink
et al. [2] with author’s rights.
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Figure 4.9.: Mean dwell times 〈τ〉 plotted against adhesion site area for all adhesion site
shapes and orientations in two-state micropatterns with a bridge length of L ≈ 16 µm. The
pink data points correspond to square adhesion sites from square-square-micropatterns,
for the blue data points the marker shape corresponds to adhesion site shape and the grey
data points correspond to the rectangular adhesion sites. The grey outlier is 〈τ〉 on the
upright rectangle in the mixed setup. The dashed line is a guide to the eye. x-errors are
weighted standard deviations and y-errors are bootstrapping errors. Figure reprinted from
SI of Fink et al. [2].

4.3. Discussion

In this chapter it was shown that the previously described repeated transitions of
cells on two-state micropatterns (Chapter 3) also occur when the adhesion site shape
and orientation is varied. Furthermore, associated readouts like dwell times τ or ve-
locities v can be used to quantify and characterise the cellular response to cues in
the adhesive environment. The observation that cells preferentially localise on larger
adhesion sites, and consequently exhibit larger dwell times there, is in line with re-
ported dimension sensing on thin lines (termed 1D) interspersed with 2D rectangles.
In that case it was found that cells preferentially localised on the rectangles [145]. Also,
cells released from larger adhesive micropatterns tend to show reduced or no motil-
ity in comparison to those released from smaller micropatterns [45]. Endothelial cells
stiffen with increasing spreading area [146]. In contrast, single MDCK II cells do not
linearly increase their stiffness in response to different adhesion site areas but follow
a bimodal trend. However, when they are part of a confluent cell layer, these cells
also increase their stiffness with increasing cell area [147]. Although there is no equi-
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valent to dwell times in cell migration on unpatterned 2D substrates, it is possible
that similar mechanisms influence cell behaviour. Thus, freely migrating cells show
reduced migration rates with increasing spreading area [131]. Larger adhesive areas
provide more adhesive ligands, and high levels of substrate adhesiveness reduce cell
migration velocities [148], providing a potential explanation for the increase of dwell
times with adhesion site areas. In line with studies on micropatterns, it was found
that spread out mesenchymal cells reduce their volume by water efflux, which in turn
results in cell stiffening [149]. A stiffer cell cortex has been linked to slower migration
and lower invasion [150]. Thus, another likely explanation for the observed increase of
dwell times with adhesion site areas (Fig. 4.1 B, C) is a transient cell stiffening due to
increasing cell size on larger adhesion sites. As mentioned previously in Chapter 4.1,
cell area does not increase as much as adhesion site areas (Fig. 4.1 D). Therefore,
other mechanisms are likely to contribute to the linear increase in mean dwell times
〈τ〉 as well. For example, cells which do not fully fill the adhesion sites are free to
migrate within. The angular distributions of cell velocities (Fig. 4.6) support this
assumption, as for medium-sized squares the extent of motion perpendicular to the
axis of transitions is higher than for cells on small squares.

For adhesion sites symmetric under rotations of 90◦ we found only a weak depend-
ence of occupation probabilities on shape (see Fig. 4.3 B). In particular, no bias
in the square-circle system was observed. Previous studies report differently local-
ised cellular protrusions on square and circular micropatterns [41,151]. Interestingly,
this does not seem to influence escape rates measured here, although it has been
suggested by Caballero et al. that hopping rates between adhesion sites depend on
protrusion localisation and dynamics [49,152]. The observations reported in this thesis
are in line with other reports showing that cells lack polarity on square and circular
micropatterns [41] and that mechanical properties such as stiffness and contractility
do not change for endothelial cells patterned on squares and circles [146]. While lack-
ing a net polarity, it is possible that cells polarise transiently on squares and circles
during the dynamic exploration of adhesion sites [153] or as a pre-requisite for trans-
itions along the bridge. Such transient polarisation is evident in the images of the
actin cytoskeleton of cells on squares and circles (Fig. 4.6). Confirming the lack of
net polarisation are experiments where cells released from micropatterned squares
and circles did not have a preferred direction of motion [44]. The weak influence of
adhesion site shape is further remarkable as the circular adhesion sites have the
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same area but a different perimeter from the opposite square adhesion sites and cell
spreading is frequently modelled as being dependent on both, area and perimeter
(compare Eq. 2.2) [35,36,154].

Previous studies of cell migration on triangle- or teardrop-shaped micropatterns have
contradictory results and different approaches to explain their findings. While in all
cases, it has been shown that teardrops and triangles can bias the direction of cell
motion, the direction seems to vary depending on the cell type and on the exact
design of the micropatterned surface. Thus, cells released from teardrops, or mi-
grating on a circular arrangement of many teardrops, move in the direction of the
broad, convex end [44,48]. In contrast, in a row of (unconnected) triangles (ratchet),
cells move in the direction of the sharp triangle end [14,49]. While in the former case,
it was proposed that cells migrate in response to their internal polarisation (which
was also observed by Caballero et al. [49,152]), in the latter cases different mechan-
isms based on cellular protrusions were proposed: Thus, the direction of motion is
either determined by the frequency of protrusions and the available adhesive area
in that direction [49] or it is a consequence of actin stress fibres not connecting and
the possibility for the resulting lamellipodium to anchor against the flat side of the
neighbouring triangle [14]. Therefore, a priori, it was not clear what would happen
for the triangular adhesion site tested here. The results obtained for the rhombus
indicate that a corner pointed towards the bridge is, in the presence of other geo-
metric cues, not sufficient to bias occupation probabilities (Fig. 4.3 B). In the case
of the triangular site, the specific geometric cues also present are acute corners poin-
ted perpendicularly to the axis of transitions. It has previously been shown that
acute angles can stretch and orient cells in their direction and thereby increase fric-
tion during migration [152]. Also, cells preferentially extend lamellipodia from acute
angles [155]. Therefore, our findings are in line with other studies.

Mean dwell times 〈τ〉 on triangular and upright rectangular adhesion sites deviate
most from the observed linear relationship between mean dwell times and adhesion
site area (Fig. 4.9). While the triangle has acute angles located on a line perpen-
dicular to the axis of transitions (which can act as guidance cues to the migrating
cell), in terms of angles, the rectangles are similar to the square adhesion sites. How-
ever, the rectangles are not isotropic under 90◦ rotations, have an aspect ratio of
≈ 0.5 and consequently, an orientation. Protrusion formation along the long axis
of the triangle could be observed (Fig. 4.3 A) but it is even more prominent in
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the rectangular adhesion sites, as can be seen in Fig. 4.4 A. Thus, cell polarisation
induced by the orientation of adhesion sites biases the occupancies on rectangular
adhesion sites. This polarisation is evidenced by the mean orientation of long stress
fibres [156] observed in fixed cells (Fig. 4.8). Also, cell elongation is considered an
indicator of polarisation [157]. Furthermore, cell polarisation in response to rectangles
of lower aspect ratios [41] and lamellipodia extension from the short edges, as well
as migration in the direction of the long rectangle axis [44,45,158] has been reported
before. Also stripe patterns, which are similar to the rectangular adhesion sites,
establish cell polarity [142,157]. In general, the effect of anisotropic adhesion sites is
in agreement with conclusions made by Jiang et al. that "asymmetry in the pattern
alone is sufficient to bias the direction of cell motility" [44] and that the overall aspect
ratio of an adhesion site has a strong effect on cell polarisation [41].

The findings reported for fixed cells stained for actin and for paxillin (i.e. fo-
cal adhesions), are in agreement with observations by other authors. The dark
membrane ruffles and actin hotspots visible mainly in cell corners in Figures 3.2,
3.4 and 4.3 A, are in accordance with preferential extension of lamellipodia from
corners [41,44,45,151,155]. Furthermore, it was documented that focal adhesions are pref-
erentially assembled in corners [38,151]. The observation that focal adhesions are not
localised directly at the foremost actin structures (Fig. 4.7) are in line with findings
for migrating endothelial cells [159] and could correspond to the difference between
the functional entities of lamella and lamellipodium [63]. It is known that stress fibres
orient along the direction of cell motion [160]. Therefore, the organisation of stress
fibres as presented in fixed cells captured in mid-motion is not surprising (Fig. 4.6,
Fig. 4.8). Looking at the angular distributions of cell velocities (Fig. 4.6, Fig. 4.8),
it is possible to infer cell polarisation, as polarisation is essential for directed motion.
However, it has to be noted that cell polarisation has been observed on micropat-
terns fully confining cells resulting in no net cell displacement [37,41]. Therefore, the
angular distribution maps may not be able to completely capture cell polarisation
on the presented micropatterns.

It was found that cell migration in two-state micropatterns with unequally sized
adhesive islands can be captured with the same framework, Eq. 3.3, as used for
equally sized squares [1]. However, intriguingly, the theoretical description does not
capture the occupation probabilities on rhombi, triangles and upright rectangles,
indicating that a new quantity has to enter the model to fully capture the dynamics
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on anisotropic adhesion sites. This is not altogether surprising, as the mean dwell
times on triangles and upright rectangles deviate from the linear area-dependence of
dwell times (Fig. 4.9), and the motion within the adhesion sites has a non-negligible
extent in y-direction (Fig. 4.6, Fig. 4.8). Moreover, on rectangular adhesion sites,
memory effects seem to be relevant. On no other tested adhesion site geometry,
the dwell times depend on the neighbouring adhesion site (Fig. 4.1 B, Fig. 4.9
and Tab. 4.1). Neither actin nor paxillin organisation is different for the different
rectangle two-state-system setups [2]. Memory effects have been observed before for
cells migrating on topological ratchet patterns [135], for cells spreading on fibronectin
micropatterns [35] and for cell migration in the presence of chemoattractants [161]. In-
terestingly, a memory for the orientation of stress fibres was reported with a memory
time of ≈ 50 minutes [35]. While this is shorter than typical dwell times on the rect-
angles (compare Table 4.1), it is of the same order of magnitude, and could certainly
contribute to the difference in dwell times. However, why the effect seemingly only
occurs for the vertical rectangle is unclear, especially in light of the dwell times τ‖
for all setups being equal within errors.
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In this thesis, I introduced an artificial two-state system, consisting of two cell-sized
adhesion sites which are connected by a thin bridge. MDA-MB-231 cells repeatedly
transition over the bridge and adapt their shape and migratory behaviour in response
to the adhesion site geometry. We have developed a theoretical model based on the
short-timescale dynamics of transitioning cells that accurately captures time- and
ensemble-averaged quantities of the system. The resulting phase-space maps can be
used to compare cellular dynamics with respect to a "ground state". Here, a ground
state could be given by the migration of wild-type cell lines in the symmetric two-
state system, and the change in dynamics in response to the addition of drugs or to
a change in gene expression could be systematically analysed. So far, an analytical
expression for both, F (x, v) and σ(x, v) could not be found. However, it might be
possible in future work to derive analytical expressions, making it easier to extract
actual parameters and to link them to "state variables" of the cell. Related to that,
the Cellular Potts Model could help gain insights into the "laws" of cell migration in
confining two-state micropatterns. If its parameters are set in a way that the main
quantities of migrating cells on dumbbell-like micropatterns are captured, they could
be linked to experimental quantities.

In the two-state micropatterns, cell lines derived from different tissue types transition
between the two adhesion sites, indicating that this is a common behaviour in motile
cells. So far, the migration of MDA-MB-231 and MCF10A cells within the two-state
setup has been extensively analysed. For quantification of the cellular dynamics, it
is essential to be able to generate large statistics, which is also a pre-requisite for
the data-driven modelling approach. To quantify the migration of a wider range of
cell lines, it is necessary to find the right parameters for micropatterning. Both, the
size of the adhesion sites and channels, and the biochemistry involved contribute
to efficient confinement and cell guidance. Perhaps not surprising, but intriguing,
is the fact that some cells can be confined on micropatterns created by µCP but
disregard the patterned structures if placed on microstructures created by µPIPP.
This phenomenon could be related to the different mechanisms of protein adsorption
to the surface, namely by hydrophobic effect (µPIPP) or via electrostatic interac-
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tions (µCP), or to some residual topography. Also, the surface exposed to oxygen
plasma or subjected to UV light/ozone treatment is altered; thus, hydrophobic sur-
faces become hydrophilic and the surface roughness was found to increase [162,163].
This should theoretically not affect cells during the experiments, as they supposedly
are not in direct contact with the plastic substrate. However, the relative height
of polyethylene glycol (PEG) brushes and protein might be different for the two
patterning techniques. Also, the surfaces to which fibronectin adsorbs are differ-
ent: For µCP the whole surface is subjected to UV/ozone treatment, and therefore
fibronectin binds to a hydrophilic surface, while the surface remains hydrophobic for
µPIPP. That fibronectin orientation on hydrophobic and hydrophilic surfaces is dif-
ferent, has been established [164]. Moreover, fibronectin orientation is also related to
fibronectin concentration - an effect less pronounced for high fibronectin concentra-
tions [165]. Potentially, the difference in migration behaviour is related to the ability
of cells to rearrange adsorbed fibronectin [166]. While there are many approaches
to explain the differences in cell response to differently patterned surfaces, further
study is required to elucidate the actual mechanisms. Resolving the height and
nanostructure of the micropatterned surfaces using atomic force microscopy (AFM)
could provide valuable insights.

The theoretical model gives detailed insights into the dynamics of cell migration.
Specifically, on two-state patterns with a bridge width of 7.2 µm, the deterministic
dynamics of MDA-MB-231 cells follows a limit cycle, while MCF10A cells show
bistable behaviour. As a next step, it is crucial to gain a more thorough under-
standing of the fundamental cellular processes underlying migration in two-state
micropatterns. To this end, modified versions of the previously used cell lines could
be used. A genetic knockout or overexpression, possibly combined with a fluorescence
tag for quantification purposes, would allow to study the individual contribution of
target proteins to cellular dynamics. Proteins of particular interest are E-Cadherins:
MDA-MB-231 and MCF10A cells express different levels of E-Cadherins [167]. While
MDA-MB-231 cells have undergone the epithelial-mesenchymal transition (EMT),
MCF10A cells have an epithelial phenotype [167,168]. Also, E-Cadherins are key medi-
ators of cell-cell contacts and seem to regulate invasiveness. Specifically, it has pre-
viously been established that increased E-Cadherin expression reduces invasiveness
in vitro [169,170] and the loss of E-Cadherin promotes invasion and motility. However,
for invasion it is not sufficient that cells lose their cell-cell adhesions, as in the pres-
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ence of the intra-cellular domain of E-Cadherin invasiveness was not increased [171].
Thus, it remains to be seen how much of the difference in cell dynamics established
for both cell types relates to their E-Cadherin levels. Another approach to pinpoint
molecular key players would be to apply drugs to inhibit functions in wild-type cells.
This method in particular would also help with the parametrisation of the theor-
etical model. Also, the effect of polarisation-disrupting drugs could be studied to
further test the conclusions drawn in Chapter 4.

Interestingly, phenomenologically non-cancerous MCF10A and highly metastatic
MDA-MB-231 cells show a very similar migration behaviour in the dumbbell-setup.
In contrast, we identified qualitative differences in the deterministic dynamics. What
is more, even for a single cell line, MDA-MB-231, we found three different dynamic
behaviours, namely limit-cycle oscillations, bistable behaviour and the relaxation
onto a line of fixed points at v = 0. In particular, the dynamic response depends on
the bridge width in the two-state micropattern. As the cells have to deform during
lamellipodia formation that precedes transitions, and also during the transition over
the bridge, the readouts obtained in experiments on dumbbell micropatterns may be
related to cellular and nuclear mechanics, and ultimately to invasive potential [172,173].
This is all the more important, as invasiveness is a clinically relevant parameter.
The standard method to measure invasiveness is a Boyden chamber migration assay,
where the fraction of cells that migrate through ECM and a porous membrane within
a certain time is determined [174,175]. Thus, the Boyden chamber assay yields a mean-
ingful endpoint readout that, however, does not reveal the dynamics of invasion. In
many cases, invasiveness was only determined for similar cell types. Therefore, it
was not possible to directly compare invasiveness ratings for all cell lines probed in
our setup (as illustrated in Table 3.1 where no unifying invasiveness scale could be
used). However, a simple Boyden chamber invasion experiment could provide this
information. It is yet unclear which quantities characterising cell migration in two-
state micropatterns are particularly suited to characterise invasiveness. Specifically,
in recent work, based on classification by machine learning, no correlation between
2D migration speed or persistence and 3D invasion was found [176]. Once suitable
parameters are determined, in analogy to the first World Cell Race [46] ranking cell
speed, a ranking of invasive potential based on these quantities could be developed
for a wide range of cell types.

In the experiments presented in this thesis, which were performed for up to 50 h,
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5. Conclusion and Outlook

a large amount of data is recorded. As cells divide after a certain time, naturally,
a large dataset of two-cell systems migrating in the two-state patterns is generated.
What is more, these two-cell systems should be genetically identical and cell-cycle
synchronised as they are daughter cells. Apart from being influenced by the re-
spective single-cell dynamics, the interactions between MDA-MB-231 and MCF10A
daughters should also be sensitive to the E-Cadherin levels of the respective cell
lines. Thus, one would expect that MCF10A cells are more sticky, i.e. more adhes-
ive to each other. In addition, it would be interesting to see whether two interacting
daughter cells are more similar in their interactions and dynamics than the dynam-
ics of two cells which do not have the same mother cell. To answer this question
robustly, measurements would have to be started directly after cell seeding to track
the history of all cell pairs. In a similar spirit, Milano et al. investigated homotypic
collisions of MDA-MB-231 and MCF10A on micropatterned lines of variable widths.
Intriguingly, they found that on all line widths MDA-MB-231 cells are more likely to
slide past each other, while pairs of MCF10A cells predominantly reverse their mi-
gration direction upon contact. The knockdown of E-Cadherin, as well as activating
ErbB2 while downregulating PARD3, increased the number of sliding interactions in
MCF10A cells significantly. Moreover, MDA-MB-231 cells with induced E-Cadherin
expression were less likely to perform sliding interactions than their wild-type coun-
terparts [177].

The two-state micropatterns yield insight into single-cell and cell-to-cell variability.
Cell-cycle synchronised cells might be used for the experiments, as a means to re-
duce variations in ensemble-averaged quantities at any point in time. This would
be of particular interest for the study of area-dependence of dwell times, as cells
grow over time and the cell-cycle synchronisation could lead to a more homogeneous
distribution of cell sizes. The usefulness of drugs notwithstanding, especially in view
of potential clinical applications, it would be preferable to eliminate the need for any
cell labels for tracking. At the moment, all migration data is extracted from nuclear
trajectories and in order to visualise the nuclear fluorescence, cells are stained with
Hoechst 33342 and irradiated with UV light. A recent advance in nuclear staining
was the development of sir-DNA [178], which is a nuclear label in the far-red region
of light. A different approach to cell tracking would be to rely on machine learning,
enabling the tracking of cells solely based on their outlines in brightfield movies.
However, often measurement noise, such as floating (cell) debris, background fluor-
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escence or limited image resolution complicates data analysis. Also, it remains to
be seen how centre-of-mass cell coordinates are related to nuclear centre-of-mass
coordinates.

It is not yet clear how the dynamics observed in 2D two-state micropatterns com-
pares to that in 3D micropatterns. Three-dimensional dumbbell-shaped wells are
already available, fabricated by hot embossing of a plastic slip [179]. Surface func-
tionalisation is achieved by fibronectin incubation. To prevent cell adhesion to the
outside of wells, and to enhance confinement, the fibronectin on the outside of the
wells can be removed in a lift off step [180]. Potentially, in the 3D system nuclear
deformation will become of importance, as the cell will have to squeeze through
channels rather than pull itself along stripes. Nuclear staining, which is already per-
formed for tracking purposes, may help to gain more insights into the reorientation
and potential deformation of the nucleus during 2D and 3D migration. By nuclear
deformation, gene expression levels may be altered [181]. The 3D setup may also be
more biologically relevant [182] in the sense that cancer cell invasion typically involves
physically squeezing through thin pores or the ECM. It is of special interest whether
and how transition rates are linked to cancer cell invasiveness.

I could show in this thesis that the dwell times of cells scale linearly with adhesion
site area, and that for the tested geometries perimeter does not seem to determine
the dwell times. This finding is surprising in light of several theoretical models com-
prising perimeter-dependent terms which successfully predict cell shape in jammed
epithelial sheets [154,183] or during spreading on micropatterns [36]. Could it be that
within the two-state setup, where cells are constantly contracting for the bridge pas-
sage, line tension does not contribute significantly to the occupation probabilities of
cells on differently sized adhesion sites? To answer this question robustly, the re-
sponse to a variety of square-circle systems with equal areas but different perimeters
could be probed. Also, neither cell area nor cell perimeter correspond to adhesive
area and perimeter at all times. It would therefore be necessary to carefully ana-
lyse cell area and perimeter to conclude on the applicability of those models on cell
migration in two-state patterns. Blebbistatin was found to selectively alter line ten-
sion [35]. Therefore, effective Blebbistatin treatment of cells could help gain insight
into the relevance of line tension for migration in confinement.

On most adhesion sites with different sizes and shapes, the escape rates are inde-

65



5. Conclusion and Outlook

pendent of the neighbouring adhesion site. Memory effects seem to be detectable
only in the mean dwell times in micropatterns with orthogonally oriented rectangular
adhesion sites. It remains an open question why cells leave the upright rectangle at
a lower rate than in the comparable system consisting of two upright rectangles. It
might be necessary to image stress fibre (SF) dynamics and quantify SF orientation
as it has been previously shown that SFs can act as a memory of cell spreading [35].
Also, a careful analysis of protrusion dynamics and protrusion geometry could give
insights into the transition mechanisms. Caballero et al. have shown how a trans-
ition bias can be explained by geometric considerations alone [49].

While the influence of adhesion site geometry on escape rates has been probed ex-
tensively, it is not yet known how cells would respond to adhesion sites of different
chemical composition. Is it possible to measure relative affinities towards surface
coatings? Such an outcome would be applicable in tissue engineering. Two-protein
patterning has the potential to be employed in such experiments. However, first
of all, the second protein needs to be incubated in the presence of the first protein
that is already adsorbed onto the surface. For that reason, protein-protein binding
presents a challenge. Second, the technique introduced by Segerer et al. [93] makes
use of framed patterns, where the frame is coated in a protein different from that
within the framed area. Therefore, the response to both proteins would not be
probed separately. Photopatterning is an emerging technique for surface modifica-
tion [184–186]. For example, using UV light, it is possible to project a pattern onto a
PEG-coated surface, which leads to localised PEG cleavage due to the presence of a
photo initiator, leaving blank spaces for protein adsorption. This can be repeated,
and various proteins can be subsequently incubated [187]. Once more, protein-protein
binding might be an issue as the second protein is incubated on top of the first
one. Also, the speed of the patterning process is often a limitation [185]. However,
in theory, optical methods allow for the parallel patterning of several geometries,
and for wavelength-dependent selection mechanisms. In addition, the patterning is
less sensitive to manual handling variations than stamp-based techniques. Thus,
photopatterning techniques have the potential to replace µCP and µPIPP.

In summary, I have developed an artificial two-state system which is a versatile tool
to study cell migration as a function of the confining microenvironment. Specifically,
we find that the cellular dynamics of MDA-MB-231 and MCF10A cells within the
two-state system is well captured by a nonlinear stochastic equation of motion. This
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holds for micropatterns with varying bridge lengths and widths and with differently
sized and shaped adhesion sites. The escape probabilities of cells from adhesion sites
depend on adhesion site area, shape and orientation. In combination with fluorescent
tags, and mutants of the cell lines studied so far, the molecular mechanisms governing
cell migration in confinement can potentially be unravelled.
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A. Appendix: Methods

A.1. Experimental Methods

A.1.1. Microscale Plasma-Initiated Protein-Patterning

Silicone wafer moulds are prepared in the clean room using photolithography (see
SI to Brückner et al. [1], Segerer et al. [93]). To create stamps, polydimethylsiloxane
(PDMS) monomer and crosslinker (DC 184 elastomer kit, Dow Corning) are mixed in
a 10:1 (w/w) ratio and then degassed for about 1 h in an exsiccator. Afterwards, the
mix is poured onto the silicone wafer, degassed for about 2 h and cured overnight in
an oven at 50◦C. Stamps are prepared by peeling the PDMS off the wafer, and cutting
the structured areas of the PDMS into small pieces of a maximum approximate size
of 0.4 cm× 0.4 cm. These stamps, with the features facing down, are then placed
into a µ-dish (ibidi GmbH). In the next step, the dish, with the lid taken off, is put
into the plasma cleaner (Pico, electronic diener). To achieve a clean plasma, the
chamber is evacuated for 10 minutes before it is flooded with oxygen for 3 minutes.
Subsequently, at a constant gas pressure of 0.48 mbar, the plasma process is started
and the sample is subjected to oxygen plasma for 3 minutes. Quickly after the plasma
process has finished, a drop of 2 mg ml−1 PLL(20)-g[3.5]-PEG(2) solution (pll-PEG,
from SuSoS AG, resuspended in 10 mM HEPES (Gibco) and 150 mM NaCl (Roth))
is added to each stamp, where it creeps under the stamp into the uncovered spaces
by capillary action. It is of utmost importance that during the addition of the
pll-PEG the stamps are not touched. The pll-PEG is left to incubate for 25 minutes
to achieve a good background passivation. Prior to the removal of stamps, 1 ml of
phosphate-buffered saline (PBS) is added to the dish. Using tweezers, each stamp is
quickly pulled up and thereby removed from the substrate. Upon removal of 500 µl
PBS, 150 µl of 216.67 µg ml−1 fibronectin solution are added (YO Proteins), so that
a final fibronectin concentration of 50 µg ml−1 is left to incubate for 50 minutes. The
last step is to wash the sample with PBS nine times. After preparation, samples
should be stored at 4◦C in PBS.
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A.1.2. Cell Culture

MDA-MB-231 human breast carcinoma cells (DSMZ) are cultured in minimal es-
sential medium (MEM) (initially obtained from c.c. pro and supplemented with
2 mM L-Glutamine (c.c. pro), later replaced with MEM from Gibco) with 10% fetal
calf serum (FCS) (Gibco). Cells are cultured at 37◦C in a 5% CO2 atmosphere.
At about 70-90% confluence, cells are passaged: First, cells are rinsed once with
PBS. Second, Trypsin-EDTA (0.05%, Gibco) is added and incubated for 3 minutes
at 37◦C. During splitting, medium is added to the cell suspension, the required
fraction of cells is seeded in a new culture flask and covered in fresh medium. For
experiments, the trypsinised cell solution is centrifuged at 1000 rcf for 3 minutes,
the cell pellet is resuspended in MEM and cells are counted in a Neubauer cyto-
meter. One fraction of cells is used for further culturing and approximately 10000
cells are subsequently seeded per patterned µ-dish. Prior to that, the patterned
dish is taken out of the fridge, and the PBS is gradually exchanged for cell culture
medium. Cells are left to adhere for approximately 4 h in the incubator, before
the medium is exchanged to CO2-independent L-15 medium (without phenol red;
containing L-Glutamine (Gibco), additionally supplemented with 10% FCS) with
25 nM Hoechst 33342 (Invitrogen) to stain the cell nuclei. Afterwards, the dish is
placed under the microscope and left to thermally equilibrate for 30 minutes before
time-lapse positions are set. Experiments are typically started within 2 hours after
the last medium exchange.

MCF10A cells (ATCC) are cultured in DMEM:F-12 medium including Glutamax
(Gibco), supplemented with 5% Horse Serum (Thermo Fisher), 20 ng ml−1 human
Epidermal Growth Factor (hEGF) (Sigma), 500 ng ml−1 Hydrocortisone (Sigma),
100 ng ml−1 Cholera Toxin (Sigma) and 10 µg ml−1 Insulin (Sigma) at 37◦C in an
atmosphere containing 5% CO2. For passaging, the supernatant is aspirated and
subsequently centrifuged at 300 rcf for 8 minutes. In the meantime, cells are rinsed
with PBS and detached using Accutase, which needs to be incubated for 12 minutes
at 37◦C. Upon addition of medium, the cell solution is centrifuged at 500 rcf for
6 minutes. The cell pellets resulting from both centrifugation steps are resuspended
in medium. For further culturing, a fraction of the cells detached with Accutase, and
all cells from the supernatant are used. For experiments, 10000 cells are seeded per
micropatterned µ-dish. Samples are then put into the incubator and left to adhere
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to the patterns for at least 4 h. Afterwards, the medium is exchanged to DMEM:F-
12 containing all supplements but lacking phenolred. Also, 15 nM Hoechst 33342 is
added. During experiments, the samples are kept in an atmosphere with 5% CO2

and at 37◦C.

A.1.3. Cell Fixation and Immunostaining

For actin and paxillin localisation experiments, cells are cultured and seeded as
previously described. However, the medium is not changed to L-15 and cells are left
for a total of 16-24 h in the incubator after seeding. Then cells are rinsed once with
(37◦C) warm PBS, and afterwards warm (37◦C) 3.8% formaldehyde in PBS (Sigma)
is added for fixation and incubated for 15 minutes at room temperature. The cells are
rinsed twice with PBS, before a 0.5% Triton X-100 (Roth) in PBS solution is added
for 5 minutes. After washing the sample twice, a blocking solution consisting of 10%
normal goat serum (Abcam), 0.2% Triton X-100 and PBS is applied for 30 minutes
at room temperature. This is replaced by the same blocking solution containing the
primary antibody, mouse anti-paxillin (Invitrogen), at a concentration of 5 µg ml−1.
After incubation for 1 h at room temperature, the sample is washed three times
for 5 minutes with PBS containing 1% (w/v) bovine serum albumin (BSA)(Roth).
Subsequently, 5 µg ml−1 of the secondary antibody (goat anti-mouse conjugated with
Alexa Fluor 488; Abcam) and 100 nM rhodamine phalloidin (Molecular Probes) are
added in a blocking solution made of 10% normal goat serum in PBS. This is
incubated for 30 minutes at room temperature. Care has to be taken to protect the
sample from light to avoid photobleaching. The sample is washed three times for
5 minutes in PBS-BSA. In the next step, 0.5 µg ml−1 DAPI (Sigma) is added for 5
minutes at room temperature. Lastly, the sample is washed three times with pure
PBS for 5 minutes, and can be stored in the fridge afterwards.

Note that it is important that the solutions are prepared freshly on the day of
experiments. It is also recommended to image the sample on the day of preparation
as the fluorescence deteriorates after prolonged storage. Furthermore, I found that it
is preferable to image a maximum three stamps per dish as the fluorescence intensity
and staining quality deteriorates throughout the sample during imaging. For greater
statistics, it is advisable to prepare several dishes in parallel.
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A.1.4. LifeAct-GFP Transfection

For live cell experiments with stained actin, approximately 12500 MDA-MB-231
cells, cultured and resuspended as described above, are seeded in patterned µ-dishes
and left to adhere overnight. Two vials need to be prepared: Vial I contains 500 ng
LifeAct-GFP messenger ribonucleic acid (mRNA) (in-house prepared) resuspended
in OptiMEM (Gibco) to a final volume of 150 µl. Vial II contains a mix of 1.25 µl
Lipofectamine 2000 (Invitrogen) and 123.75 µl OptiMEM, which needs to stand for
5 minutes after mixing. Then, the contents of vial I are added to the contents of
vial II and mixed carefully by pipetting up and down several times. The mix is left
for 20 minutes at room temperature. Before the transfection mix is added to the
sample, cells are rinsed once with PBS. Cells are incubated with the transfection
mix for at least 3 h in the incubator. Afterwards, the transfection mix is replaced
by L-15 medium supplemented with L-Glutamine and FCS.

As cells are washed more often than for experiments without actin staining, it is ad-
visable to seed more cells. Also, I have tried to change the order of the transfection
protocol, first transfecting cells grown in the culture flask up to approximately 70%
confluence and only subsequently seeding the transfected cells onto the micropat-
terns. However, this resulted in a low number of transfected cells on the patterns.
It seems as though transfected cells do not adhere as well to the fibronectin-coated
micropatterns as untransfected cells.

A.1.5. Microscopy

Time-lapse measurements of up to 50 h duration are performed either on an IMIC
digital microscope (TILL Photonics) or on a Nikon Eclipse Ti microscope using a
10x or a 60x oil-immersion objective. To keep samples at 37◦C throughout the meas-
urement, the microscopes are fitted with heated chambers (ibidi GmbH or Okolab)
into which the samples are placed. In Table A.1, illumination settings are detailed
for the different types of experiments.

Note that while the temperature of the heated chamber is set to a fixed value, tem-
perature variations are likely to occur. The temperature of the chamber is calibrated
for a certain room temperature, and unless used in sample-feedback loop, only the
chamber cage temperature is used for feedback. In particular, the chamber is placed
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Experiment Micro-
scope

Ob-
jective

Chan-
nels

Illumination Inter-
val

Standard Protocol Nikon
TIRF

10x BF
DAPI

40 ms, 30%
250 ms, 50%

10
min

Standard Protocol Imic 10x BF
DAPI

100 ms, 60%
100 ms, 25%

10
min

Standard Protocol
MCF10A

Nikon
TIRF

10x BF
DAPI

40 ms, 30%
100 ms, 50%

10
min

Actin-LifeAct Nikon
TIRF

60x BF
GFP

40 ms, 30%
150 ms, 50%

10
min

Table A.1.: Microscope and illumination settings for the different experimental setups.
Unless further specified, these are the settings used for imaging MDA-MB-231 cells.

inside a room that until recently was not air conditioned, and was therefore subject
to temperature variations. Also, the temperature within the sample is likely to rise
through continued illumination as well.

For MCF10A cells stained with 15 nM Hoechst 33342 these illumination settings are
the minimum required exposure time and illumination intensity. It is recommended
to check whether these settings are sufficient because for some of the cells I tracked,
the nuclear fluorescence was of the order of the background fluorescence.

It is interesting to note that under these experimental conditions we observe that
the doubling time of cells is slightly larger than in cell culture. The influence of mi-
cropattern size and geometry on cell proliferation has been reported before [32,146,188].

A.1.6. Cell Area Determination

Cell areas are manually traced with the help of ImageJ’s Ivussnakes Plugin [189].
Cell areas are determined only at times of full confinement within an adhesion site
(i.e. there are no protrusions inside the channel). It is likely that this approach
overestimates the influence of smaller cells, which are more likely to fully fit into
adhesion sites of all tested sizes. Thus, to mitigate that effect, the mean cell area
is calculated for each stay rather than being calculated as an average over all video
frames used. The average of these areas per stay is taken as final cell area.
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A.1.7. Micropattern Design

The exact dimensions of two-state micropatterns are detailed in Tables A.2, A.3,
A.4 and A.5. Adhesive area dimensions were adapted to cell area to provide enough
adhesive area for cells so that cells would fully fit into the sites. Thus, it was found
that for square adhesion sites with edge lengths smaller than approximately 25 µm
cells would still transition between adhesion sites but could partially remain on the
bridge and the larger adhesion site. Therefore, no adhesion sites with edge lengths
smaller than 25 µm were used. To prevent extensive cell motion within the adhesion
sites, no squares with edges longer than 42.2 µm were used.

The reference area used is that of unconfined cells plated on a fibronectin-coated
substrate. Thus, about 4 h after cell seeding, the mean cell area is 939±37 µm2, and
within the next 20.5 h it increases to 1395± 122 µm2. This is all the more important
as some adhesion sites may be too large initially but may be filled completely by
cells at a later point in time.

The aim of using square-circle micropatterns is to present adhesion sites of either the
same area or the same perimeter to cells. Micropatterns with rhombi and triangles
were designed to have adhesion sites of equal areas and to have a right angle pointed
at the bridge. This is to test the influence of shape while keeping the funnelling angle
constant. Rectangular adhesion sites have equal areas. Their area was chosen to be
similar to that of the squares in symmetric square-square patterns. The rectangles
have an aspect ratio of 2:1. For all two-state micropatterns with unequal adhesion
sites, a similar bridge length was used. The bridge length was chosen to be equal
to one of the bridge lengths used in the symmetric square-square setup. Further
considerations concern the generation of sufficient statistics, which means that the
bridge should be as short as possible while providing sufficient spatial separation
of the adhesion sites so that cells are occupying one adhesion site at most times
rather than stretching onto both. To achieve the latter point, long bridges are
favourable. As a compromise, a medium bridge length was chosen for asymmetric
micropatterns. As the dynamics and sizes of different cell types vary, such geometric
scaling considerations have to be taken into account for each cell line individually.

Errors in the pattern dimensions are weighted standard deviations, unless noted
otherwise, accounting for the variable statistics in different experiments. Final pro-
tein patterns are subject to experiment-to-experiment and wafer-to-wafer variations.
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X-
Dimensions

Left Site [µm]
(a)

X-Dimensions
Right Site
[µm] (a)

Area
Left
[µm2]

Area
Right
[µm2]

Number
of

Analysed
Cells

Bridge Length
(L) x Width
(w) [µm2]

37.2± 0.2 37.1± 0.1 1380.6
±
11.2

1377.6
±
10.9

98 (6.4± 0.3)×
(7.8± 0.6)

36.4± 0.1 36.3± 0.2 1327.9
±
5.4

1314.1
±
11.1

101 (9.2± 0.3)×
(7.5± 0.7)

37.2± 0.8 37.4± 0.6 1385.1
±
57.7

1397.0
±
43.7

169 (15.7± 0.3)×
(7.4± 0.3)

36.1± 0.1 36.3± 0.2 1303.7
±
10.0

1316.0
±
13.7

216 (23.7± 0.4)×
(6.3± 0.7)

37.6± 0.1 37.4± 0.2 1411.3
±
9.5

1395.4
±
13.4

149 (35.3± 0.5)×
(7.2± 0.5)

36.1± 0.1 36.2± 0.1 1304.0
±
5.2

1311.2
±
9.5

127 (46.2± 0.4)×
(6.2± 0.7)

35.9± 0.0 36.1± 0.1 1292.2
±
1.3

1302.6
±
6.0

74 (56.0± 0.3)×
(5.9± 0.3)

Table A.2.: Detailed measures of the square adhesion sites of two-state patterns with vary-
ing bridge length L. The variations in bridge widths w and adhesion site edge lengths a
are mainly due to wafer-to-wafer variability. Errors, apart for the bridge widths w, are
weighted standard deviations. The error in w is the standard deviation.
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X-
Dimensions

Left Site [µm]
(a)

X-Dimensions
Right Site
[µm] (a)

Area
Left
[µm2]

Area
Right
[µm2]

Number
of

Analysed
Cells

Bridge Length
(L) x Width

(w)
[µm2]

37.5± 0.3 27.5± 0.2 1405.0
±
22.5

754.7
±
11.0

47
(16.0± 0.3)

×
(7.8± 0.3)

37.6± 0.6 32.4± 0.7 1410.6
±
45.1

1052.0
±
45.4

68

42.1± 0.3 27.3± 0.4 1776.2
±
25.3

743.1
±
21.8

58

42.2± 0.5 32.1± 0.6 1782.1
±
42.2

1028.8
±
38.5

74

Table A.3.: Detailed measures of the two-state patterns with differently sized square adhe-
sion sites. Errors, apart for the bridge widths w, are weighted standard deviations. The
error in w is the standard deviation.
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X-
Dimensions
Left Site
[µm]* (a)

X-
Dimensions
Right Site
[µm]* (a)

Area
Left
[µm2]

Area
Right
[µm2]

Number
of

Analysed
Cells

Bridge
Length (L) x
Width (w)

[µm2]

Ex-
per-
i-

ment
36.5± 0.4 40.3± 0.6 1329.7

±
29.2

1275.0
±
38.0

67 (14.5± 0.2)
×

(6.1± 0.1)

eqA

35.9± 0.2 44.6± 0.3 1291.9
±
14.4

1580.2
±
21.0

98 eqU

37.6± 0.2 46.7± 0.5
49.6± 0.6

1413.8
±
14.3

1243.2
±
24.7

63 (17.7± 0.1)
×

(7.7± 0.1)

rho

37.8± 0.2 33.5± 0.3
67.7± 0.7

1428.8
±
17.3

1263.8
±
16.5

82 tri

48.9± 0.7
24.9± 0.3

48.9± 0.8
24.9± 0.3

1217.6
±
26.2

1217.6
±
24.6

78 (16.2± 0.1)
×

(5.0± 0.2)

LR

24.9± 0.4
47.9± 0.5

24.8± 0.3
47.8± 0.4

1192.7
±
22.1

1185.4
±
15.3

65 SR

48.2± 0.7
24.3± 0.4

25.2± 0.2
47.8± 0.5

1171.3
±
24.0

1204.6
±
16.9

59 MR

Table A.4.: Detailed measures of the two-state patterns with differently shaped and oriented
adhesion sites. Errors, apart for the bridge widths w, are weighted standard deviations.
The error in w is the standard deviation. The abbreviations for experiments denote the
following setups: eqA, eqU - square-circle patterns with equal area or perimeter respect-
ively, rho, tri - square-rhombus, square-triangle patterns, LR, SR, MR - lying, standing
and mixed rectangles, respectively.
*: If the adhesion site is not symmetric in x- and y-direction, the measures of the edge
lengths in both directions are given, with the upper number corresponding to x-dimensions
(a) and the lower number corresponding to y-measures (b) of the longest axis, respectively.
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X-Dimensions
Left Site [µm]

(a)

X-Dimensions
Right Site [µm]

(a)

Bridge
Length (L)

[µm]

Bridge
Width (w)

[µm]

Number of
Analysed
Cells

36.2± 0.1 36.1± 0.0 36.8± 0.1 3.5± 0.2 89
35.5± 0.1 35.4± 0.2 37.6± 0.2 12.1± 0.1 97
35.7± 0.1 35.7± 0.1 37.3± 0.1 18.5± 0.3 127

- - 103.4± 0.3 34.8± 0.2 212

Table A.5.: Detailed measures of the square adhesion sites and bridges of two-state patterns
with varying bridge width w. The variations in adhesion site edge lengths a are mainly due
to wafer-to-wafer variability. The last entry corresponds to a rectangular stripe of similar
dimensions to the two-state micropatterns. Errors are weighted standard deviations.

The experiment-to-experiment variability is mainly caused by the manual stamping
process and the associated intrinsic variance. Also, it is difficult to assess exact meas-
ures due to limited image resolution, so that measurement uncertainty is another
factor contributing to the errors.

A.2. Data Analysis

A.2.1. Movie Analysis

Unless specified otherwise, all image analysis is performed using ImageJ [190]: The
acquired time-lapse movies are manually screened to find cells suitable for further
analysis. The criteria determining what a suitable cell is are detailed below in Section
A.2.2. The micropatterns are easily visible in phase contrast images, as the plasma
process modifies surface properties. If suitable cells are found, the original movies
are cropped and rotated so that the micropattern’s long axis is aligned horizontally.
The horizontal axis is from now on defined as x. For each video, the coordinates of
a manually selected point on the left side of the micropattern roughly at the height
of the middle of the bridge are recorded. In the next step, a band pass filter is
applied to the fluorescence images of the nucleus to de-noise them. This enables
the use of a thresholding method to binarise the images. For that, the threshold
is set manually by operating a slider on the user interface, and by inspecting the
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nuclear images. Only if the nucleus is the only feature left in the thresholded images,
ImageJ’s Analyze Particles plugin is run, reading out the positions of the nucleus’
brightness centre-of-mass. As the images have been binarised before, this is equal to
the nucleus’ centre-of-mass. The error in the localisation of nuclear centres-of-mass
has been estimated to be ≈ 2 µm by repeated manual thresholding and tracking.

Absolute nuclear positions in the frame of reference of the micropattern can be
determined by subtracting the nuclear coordinate from the boundary coordinate. In
order to localise the cell within the micropatterned geometry, it is also necessary
to know the measures of the micropattern. I have chosen between 5-10 videos from
each experiment and manually marked the following features:

• left edge of the micropattern

• the point where the left adhesion site meets the bridge

• the point where the right adhesion site meets the bridge

• right edge of the micropattern

With these coordinates, micropatterns are well defined in one dimension. To centre
cell trajectories, the coordinate of the middle of the micropattern has to be calcu-
lated, and this value can then be used to subtract from the nuclear coordinate. Mean
micropattern dimensions are calculated per experiment. Pixel values are converted
to micrometres using the following relations:

• Nikon TIRF microscope, 10x objective: 1px=̂ 0.648 µm

• Imic microscope, 10x objective: 1px=̂ 0.647 µm

Also note that while the nuclear x-coordinate is well defined by actual micropattern
features for reference, the y-coordinate is less well defined due to the choice of the
point of reference. In future work it would be useful to define a corner of the
micropattern as a point of reference, or to automatically detect the pattern outlines.

A.2.2. Data Inclusion Criteria

For all micropatterns with a constriction, only cells complying with the following
criteria were used for further analysis. These criteria were determined in order to
achieve maximum comparability between cells and experiments by standardisation
of procedures and to limit the effects of abnormal migration behaviour.
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1. Only single cell trajectories are included in the analysis. No other cells are
allowed in the micropattern for the duration of tracking. Also, cells are not
included if other cells have previously occupied that micropattern or if other
cells are close enough to the micropattern so that both, the cell within and the
cell outside interact with each other. Cells are tracked between the time point
they enter the micropattern and when they round up for division.

2. Only trajectories of cells which are entirely confined within the micropattern
are included. This means that the cells and their protrusions have to be within
the boundaries of the micropattern at all times.

3. To avoid start- and end-of-measurement artefacts, the trajectories are cropped
so that they only include the motion between the first and up to the last
transition between adhesion sites.

4. Only cells which do not show abnormalities such as multiple nuclei are in-
cluded for further analysis. Cells undergoing cell death at any point during
the measurement are excluded from further analysis.

5. Cells have to perform complete transitions in the vast majority of cases. A
complete transition is a transition where all parts of the cell have left the
previous adhesion site once that the cell nucleus enters a new adhesion site.

While criteria 1 and 4 are basic requirements for the study of single cells, criteria 2, 3
and 5 are a consequence of the experimental setup. Criterion 2 may need to be refined
or relaxed as it is based on what is visible under a 10x objective in phase contrast
microscopy. Under higher magnification, I have seen filopodia vividly exploring
the passivated area and also it seems that the lamellipodia frequently extend a few
micrometers into the passivated areas. Criterion 5 may be a rather strong constraint,
depending on the cell type. Therefore, we previously tested whether we can relax this
criterion and found that it does not affect general conclusions on cell dynamics [1].
However, considering that we intend to probe cell response to adhesion sites of
different geometries separately, it seems sensible to apply criterion 5 nonetheless.
Furthermore, incomplete transitions are only one manifestation of cells interacting
with both adhesion sites at once. Sometimes, cells start spanning between the two
furthest edges of the micropattern. As it has been shown that in such cases the
nucleus migrates back and forth [139], such a behaviour could bias the dwell times.
Also, the impact of incomplete transitions and spanning behaviour will depend on
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the choice of the definition of the two states in the micropatterns; if the two states
are defined as being to the left and to the right of the middle of the bridge, nuclear
fluctuations will more severely affect dwell times. If the the two states are defined on
the islands only, at least spanning behaviour should not bias dwell times. A strong
argument for the inclusion of cells not complying with criterion 5 is improving the
statistics, and also probing a higher proportion of the cell population with more
variable behavioural phenotypes.

On rectangular stripes, all moving cells were included for further analysis. In con-
sequence, cells which do not comply with criterion 3 were also included, as "trans-
itions" are not well defined on a continuous stripe.

A.2.3. Dwell Times and Occupation Probabilities

According to the data inclusion criteria, trajectories are cropped so that they start
after the first transition and end before the last transition. To calculate dwell times,
cellular x-positions are binarised according to the definition of the two states on
the micropattern. In this thesis, the middle of the connecting bridge defines the
border between the two states. Specifically, the middle of the bridge is determined
by adding the sum of the dimensions in x of the left adhesion site and half of the
bridge length to the left border reference point for each cell. The dimensions of the
adhesion site and of the bridge used in this calculation are mean values determined
for each experiment. τ , the dwell time, is defined as the time between two subsequent
transitions of the cell nucleus over the middle of the bridge, or, in other words, the
time spent in each state. Relative occupation probabilities pi are the sum of all dwell
times τi on adhesion site i divided by the total observation time Ttot:

pi =
∑
i τi
Ttot

= Ni〈τi〉
Ttot

(A.1)

where Ni is the number of stays on site i.

And thus
pleft
pright

= Nleft〈τleft〉
Nright〈τright〉

Nleft≈Nright≈ 〈τleft〉
〈τright〉

(A.2)

To account for the unintended difference in adhesion site areas in differently shaped
adhesion sites, some of the occupation probabilities are normalised by adhesion site
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area A:
p1,norm =

p1
A1

p1
A1

+ p2
A2

(A.3)

This normalisation has only been used for square-circle micropatterns with roughly
the same area, square-rhombus and square-triangle micropatterns.

A.2.4. Survival Probability Function

To visualise the distribution of dwell times τ , survival probability functions S(t) are
useful. S(t) is defined as follows:

S(t) = 1−
∫ t

0
p(τ) dτ (A.4)

where p(τ) is the probability distribution of dwell times.

Note that as the data is recorded at discrete time intervals, in this work, the cumu-
lative sum of the dwell time probabilities is used.

A.2.5. Direction of Cell Motion

The angular direction of cell motion is analysed on the adhesion sites only. To
this end, the trajectories are divided into small sequences, each corresponding to a
single stay on an adhesion site. These sequences are further cropped to only include
positions within the adhesion sites. For each of the stays the difference between two
subsequent position vectors is calculated to give a vector pointing into the direction
of motion. Using the scalar product, it is possible to calculate the angle of the
velocity vector with the x-axis:

θ = cos−1
(

~v · ~x
‖~v‖‖~x‖

)
= cos−1

 vx√
(vx)2 + (vy)2

 (A.5)

where ~v is the velocity vector between two subsequent spatial coordinates of the cell
nucleus, divided by the time difference between two subsequent images (∆t = 10
min) and ~x is the unit vector in x-direction.
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A.2.6. Theoretical Analysis

We postulate that the system’s dynamics can be captured with the following stochastic
differential equation:

dv

dt
= F (x, v) + σ(x, v)η(t) (A.6)

with

F (x, v) = 〈v̇|x, v〉 (A.7)

and

σ2(x, v) = ∆t〈[v̇ − F (x, v)]2|x, v〉 (A.8)

The velocity v and acceleration a are calculated as numerical derivatives from the
experimental data, η(t) is Gaussian white noise with no correlations and a mean of
zero. Both terms in Eq. A.6 are inferred by conditional averaging [1,191–193]. Eq. A.6
can be integrated numerically to test the model predictions.

A.2.7. Error Analysis

As the data used here is correlated, we use bootstrapping to estimate errors [194]. To
this end, we generate a large number of new realisations, typically at least 50000, of
our given datasets by randomly sampling from the original datasets with replacement.
The new dataset D = {X1, X2, ..., XN} is used to calculate its mean 〈Drealisation〉.
The standard deviation of all 〈Drealisation〉 gives the estimated error in the mean.
To account specifically for temporal correlations in the data, the same procedure is
carried out for groups of subsequent entries in the data. The number of subsequent
entries used in each draw is given by the window size. The maximum window size we
use is 60. The final bootstrapping error is given by the maximum standard deviation
for all window sizes.
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3D three dimensions/three-dimensional

ADF Actin Depolymerising factor

ADP Adenosine Diphosphate
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µPIPP Microscale Plasma-Initiated Protein Patterning

PBS Phosphate-Buffered Saline

PDMS Polydimethylsiloxane

PEG Polyethylene Glycol

PLL Poly-L-Lysine

pll-PEG Poly-L-Lysine-graft-Polyethylene Glycol

RF Retraction Fibre
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SI Supplementary Information

UV Ultraviolet
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