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Zusammenfassung

Zellmigration ist für verschiedene biologische Prozesse wie Embryogenese, Wundheilung,
Immunantwort und Krebsmetastasierung von entscheidender Bedeutung. Die Physik kann
dazu beitragen, unser Verständnis der krafterzeugenden Mechanismen hinter der aktiven
Zellmigration zu verbessern, um die Entwicklung von Therapien für die Krebsbehandlung
und die regenerative Medizin zu unterstützen. In vitro-Studien mit planaren Zellsubstraten
zeigen sowohl erheblich unterschiedliche Zellmorphodynamiken, aber auch universelle
Beziehungen, die über verschiedene Zelllinien hinweg erhalten bleiben. Beispiele sind
die biphasische Adhäsions-Geschwindigkeits-Beziehung und die universelle Kopplung
zwischen Zellgeschwindigkeit und Zellpersistenz. Mechanische Modelle verknüpfen diese
Beziehungen mit physikalischen Kräften und verbinden so intrazelluläre Prozesse mit dem
Bewegungsverhalten. Der quantitative Vergleich von experimentellen Daten mit Modellen
erfordert jedoch reproduzierbare und standardisierte Bedingungen sowie umfangreiche
Statistiken.

Hier präsentiere ich eine automatisierte Zeitra�eranalyse der Einzelzellmigration
unter Verwendung einer Hochdurchsatz-Migrationsplattform und eines biophysikalischen
Modells. Eine Weiterentwicklung von Mikrostrukturierungsverfahren, mit dem Zweck,
Zellmigration auf eindimensionale Bahnen zu beschränken, vereinfachte die Datenerfas-
sung und die Analyse der Zelltrajektorien. Die standardisierte Mikrofabrikation von 1D-
Fibronektin-beschichteten Bahnen und die Scanning-Zeitra�er-Mikroskopie ermöglichten
reproduzierbare Versuchsbedingungen für die Hochdurchsatz-Datenerfassung und die
automatisierte Bildanalyse. Die Technik ermöglichte die Analyse von Tausenden von
Einzelzell-Trajektorien, wobei eine erhebliche Variabilität innerhalb derselben Zelllinie
festgestellt werden konnte, was für die Identi�zierung universeller Verhaltensweisen
von Bedeutung ist. In diesem Zusammenhang haben wir bei der Brustkrebszelllinie
MDA-MB-231 Multistabilität in Form von vier Bewegungszuständen entdeckt. In Zusam-
menarbeit mit der Gruppe von Martin Falcke haben wir ein neuartiges biophysikalisches
Modell vorgeschlagen, das aus Kraftbilanzen an den Zellenden, einem verrauschten
Kupplungsmechanismus und einer nichtlinearen Integrin-Signalübertragung besteht. Das
Modell erklärt Multistabilität, die Adhäsions-Geschwindigkeits-Beziehung und die uni-
verselle Kopplung zwischen Zellgeschwindigkeit und Zellpersistenz. Die nichtlineare,
stochastische Natur des biophysikalischen Modells stellte jedoch für die Parameteropti-
mierung eine Herausforderung dar. Durch Training eines neuronalen Dichte-Schätzers
wurden die Modellparameter aus den experimentellen Trajektorien abgeleitet. Der Ansatz
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ordnet Parameterwerte e�ektiv verschiedenen Zelltypen zu und identi�ziert den Wirkort
von Wirksto�en wie Latrunculin A und Y-27632 ohne Vorkenntnisse.

Wir haben eine Zeitra�er- und Datenanalyseplattform für Studien zur Zellmigration mit
einem noch nie dagewesenen Durchsatz entwickelt. Unser zellmechanisches Modell erk-
lärt ein beispielloses Maÿ an komplexem Bewegungsverhalten, das durch umfangreiche
Statistiken validiert wird. Wir gehen davon aus, dass unsere Arbeit weitere Entdeckun-
gen im Zusammenhang mit den spezi�schen Eigenschaften von Zelltypen, universellen
Beziehungen und biophysikalischen Mechanismen ermöglichen wird.



Summary

Cell migration is crucial in several biological processes, such as development, wound
healing, immune response, and cancer metastasis. Physics can help shed light on the
force generating mechanisms behind active cell migration, improving our understanding to
aid the development of therapies related to cancer treatment and regenerative medicine.
In vitro studies reveal diverse cell morphodynamics on plane adhesive substrates, as well
as universal relations conserved across di�erent cell lines, such as the biphasic adhesion-
velocity relation and the universal coupling between cell speed and cell persistence.
Mechanical models link these relations to physical forces, thereby connecting intracellular
processes with motile behaviour. However, quantitative comparison of experimental data
to models requires reproducible conditions as well as extensive statistics.

Here, I present an automated time-lapse analysis of single-cell migration using a high-
throughput migration platform and a biophysical model. We advanced micropatterning
for con�ned cell migration on one-dimensional �bronectin lanes which simpli�ed data
acquisition and trajectory analysis. Standardised microfabrication of 1D �bronectin coated
lanes and scanning time-lapse microscopy enabled reproducible experimental conditions
for high-throughput data collection and automated image analysis. The technique allowed
for analysis of thousands of single-cell trajectories, �nding signi�cant variability within the
same cell line, which is important for identifying universal behaviours. In this context, we
discovered multistability in the form of four motile states in the breast cancer cell line MDA-
MB-231. In collaboration with the group of Martin Falcke we proposed a novel biophysical
model that consists of force balances at the protrusion edges, a noisy clutch mechanism
and non-linear integrin signalling. The model explains multistability, the adhesion-velocity
relation and the universal coupling between cell speed and cell persistence. However,
the non-linear, inherently stochastic nature of the biophysical model presented signi�cant
challenges, as parameter optimisation became mathematically and conceptually di�cult.
By training a neural density estimator model parameters were inferred from experimental
trajectories. The approach e�ectively asigns parameter values to di�erent cell types and
identi�es the site of drug action, like latrunculin A and Y-27632 without prior knowledge.

We developed a time-lapse and data analysis platform for studies of cell migration
with unprecedented throughput. Our cell-mechanical model explains an unparalleled level
of complex motile behaviour, validated by extensive statistics. We anticipate that our work
will facilitate additional discoveries related to the speci�c characteristics of cell types,
universal relations, and biophysical mechanisms.
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Introduction

In 1623, Galileo introduced a now-famous metaphor frequently referenced by scientists:
�Nature�, he claimed, �is a book written in the language of mathematics� [6]. To this day,
most researchers and especially physicists hold a �rm belief that only a quantitative
description of nature will lead to a thorough understanding of its structure and dynamics.
This assumption concerns both experimental observations as well as theoretical models
and a�ects both inanimate and animate matter. Hence, it does not come as a surprise
that the quest for quantitative measurements and mathematical models of biological
systems has established the interdisciplinary science of biophysics [7�11]. However, the
characterisation of animate or living matter has consistently been challenging due to
the intrinsic noise occurring at virtually all levels, ranging from fundamental molecular
and sub-cellular processes to the dynamics of tissues, organs and populations [12]. The
motile dynamics of mammalian cells is no exception to this observation.

Cell migration is an essential characteristic inherent to all mammalian cells. The
term cell motility describes the mechanism by which cells relocate from one location to
another. This capability is vital for various biological processes, such as cellular movement
during development, tumour metastasis, wound repair, and immune system functions
[13�15]. Impairments in cell motility processes can lead to signi�cant adverse e�ects. The
ability to invade tissues and metastasise, for example, is a hallmark of cancer [16�18].
The dissemination of cancerous cells underscores the critical need to understand the
mechanisms governing cell motility.

Biological studies have identi�ed the main protagonists of cell migration and a basic
theory of biological processes is by now well established: cell motility is facilitated by
a sophisticated mechanism that relies on treadmilling of the actin cytoskeleton. Actin
polymerisation at the cell's front advances the leading edge while contractile forces retract
the rear. Cells establish adhesions to connect the cytoskeleton to the substrate, enabling
force transmission. These activities are orchestrated by a complex regulatory network
that involves hundreds of proteins [19�22].

Mathematical models bridge experiments and theories, o�ering mechanistic insights
into various aspects of cell migration. Due to the intricate nature of cell migration, these
models are typically modular, focussing on interactions between components such as
actin dynamics, protrusion, adhesion, contraction, and morphodynamics [23�25].

However, comparing these complex models with experimental data presents chal-
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lenges due to the heterogeneity of the data. For an e�ective comparison, it is crucial to
employ reproducible, standardised conditions and robust statistics. In vivo measurements
typically cannot satisfy these requirements which is why in vitro cell migration assays
are far more common. Recent advances in microfabrication allow precise control over
cell environments and adjustment of external parameters like ligand density, substrate
sti�ness, and pore size [26�31]. Planar substrates mimic the in vivo environment of a cell
crawling on top of a basement membrane between epithelial tissues. The two-dimensional
(2D) migration along the adhesive substrate simpli�es data acquisition because the cells
can be imaged and followed in a single focal plane. The use of one-dimensional (1D)
lanes for further con�nement has been particularly bene�cial as it reduces the complexity
of analysing cell movement to a one-dimensional problem [32, 33]. The use of scanning
time-lapse microscopy facilitates the parallel tracking of hundreds of cells over multiple
days, enabling a thorough examination of the motile behaviour of the cells [34]. However,
because of the heterogeneity of the data, even more data is necessary to study biological
phenomena like morphodynamics and said cell-to-cell variability, as well as to validate
complex cell-mechanical models. Automating 1D single-cell migration assays e�ectively
allows high-throughput analysis and produces large datasets, facilitating mathematical
model validation and data-driven insights [31, 35]. Increasingly detailed studies make it
possible to observe and explain cell migration at a new level of complex behaviour that
will lead to better cellular and molecular characterisation and classi�cation [36].

The outline of this thesis is structured to guide the reader through the development
of a systematic framework that enables a high-throughput single-cell analysis of cell
motility.
Chapter 2 lays the foundation of this thesis by introducing key concepts of cell migration
and the vast experimental and theoretical toolbox to study it. Mesenchymal cell migration
is de�ned and methods of microfabrication, basic observations of cell motility and mathe-
matical modelling approaches are described.
Chapter 3 presents the experimental setup that allowed high-throughput data acquisition
and analysis. Building on the established technique of scanning time-lapse microscopy of
cells in 1D con�nement, novel improvements of the setup are discussed that signi�cantly
increase the e�ciency of the data work�ow to unprecedented throughputs.
Chapter 4 quanti�es the cell-to-cell variance of migrating cells. To this end, the experimen-
tal 1D cell migration assay and the generalised Langevin equation are used, revealing
signi�cant di�erences between cells even within the same cell line.
Chapter 5 presents a biophysical model linking observed phenomena to cytoskeletal
dynamics and cell-environment interactions. The mathematical framework considers force
balance at the cell's leading edge, the noisy clutch of retrograde �ow, and friction and drag
in�uenced by integrin signalling. The one-dimensional �bronectin lanes o�er the crucial
experimental setup to quantitatively analyse cell motility and validate the biophysical
model.
Chapter 6 introduces simulation-based inference which was employed to pinpoint cell-
speci�c parameters a�ecting migration in both healthy and cancerous human epithelial
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cell lines. Using 1D trajectory data from automated imaging on micropatterned �bronectin
lanes, a neural density estimator was used to deduce parameters related to cell dynamics.
The �ndings indicated notable variations in actin polymerisation and protrusion length
between the cell lines. SBI successfully identi�ed the impact of two cytoskeletal inhibitors
without prior knowledge.
Chapter 7 concludes the main results of this thesis and discusses implications and further
experiments.
Chapter A contains all the methods necessary to reproduce the contents of this thesis. It
provides experimental protocols and descriptions of the algorithms used in the main text.
Chapter B o�ers supplementary information that is not strictly needed to follow the main
text but may, nevertheless, lead to a better understanding. It contains additional �gures
and more detailed information that were omitted in the main text for a more concise and
natural reading �ow.
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Fundamental Concepts

The outline and content of this chapter is based in large parts on our review on �Mesenchy-
mal cell migration on one-dimensional micropatterns� [3] to which I contributed in writing
and visualisation. I will start by de�ning the object at the centre of this doctoral thesis,
i.e. the migration of single mesenchymal cells. I will then try to convince the reader that
one-dimensional (1D) con�nement poses a worthwhile approach to limit variable space
and allow a quantitative study of cell migration. Then, I will introduce the two microfabri-
cation techniques for 1D migration platforms that I used for my studies. Afterwards, I will
present the most common biophysical modelling approaches with a focus on mechanical
models such as our protrusion competition model [1]. This section will be followed up by
an introduction to simulation-based inference (SBI) which is a mathematical method that
allows likelihood-free inference of model parameters based on neural density estimation,
an approach that I tested in the context of 1D cell motility.

1 Mesenchymal Cell Migration

Mesenchymal cell migration is a type of actively driven cell movement that is relevant for
several important biological processes such as embryonic development, tissue repair,
immune response and cancer metastasis [13, 37�41]. During embryonic development
mammalian cells not only proliferate and di�erentiate but also migrate to form various
tissues and organs [37, 42�44]. To repair connective tissue, �broblasts, which are �the
principal active cell[s] of connective tissue� [45], migrate into wounds and regenerate the
tissue by secreting proteins of the extracellular matrix (ECM) [37, 38]. Certain immune
cells use mesenchymal-like migration, guided by spatial cues, to reach the region of
interest [38]. Cancer metastasis � when some cancer cells undergo a transition from
being of epithelial type to being of mesenchymal type (EMT) and start migrating away from
tumors to invade other tissues or organs � has long been a well-established hallmark of
cancer [16�18]. Consequently, understanding the mechanisms of mesenchymal migration
is crucial for the development of therapies related to wound healing, cancer treatment,
and regenerative medicine. Additionally, it also poses interesting physical questions as
I will show shortly. However, before diving into the topic, I will de�ne what I mean by
�mesenchymal cell migration�.
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Figure 2.1: Phase contrast micrographs of mesenchymal cells migrating on a Fibronectin coated surface
in 2D. Cells are of the epithelial breast cancer type MDA-MB-231 with the �uorescent nuclear marker
H2B-mCherry displayed in pink. (A) Without external cues cells polarise along any direction in 2D. Even
cells in close proximity form protrusions without apparent directional alignment, with some cells even
forming multiple protrusions at the same time. (B-D) Once a cell has achieved uni-axial polarisation it can
elongate its body to a remarkable extend. The cell in (D) is 160 µm long while it is only several micrometres
wide. The sti�ness of the nucleus causes an enlarged width at its position close to the geometrical centre of
the cell resulting in a spindle-shape characteristic for mesenchymal migration. Despite the cell adhering to
a �at 2D surface, its motile behaviour is reminiscent of 1D dynamics. Scale bars for all panels equal 10 µm.

The term mesenchymal in this context refers to the fact that cells phenotypically appear
similar to cells of the mesenchyme, a type of embryonic connective tissue that gives rise
to the development of most of the body's connective tissues and organs [46�48]. Another
category of migration mode would be amoeboid in which cells migrate by changing their
shape accompanied by visible streaming of cytoplasm thereby resembling the behaviour
of amoebae, i.e. shape altering unicellular organisms [49]. The mesenchymal migration
mode is characterised by elongated, spindle-shaped cells that use protrusions called
lamellipodia to move, see Fig 2.1. Cells adhere strongly to the extracellular matrix through
focal adhesions and may secrete matrix-degrading enzymes to remodel their environment
as they migrate [50]. For cells on plane adhesive substrates, mesenchymal migration can
be described as a cyclic process consisting of the following steps: polarisation breaks
the spatial symmetry to establish an anterior-posterior (front-rear) axis, and membrane
protrusions form. Next, the protrusions are stabilised by transmembrane receptors which
anchor the cell to the substrate and allow a transduction of internal forces. Lastly, the cell
contracts and releases adhesions at its rear resulting in a displacement.

Front-back polarity is regulated primarily by the Rho GTPase Cdc42 although other
members of the Rho GTPase family such as Rac and Rho, as well as phosphoinositide
3-kinases (PI3Ks) and integrins are also involved [20, 51�55]. Rho GTPases are molecular
switches that are located at the membrane-cytosol interface. They cycle between a GTP-
bound on-state and a GDP-bound o�-state, driven by GTPase-activating proteins (GAP)
and guanine nucleotide exchange factors (GEF), respectively [56]. Gradients of these
regulators lead to localised activation or inhibition of chemical reactions thereby breaking
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the initial spatial symmetry and establishing cell polarisation. The formation of protrusions
typically happens immediately after the polarisation of the cell. At the edge of the cell, just
under the plasma membrane, globular actin (g-actin), which is the monomeric form of actin,
polymerises at the barbed ends of �lamentous actin (f-actin). Actin �laments together with
microtubules and intermediate �laments make up the cytoskeleton which gives the cell its
shape. The g-actin at the leading edge binds only to the growing �lament when thermal
�uctuations (Brownian motion) cause a su�ciently large gap between the �lament and
the plasma membrane. The monomer will then (with a certain probability) polymerise
onto the tip of the �lament, e�ectively closing the gap. The polymerising �lament, hence,
recti�es Brownian motion which gives rise to a unidirectional force, a mechanism termed
�Brownian ratchet� [57, 58]. If we assume for a moment the leading edge to be a sti� wall,
�rmly anchored in the frame of reference, the polymerising �lament's force would lead
to a reaction force that pushes the �lament away from the edge and towards the centre
of the cell. This �ow of �laments is called actin retrograde �ow and the mechanism is
termed treadmilling. This picture, however, leaves out the fact that the retrograde �ow
experiences friction within the cytoplasm resulting in an anterograde force. This force
pushes the membrane forward thereby forming a protrusion. These protrusions are called
lamellipodia. They are thin sheets of cytoplasm that are 0.1 µm to 0.3 µm in thickness and
cover tens to hundreds of square micrometres [20, 59�63]. Behind its protruding contour
the lamellipodium is composed of a network of actin �laments with the protein complex
Arp2/3 mediating the branching of the �laments [64�72]. The actin �laments serve both
as the support structure that gives the cell its (dynamic) shape and as pathways for cargo
transport. Both functions are supported by motor proteins that can move along the actin
�laments using energy derived from Adenosine triphosphate (ATP) hydrolysis. These
proteins form the myosin superfamily [73]. All myosin motors, with the notable exception
of myosin VI, translocate towards the barbed end of actin �laments [74]. Of the 12 distinct
classes of human myosins, non-muscle myosin II is considered to be the most essential
motor protein for cell migration as it contributes to the contraction of the posterior of the
cell [20, 75, 76]. An increased expression of myosin light chain kinase (MLCK) which
activates myosin II has been linked to metastatic cancer cells [77]. Myosin II activity can
be selectively and speci�cally targeted by the small molecule inhibitor blebbistatin [78,
79].

Transmembrane receptors of the integrin family, located a few micrometres inwards
from the leading edge, are dynamically coupled to the cytoskeleton and form so called
focal adhesions. Integrins connect the cell to the substrate so that internal forces can be
transduced [19, 80�90]. The integrins' coupling to the substrate results in an e�ective
drag of the actin network [91]. Without the coupling the actin network would not be able
to apply an anterograde force pushing the leading edge forward. Integrins engage with
extracellular matrix (ECM) macromolecules by binding to speci�c amino-acid sequences
such as the Arg-Gly-Asp (RGD) motif [92, 93]. The tripeptide sequence RGD can be
found on a variety of ECM molecules, most notably in the glycoprotein �bronectin (FN)
[94�97]. Fibronectin is one of the major components of the basement membrane on which
cells crawl e.g. during wound healing, next to collagen, laminin and �brin. Integrins �rst
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Figure 2.2: The four key steps in cell migration: polarisation breaks the spatial symmetry; protrusion
formation leads to an elongation of the cell; adhesion formation stabilises the cytoskeleton and allows
a transduction of forces; contraction results in a translocation of the cell. (A) A visible hallmark of cell
polarisation is the spatial asymmetry of the cell caused by few focal adhesions at the rear side and a broad
front of focal adhesions at the cell's front. This is accompanied by a rearward displacement of the nucleus
with respect to the cell's geometrical centre. (B) At the leading edge of the cell, actin �bres polymerise
into a network that pushes the membrane forward thereby forming a protrusion called lamellipodium. (C)
Integrins form focal adhesions that stabilise the protrusion and transduce forces to the substrate. (D) Lastly,
the cell releases its adhesions at the rear and contracts resulting in a translocation. Based on the review by
Ridley et al. 2003 [20].

form short-lived adhesive structures called nascent adhesions upon engagement with FN.
These nascent adhesions promote Rac activity and activate other signalling pathways
that lead to myosin II recruitment. This in turn results in contractile forces that promote
further recruitment of proteins, including also even more myosin II, thereby developing the
adhesion site from a being a nascent adhesion to a stabilised focal adhesion [98�100].

Further back from the leading edge, i.e. closer to the centre of the cell, the pointed ends
of the actin �laments undergo depolymerisation, thereby replenishing the pool of actin
monomers [13, 67]. For a comprehensive review on actin as one of the major polymers
of the cytoskeleton see for example Pollard 2016 [101]. Actin binding compounds that
regulate the actin dynamics are commonly used as tools to investigate actin network
mechanics and cell migration. Researchers divide small actin binding molecules into two
groups: destabilisers and stabilisers [102]. Important compounds are the destabilisers cy-
tochalasin D and latrunculin A, as well as the stabiliser phalloidin [103�107]. Latrunculin A,
which was �rst found in the marine sponge latrunculia magni�ca, speci�cally inhibits actin
polymerisation [103, 105]. Another commonly used tool is the speci�c ROCK-inhibitor
Y-27632 [108, 109]. Y-27632 can shed light onto the regulatory Rho/ROCK pathway which
is an essential control element in mesenchymal cell migration. Rho-associated protein
kinase (ROCK) increases myosin II activity and promotes cell adhesion [56]. Y-27632
diminishes these e�ects.

In contrast to the mesenchymal mode, cells that migrate in an amoeboid mode have
a more rounded morphology and can move in an adhesion-independent manner [50].
Amoeboid migration is often faster than mesenchymal migration (cell speed ~10 µm/min
for amoeboid vs ~1 µm/min for mesenchymal) and is used by cells like neutrophils (highly
mobile white blood cells that are part of the immune system) as well as some cancer
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cells [38, 88, 110]. Recent studies have also proposed the existence of another migration
mode, named �lobopodial� in which cells form bleb-like protrusions called lobopodia to
migrate using hydrostatic pressure [111]. For completeness one should also mention
that cells can not only migrate all by themselves but also collectively. The conceptional
relationship between single and collective cell migration is still a topic of active research
but falls outside the purview of this thesis [112].

The multistep process of mesenchymal cell migration has been observed across
a plethora of vastly di�erent cell lines [32]. This observation leads to the question if
mesenchymal cell migration can be understood by a single biophysical model and, con-
sequently, if it is possible to quantitatively characterise and compare the migration of
di�erent cell types.

2 Cell Migration in Con�nement

General observations of mesenchymal cell migration include that the migration behaviour
strongly depends on various parameters of the extracellular environment such as pore
size of the ECM (in 3D), sti�ness of the substrate (2D), chemical cues, and ligand density
[28, 113�117]. Cells are also capable of remodelling their environment by cleaving ECM
proteins or secreting and depositing proteins of their own such as FN into the ECM
[118]. Mesenchymal cells that are embedded in a matrix with a pore size signi�cantly
smaller than their nuclear diameter rely strongly on matrix degradation [111, 119, 120].
Another observation is that cells not only move their position (locomotion) but also change
their shape (morphodynamics). Cells constantly develop new � sometimes multiple �
protrusions, change direction and speed [121�139].

To reduce the parameter space considerably and enable quantitative studies of cell
migration, cells are often studied in arti�cial con�nement in vitro [140]. The simplest
con�nement, from an experimental point of view, consists in placing cells on a protein
coated substrate. This way, cells crawl in a plane which makes image acquisition less
challenging compared to a 3D environment, and the assay already provides some control
over external parameters such as substrate sti�ness and ligand density while also being
reproducible [60, 141]. To further reduce the phenomenon of cell migration to its underlying
mechanism, cells are con�ned to 1D micropatterns. This results in cells having two
protrusions at most, one at each end of the cell. The morphology and morphodynamic
of a cell can then be described by the position of the front (Gf ¹Cº), the position of the
nucleus (Gn¹Cº), and the position of the back (Gb¹Cº) of the cell along a single axis, see
Fig. 2.3 (A). This con�nement allows the acquisition of large quantities of trajectories and
the identi�cation of dynamic patterns in the data. The high-throughput of data makes it
not only possible to characterise and compare di�erent cell lines but also provides the
foundation of the formulation of biophysical models [32, 140, 142, 143].

1D con�nement is commonly achieved by adhesive patterns in the shape of lanes,
functionalised with ECM proteins such as �bronectin or collagen. The spaces between
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these adhesive patterns are e�ectively blocked using cell-repellent block-copolymers like
poly(L-lysine) grafted poly(ethylene glycol) (PLL PEG) [33, 144�148]. A critical parameter
in this process is the width of the 1D microlanes, which is typically designed to match the
size of the cell nucleus [144, 146]. The primary method for data acquisition in cell migration
studies is live-cell time-lapse imaging. This technique enables detailed observation of cell
movement, morphology, and intracellular dynamics. Wide-�eld images superimposed
with �uorescence can visualise the geometry of the con�nement and track the position of
the cell nucleus, see Fig. 2.3 (B). Wide-�eld images provide comprehensive information
about the overall shape of the cell, while �uorescent cytoskeleton markers reveal critical
intracellular structures and activities, such as the actin cortex or focal adhesions.

Micropatterns o�er standardised and reproducible boundary conditions for cell motion,
facilitating the acquisition of large datasets of cell trajectories and enabling automated
image analysis. In scanning time-lapse mode, numerous adjacent �elds of view are
imaged sequentially, allowing the acquisition of hundreds of migrating cells within a
single time-lapse interval. This method reduces the complexity of analysing cell migration
to tracking distinctive points over time, such as the position of the cell nucleus. For a
minimalistic description of cell shape dynamics, tracking the positions of the front and
back of the cell is su�cient to determine cell length ! over time. Long-term imaging using
incubation stages enables the tracking of migratory dynamics over extended periods such
as 48 h, see the kymograph in Fig. 2.3 (C). Kymographs, which are slices through a time
stack along the time-axis, visualise cell movement in a single image. Here, the vertical
axis represents the position along the micropattern while the horizontal axis represents
the progression of time from left to right. The standardised conditions and large statistical
datasets facilitate the comparison of migratory behaviours across di�erent cell lines, as
�rst implemented on a large scale by Maiuri et al. in the �First World Cell Race� comprising
of 54 di�erent cell types [32]. Notably, variations in mean cell speed, mean persistence
time, the fraction of time cells spend in a motile state, and the rate of transitions between
these states can be observed and compared across di�erent cell lines.

In short, the use of 1D adhesive patterns functionalised with ECM proteins, combined
with advanced imaging techniques and standardised micropatterns, provides a robust
framework for studying and comparing the migratory behaviours of di�erent cell lines.
This approach not only enhances our understanding of cell motility but also enables the
identi�cation of fundamental principles governing cell movement as I will show shortly. First,
however, I will introduce the two main methods of microfabrication for 1D con�nement.

3 Methods of Microfabrication for 1D Con�nement

Micropatterns that con�ne cell migration require the fabrication of substrates with de-
�ned areas functionalised by cell ahesive proteins (ligands). These adhesive areas are
surrounded by a passivation or non-fouling layer that inhibits cell attachement. Micropat-
terning techniques permit controlled experimental conditions, including ligand density,
substrate sti�ness, and pattern geometry. Various geometries have been reported in the
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Figure 2.3: Single cell migration in one-dimensional (1D) con�nement. 1D micropatterns facilitate the study
of mesenchymal cell migration by enabling the acquisition of large statistical datasets. (A) Schematic of
a cell on a lane functionalised with an extracellular matrix (ECM) protein. The cell's migration is tracked
by the positions of its front (Gf ), nucleus (Gn), and back (Gb) over time. (B) Micrograph of a human breast
cancer cell (MDA-MB-231) on a �bronectin (FN) lane. The cell contour is visible in phase contrast, with the
nucleus stained violet and the ECM protein green visualised using epi-�uorescence. Scale bar: 10 µm. (C)
Kymograph of a migrating cell, illustrating changes in velocity, direction, and cell length. Time progresses
from left to right. The vertical axis represents the position along the centre of the micropatterned lane.
Horizontal scale bar: 1 h, vertical scale bar: 100 µm. Adapted from Heyn et al. 2024 [3].

context of con�ned migration, including lanes of varying width and length, rings, and
zig-zag patterns. Microlanes have emerged as the standard geometry for 1D migratory
assays [32, 144, 149�154]. In recent years, two fabrication techniques have proven
particularly useful: microcontact printing and photopatterning [26, 155�157].

The principle idea behind the microcontact printing technique is to use a stamp in
the shape of the desired pattern that `prints', i.e. transfers, proteins onto the substrate,
see Fig. 2.4 (A). These stamps have dimensions in the order of a few centimetres and
contain patterns of a spatial resolution of ca 1 micrometre. Stamps are typically made
from polymers such as the relatively cheap polydimethylsiloxane (PDMS). The PDMS is
poured in a negative mould that consists of a silicon (Si) wafer and a layer of photoresist.
The photoresist had previously been illuminated in such a way that it cured everywhere
but at the place of the pattern leaving a several micrometers deep negative mould. The
PDMS in the mould is then cured and cut into stamps. The stamps are subsequently
incubated with proteins. These stamps, with their protein-coated side, are then placed
onto the substrate to transfer the protein. Generally, the protein is simply physisorbed
onto the surface. The areas between the adhesive patterns can be blocked or passivated
by �lling the negative spaces of the stamp with a blocking solution. Poly(L-lysine) grafted
poly(ethylene glycol) (PLL PEG) is the most commonly used non-fouling system to prevent
protein adsorption [158]. Microcontact printing is versatile, working with various ligands
and substrates, including gold, silver, metal-oxide surfaces, glass, and various plastics.
This versatility allows for the use of similar protocols with minimal adjustments to test the
e�ects of di�erent substrates and substrate sti�nesses on cell migration. Once established,
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