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Zusammenfassung

Die Zellmigration ist ein fundamentaler Prozess in verschiedenen physiologischen
Vorgängen, einschließlich Immunreaktionen, Wundheilung und Krebsmetastasen. In
diesen Kontexten navigieren Zellen durch schmale Verengungen innerhalb der extra-
zellulären Matrix (EZM). In Modellen aktiver weicher Materie wird die Migration
über Barrieren hinweg diskutiert. Insbesondere die Rolle des Zellkern, als großes und
steifes Organell, hat zunehmende Aufmerksamkeit als limitierender Faktor bei der
Migration in engen Räumen erhalten. Vorherige Studien haben gezeigt, dass Zellen
durch mikrostrukturierte Oberflächen geleitet werden können. Die Dynamik von Zel-
len in 2D-Hantelstrukturen kann gut durch abgeleitete Bewegungsgleichungen erfasst
werden. Unter physiologischen Bedingungen migrieren Zellen jedoch typischerweise
in dreidimensionalen physischen Verengungen. Dies führt zu laufenden Diskussio-
nen über die Dynamik in 3D-Strukturen und die Mechanismen, durch die Zellen ih-
re Kern-Eigenschaften und Kraftgenerations-Maschinerie regulieren, um räumliche
Verengungen zu überwinden.
In dieser Arbeit haben wir photolithografische Mikrofabrikationstechniken verwen-
det, um künstliche experimentelle Plattformen zur Untersuchung der Zellmigration
in engen Räumen zu erstellen. In einer ersten Studie haben wir Hydrogel-Hydrogel-
Grenzflächen, genannt ’Schwammklemmen’, konstruiert, um die Invasionsdynamik
von Zellen zwischen verformbaren Wänden zu untersuchen. Unsere Ergebnisse zeig-
ten bemerkenswerte Unterschiede in der Invasionsgeschwindigkeit von Krebszelllini-
en in Abhängigkeit von der Spaltgröße und der Steifigkeit des Hydrogels. Im nächsten
Schritt fertigten wir hantelförmige Hohlräume an, um repetitive Zellmigration durch
3D-Verengungen mit definierten Breiten zu studieren. Wir sammelten Statistiken
von Hunderten Zelltrajektorien in angeordneten Hanteln und beobachteten, dass in
breiten Kanälen sowohl die Übergangsraten als auch die Kern-Geschwindigkeiten mit
Verschmälerung der Kanalbreite zunahmen, während die Migration bei subnuklea-
rer Verengung behindert wurde. Um die mechanischen Eigenschaften des Zellkerns
als limitierender Faktor bei der Migration in engen Räumen weiter zu erläutern,
bestimmten wir den Elastizitätsmodul und die Formveränderung des Zellkerns in-
nerhalb der hantelförmigen Hohlräume. Wir stellten sowohl vorübergehende Verfor-
mungen in oblate als auch in prolate Formen fest, zusammen mit Kernvolumenre-
duktionen während der Transmigration, bestimmt mithilfe konfokaler Bildgebung.
Zusätzlich analysierten wir die von dem Zellkern auf die nachgiebigen Hydrogel-
Wände ausgeübten Kräfte unter Verwendung von Verschiebungsfeldern eingebette-
ter Markerkugeln. Die gemessene Kernmorphologie in Abhängigkeit von der Brei-
te der Verengung bildete die Grundlage für ein theoretisches Modell, das in der
Broedersz-Gruppe entwickelt wurde. Die Analyse liefert eine quantitative Bewertung
des Gleichgewichts zwischen Zug- und Druckkräften und deutet auf eine Anpassung
der zellulären Kraftgeneration in Abhängigkeit der Verengung hin.
Insgesamt unterstreichen unsere Ergebnisse die Wirksamkeit und Vielseitigkeit von
3D-mikrofabrizierten Zellmigrations-Assays, die weiche Hydrogel-Architekturen nut-
zen, für die Untersuchung der Zellmechaniken.
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Summary

Cell migration is a key process in various physiological settings, including immune
responses, wound healing, and cancer metastasis. In these contexts, cells navigate
through narrow constrictions within the extracellular matrix (ECM). In active soft
matter models, the migration across barriers is under debate. In particular the role
of the cell nucleus, as a large and stiff organelle, has received increasing attention
as a rate-limiting factor in confined cell migration. Previous studies have shown
that cells can be guided by micro-patterned surfaces. The dynamics of cells in 2D
dumbbell pattern is well captured by inferred equations of motion. However, under
physiological conditions, cells typically migrate in 3D physical confinement. This
prompts ongoing discussions regarding the dynamics in 3D pattern and the mecha-
nisms by which cells regulate their nuclear properties and force generation machinery
to overcome spatial constrictions.
In this thesis, we utilized photo-lithographic microfabrication techniques to cast ar-
tificial experimental platforms for the study of cell migration in confinement. In a
first study, we generated hydrogel-hydrogel interfaces, termed ’sponge clamps’, to
investigate cell invasion dynamics between deformable walls. Our results revealed
notable differences in the invasion velocity of cancerous cell lines as a function of gap
size and the stiffness of the hydrogel. In a next attempt, we fabricated dumbbell-
shaped cavities to study repeated cell migration across 3D-constrictions with de-
fined widths. We collected statistics from hundreds of cell trajectories in arrayed
dumbbells and observed that in wider channels, both the rates of transition and
nuclear velocities increase with confinement, while migration is impeded for sub-
nuclear confinement. To further elucidate the mechanical aspects of the nucleus’s
role as a limiting factor in confined cell migration, we assessed the elastic modulus
and the shape deformation of the nucleus within the dumbbell-shaped cavities. We
discovered both transient deformation into oblate as well as prolate shapes along
with nuclear volume reductions during transmigration as determined by confocal
microscopy. Additionally, we evaluated the forces exerted by the nucleus onto com-
pliant hydrogel walls using displacement fields of embedded marker beads. The
measured nuclear morphology as a function of confinement presented the basis for a
theoretical model developed by the Broedersz group. The analysis yielded a quan-
titative assessment of the balance between pulling and pushing forces and suggest a
cellular force generation adaptation in response to confinement.
Overall, our findings highlight the efficacy and versatility of 3D-microfabricated cell
migrations assays utilizing soft hydrogel architectures for the study of cell mechanics.
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Chase P. Broedersz∗ (2024). Geometry-Sensitive Protrusion Growth Directs
Confined Cell Migration. Physical Review Letters 132.9, 098401. DOI:
10.1103/PhysRevLett.132.098401.
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1. Introduction

Cell migration is a fundamental process in various physiological settings within the
human body. For instance, fibroblasts migrate towards wound sites, where they
perceive and respond to environmental signals, thereby facilitating the secretion of
extracellular matrix (ECM) proteins and subsequent cellular proliferation [1]. Fur-
thermore, immune cell migration serves as a pivotal process in the immune response
against infection. To effectively tackle pathogens, immune cells must migrate from
the bloodstream to the specific sites of infection [2]. Nonetheless, the migratory
behavior of cells can lead to significant risks to organisms, particularly when cancer
cells undergo transitions to a migratory phenotype [3]. This transition often leads to
the formation of cancer metastasis, which are responsible for the majority of cancer-
related deaths [4]. Thus, comprehending and predicting cellular migration behavior
may prove pivotal in the advancement of more effective treatments. In this context,
it becomes particularly crucial to acknowledge the complex environment traversed
by cells within the organism, encompassing both chemical and mechanical gradi-
ents.
The investigation of the fundamental mechanisms underlying cell migration has
prompted increased attention towards appropriate experimental systems. Over the
last decades, considerable efforts have been directed towards the development of 2D
experimental setups. Utilizing micro-structuring techniques have yielded extensive
datasets characterizing cell behavior, thereby facilitating the modeling and assess-
ment of spatio-temporal regulatory mechanisms at the cellular and molecular levels.
Substantial progress has been achieved in comprehending the processes, that guide
cell migration on 2D substrates [5–7]. Despite these notable advancements, there
is an increasing acknowledgment, that 2D substrates inadequately capture the mul-
tifaceted nature of the in vivo environment [8, 9]. The chemical microenvironment
traversed by cells in vivo constitutes a complex interplay of extracellular matrix
(ECM) proteins, proteoglycans, growth factors, and signaling molecules [10]. The
physical properties of the ECM environment are governed by the interaction among
these diverse components. Furthermore, it can manifest as fibrillar, porous, soft,
rigid, or viscoelastic structures, each of which significantly influences cell migration
in a manner not accurately replicated in 2D experimental setups. Hence, such dis-
crepancies elucidate the distinctions between findings from 2D and 3D assays [11].
Arising from the imperative to closely replicate in vivo conditions, there has been
growing emphasis on the development of 3D experimental setups in recent years
[12]. Consequently, naturally derived hydrogels, such as collagen or Matrigel, have
emerged as widely adopted biomimetic substrates in 3D cell culture and microenvi-
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ronment engineering, owing to their inherent advantageous characteristics, includ-
ing bio-compatibility and facilitation of cell adhesion [13–15]. Nonetheless, limita-
tions of these naturally derived hydrogels encompass their heterogeneous network
structure characterized by variable mesh sizes, formed fibers, and batch-to-batch
variability [16]. In response to these challenges, synthetic hydrogels have garnered
increased attention in recent decades [17]. These hydrogels are fabricated through
synthetic chemistry, involving the cross-linking of bioinert chemical monomers, such
as poly(ethylene glycol) (PEG) and poly(acrylamide) (PA) [18]. Despite potentially
mimicking less physiological conditions, synthetic hydrogels offer precise control over
their biophysical properties and exhibit reproducibility, which contrasts favorably
with naturally derived hydrogels [12]. These advantages were exploited to investi-
gate cell invasion within well-defined and reproducible 3D environments, reasonably
mimicking physiological conditions [19–21].
Over the last two decades, an increasing number of studies have used the versatility
of such developed experimental platforms to investigate the impact of confinement
on cell migration dynamics. Studies have demonstrated, that the width of con-
finement, coupled with the stiffness of the surrounding environment, can induce
changes in the migration phenotype of cancer cells [22]. Furthermore, it has been
observed, that cells possess a tendency to migrate and accelerate into narrow 2D
confinements [23]. This phenomenon is particularly relevant in physiological con-
texts, wherein cells commonly encounter spatial constrictions while invading their
natural ECM. However, for cells to navigate through narrow 3D constrictions, the
nucleus, as largest and stiffest organelle, assumes a pivotal role [24]. Investigations
have revealed, that in scenarios, where nuclear deformation is required, the translo-
cation of the nucleus emerges as the bottleneck in the migration process [25–27].
Initially, the role of the nucleus in confined migration was primarily reduced as that
of a passive cargo, wherein its viscoelastic properties play a pivotal role in confined
cell migration [28,29]. Nevertheless, recent studies employing flat silicon microcan-
tilevers to confine cells have provided evidence, suggesting that, beyond undergoing
passive deformation, cells can exploit their nucleus to sense confinement cues and
actively modulate nuclear morphology [30,31]. In contrast to the externally imposed
confinement observed in these investigations, cells typically self-impose spatial con-
finement as they spontaneously migrate within and through narrow pores. In this
context, the extent, to which such active nuclear mechanisms contribute to self-
imposed confined migration, remains to be completely understood.
While the significance of the nucleus in confined migration has been established,
there remains an ongoing debate regarding the involvement of the cytoskeleton in
deforming and maneuvering the nucleus through constrictions. Numerous studies
have indicated a predominant role of contractile actomyosin fibers located in front of
the nucleus, generating ’pulling’ forces transmitted to the nucleus through the LINC
(Linker of Nucleoskeleton and Cytoskeleton) complex, which anchors actin filaments
via nesprin-2 to the nuclear membrane [19, 32, 33]. Conversely, other studies have
highlighted the significance of posterior cortical contractions during transmigration
through narrow constrictions, proposing a mechanism based on an osmotic ’push-
ing’ force. [26, 34, 35]. These cortical contractions are believed to be triggered by
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significant nuclear deformations leading to calcium ion Ca2+ release, consequently
enhancing myosin recruitment to the cortex [30, 31]. Taken together, these investi-
gations indicate a multifaceted interplay involving geometrical confinement, cellular
migration machinery, and nuclear mechanics. However, the precise manner in which
this interplay impacts migration dynamics when cells spontaneously impose physical
confinement by navigating through narrow constrictions remains unclear [28,31,36].

This thesis presents the fabrication of versatile experimental platforms utilizing pho-
tolithography techniques for the investigation of confined cell migration, employing
the synthetic hydrogel PEG-norbornene (PEG-NB). Initially, we employ hydrogel-
hydrogel interfaces, termed ’sponge clamp’, to study the invasive potential of distinct
cancer cell lines. This approach is designed to elucidate variations in cell invasion
dynamics contingent upon the biophysical properties of the surrounding environ-
ment. Subsequently, we establish dumbbell-shaped hydrogel cavities to explore
repeated, self-imposed 3D confined cell migration. This innovative experimental
approach facilitates the examination of 3D confined cell migration dynamics, with a
particular emphasis on unravelling the role of the nucleus. Furthermore, we utilize
these compliant hydrogel channels to investigate the mechanical properties of the
nucleus during translocation. Expanding upon this, we analyze nuclear morphology
across a broad range of confinement widths, aiming to deepen our understanding of
cytoskeletal force generation mechanisms enabling the nucleus to navigate diverse
spatial constrictions effectively.

The framework of this thesis is structured to systematically investigate cell invasion
and nuclear mechanics within innovative 3D hydrogel assays, aiming to unravel the
mechanisms, by which cytoskeletal forces enable cells to navigate confinement.
In Chapter 2, the foundation is set by examining fundamental aspects of cell mi-
gration alongside the mechanical properties of the nucleus. The chapter introduces
theoretical frameworks and modeling methodologies employed in the investigation
of cell migration dynamics. Moreover, it details the microfabrication techniques
employed in the fabrication of biomimetic materials utilized for migration studies,
along with the fundamental principles underlying the elasticity and rheology of ex-
tended bodies.
Chapter 3 presents the experimental methodologies employed in the study, starting
with the utilized synthetic hydrogel PEG-NB. Furthermore, the chapter discusses
the microscopy techniques utilized, alongside an introduction to the fundamental
principles of atomic force microscopy.
In Chapter 4, the fabrication process of the hydrogel-hydrogel interfaces, referred
to as ’sponge clamps’, is detailed. Characterization of swelling properties and stiff-
ness is conducted, contingent upon the composition of the utilized hydrogel. Addi-
tionally, the chapter provides insights into cell invasion dynamics through narrow
constrictions for two distinct cancer cell lines, MDA-MB-231 and HT-1080.
Chapter 5 introduces dumbbell-shaped cavities within a PEG-NB hydrogel layer
to study cell mechanics. The chapter begins by elucidating the microfabrication
process, emphasizing the creation of a well-defined and adaptable experimental plat-
form. Specifically, this chapter examines the influence of physical confinement on the
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migration dynamics of MDA-MB-231 cells. Furthermore, it includes the inference of
a stochastic dynamical top-down model for the confined migration process, enabling
the separation of deterministic and stochastic components of the dynamics.
In Chapter 6, the investigation delves into the nucleus’s role as a rate-limiting
factor by examining its mechanical characteristics within the dumbbell-shaped cav-
ities. This includes an exploration of the viscoelastic properties of the nucleus and a
quantitative assessment of its volume during confinement translocation. Moreover,
the chapter entails the determination of contact forces exerted by the nucleus as it
traverses through compliant hydrogel channels, achieved through the utilization of
tracer beads embedded within the hydrogel.
In Chapter 7, an analysis is presented regarding the morphological changes of the
nucleus across a wide spectrum of confinement widths. The chapter investigates how
force-generation mechanisms adapt in response to varying degrees of confinement.
These findings are further challenged by experimentally perturbing the pulling force
mechanisms and analyzing cytosolic calcium levels relative to the level of confine-
ment.
Chapter 8 provides an outlook and comprehensive discussion of the topics dis-
covered in this thesis. Additional experimental methodologies are detailed in Ap-
pendix A, while a detailed description of the data analysis techniques is provided
in Appendix B.



2. Fundamental Concepts

2.1 Cell Migration

Cell migration plays a key role in physiological processes such as wound healing
and immune response [37–40]. However, the migratory behavior of cells can also
pose significant risks to organisms, particularly when cancer cells undergo transi-
tions towards a migratory phenotype [3]. This transition frequently leads to the
formation of cancer metastasis, which account for the majority of cancer-associated
fatalities [4]. Consequently, understanding and predicting cellular migration behav-
ior could emerge as pivotal facets in the development of more effective therapeutic
strategies.
After decades of research on cell migration, much is known about the key players
involved in the cell migration machinery. At the molecular level, cell migration is a
highly complex process that involves the coordination of hundreds of different pro-
teins. Subsequently, the main components implicated in the process of cell migration
and the cell environment are presented, followed by a closer look at different modes
of cell migration as well as guidance mechanisms and cellular force generation.

2.1.1 Role of the Cytoskeleton and Cellular Adhesion Ma-
chinery

The cellular cytoskeleton constitutes a highly dynamic network consisting of various
polymers and fibers, present in all cell types. The cytoskeleton fulfills three primary
functions: spatial organization of cellular contents, establishment of physical and
biochemical connections between the cell and its external environment, and gen-
eration of coordinated forces essential for cellular motility and morphogenesis [41].
Achieving these functions necessitates the activity of various cytoplasmic proteins
and organelles.
Contrary to its static implications, the cytoskeleton is a dynamic and adaptable
framework characterized by continuous flux in its component polymers and regu-
latory proteins. It consists of three distinct types of cytoskeletal filaments: actin
filaments, intermediate filaments and microtubules (see Figure 2.1) [42]. All three
cytoskeletal polymers function as mechanical components, distinguished by their
stiffness, the dynamics of their assembly, their polarity, and the type of molecular
motors with which they interact. [41].
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Figure 2.1: Illustration of the pivotal cytoskeletal components. The cy-
toskeleton is mainly composed of microtubules (green), intermediate filaments (red),
and actin (purple fibers). The cytoskeleton is linked to the substrate through adhe-
sions mediated by e.g. integrins (blue).

Microtubules are the stiffest and largest component of the three polymers. They
form elongated and rigid constructs that extend from the centrosome towards the
cell periphery, contributing to an extensive network within the cell. They have the
most complex assembly and disassembly dynamics, notably contributing to cell di-
vision by forming the mitotic spindle and in cell migration, helping to maintain the
cell polarization and actin assembly.
Actin filaments are much less rigid than microtubules but the presence of high con-
centrations of crosslinkers that bind to actin filaments promotes the assembly of
highly organized, stiff structures, including bundled and branched networks. Bun-
dles of aligned filaments support filopodial protrusions, which are involved in chemo-
taxis and cell-cell communication. In contrast, networks of highly branched filaments
support the leading edge of most motile cells and generate the forces involved crucial
for alterations in cellular morphology. Furthermore, the actin cytoskeleton is con-
tinually assembled and disassembled in response to the local activity of signalling
systems, such as the local triggering of contractile actin-filament bundles known as
stress fibers when cells interact with their environment via integrins [43,44].
Both actin filaments and microtubules possess a polarized structure, characterized
by two distinct ends where a dynamic polymerization and depolymerization of the
structures take place. As a result, both act as tracks for molecular motors such as
dynein, kinesin and myosin proteins [45, 46]. These motors have essential roles in
organizing the microtubule and actin cytoskeleton, such as the interaction of myosin
motors with bundles of aligned actin filaments. This interaction enables cells to con-
tract and sense their environment [47,48].
In contrast, intermediate filaments, the third cytoskeletal filament, are not polarized
and cannot support movement of molecular motors. These filaments are the least
stiff of the three and can be crosslinked to each other, as well as to actin filaments
and microtubules. Intermediate filaments offer mechanical support for the internal
cytoplasmic environment and cell surface, while also participating in cellular shap-
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ing and regulating signal transduction pathways [49–51], including keratings and
vimentins. Nuclear lamins also constitute intermediate filaments and play a pivotal
role in maintaining the structural integrity and stiffness of the nucleus [29, 52].

Moreover, for effective interaction with the cell environment, the cytoskeleton must
be coupled to the ECM via an adhesion machinery [53]. Central to this process are
integrins, a pivotal group of molecules that bridge the gap between the cell envi-
ronment and the cytoskeleton [54]. Integrins, transmembrane proteins composed of
α and β subunits, facilitate binding to ECM proteins and facilitate cell-cell inter-
actions. Notably, integrins can bind various ECM proteins, including fibronectin,
collagen, and laminin. Upon stable binding of multiple integrins to the ECM, fo-
cal adhesions, larger adhesion clusters, are formed, establishing stable connections
between the cellular environment and the cytoskeleton. This not only enables cell
adhesion but also provides a platform for signaling events. Integrins are recognized
as key players in mechanotransduction, the process by which mechanical cues from
the cellular environment are translated into intracellular signals. Alongside other
signaling receptors, such as those detecting soluble growth factor gradients, integrins
play a critical role in directed cell migration.

2.1.2 Cellular Migration Modes

Cells exhibit diverse modes of migration depending on their phenotype and func-
tional role as well as the surrounding ECM and their biophysical properties. For
instance, leukocytes predominantly migrate individually throughout various tissues
in the body during their lifespan, while numerous other cell types undergo migra-
tion collectively, participating in tissue organization, shaping, or repair processes.
This phenomenon is called collective migration, characterized by the coordinated
movement of cell clusters, which is observed among many cell populations, either as
loosely or tightly associated groups [55].
The fundamental process of cell migration starts with the establishment of cellular
polarity, with a leading edge and a trailing end. Subsequent to this, actomyosin-
mediated protrusions form at the leading edge, which subsequently attach to the
substrate through integrin-based focal adhesions. Contraction of the actomyosin
complex induces tension along the cellular longitudinal axis, thereby facilitating
forward translocation of the cell body and retraction of the trailing end [43, 56].
This basic migratory mechanism is conserved across a spectrum of cell types and
modes of migration. Nevertheless, each migration mode harbors distinct variants,
which depend on the cellular environment [57, 58]. Consequently, differences occur
in cellular morphology, migration velocity and cell-cell interactions. Generally, cell
migration can be divided into single-cell and collective cell migration. Each mode of
migration is further subdivided into various types. The following paragraph focuses
on migration modes of single cells and its subcategories.
Single-cell migration can be categorized into amoeboid and mesenchymal migra-

tion (see Figure 2.2). Amoeboid migration comprises two distinct forms: blebby
amoeboid migration, characterized by rounded or ellipsoid cells lacking mature fo-
cal adhesions and filopodia, relying instead on propulsive blebs for movement; and



8 2. Fundamental Concepts

Figure 2.2: Single cell migration modes. Exemplary cells demonstrate either
the mesenchymal migration mode along ECM fibres, featuring elongated, spindle-
shaped cells with pronounced focal adhesions, or the blebby amoeboid migration
mode, characterized by rounded morphology pushing against ECM fibres, lacking of
focal adhesions and filopodia.

pseudopodal amoeboid migration, characterized by elongated cells with weak cell-
substrate interactions and actin-rich filopodia at their leading edge [59, 60]. Ex-
amples of cells employing these mechanisms include leukocytes, neutrophils, and
dendritic cells.
Conversely, mesenchymal migration involves elongated, spindle-like cells with ro-
bust focal adhesions and increased cytoskeletal contractility. This mode of migra-
tion closely resembles the general migratory process and is observed in cells such as
fibroblasts and sarcoma cells [61,62]. However, cells exhibit migratory behavior not
only within an organism but also in their ECM. The terminologies migration and
invasion are commonly employed interchangeably in biological discourse. While the
underlying mechanisms are closely related, cell migration is defined as the directed
translocation of cells across a 2D surface or through a 3D matrix. Conversely, cell
invasion occurs when a cell is embedded within a dense 3D network, such as certain
ECMs. Therefore, additional processes are required to facilitate cellular locomotion.
Principally, cells can remodel the surrounding ECM in instances where the pores
of the ECM are too constricted for cellular traversal. This remodeling entails the
enzymatic degradation of the ECM by matrix metalloproteinases (MMPs) or other
proteases, thereby generating migration conduits through the cleavage of structural
fiber proteins such as collagen or fibronectin within the ECM [63].

2.1.3 Impact of 3D Confinement on Cell Migration

Cell migration is influenced by both intrinsic characteristics of the migrating cells
and external environmental factors. The environmental conditions, including prop-
erties such as stiffness, size, and density, along with the spatial arrangement of ad-
hesion sites, can be well controlled in the context of migration on two-dimensional,
continuous substrates [64,65]. However, the regulatory factors become notably more
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complex within 3D networks. A pivotal component of the 3D in vivo extracellular
environment is the ECM. The ECM represents a dynamic composition primarily
comprising two major classes of macromolecules: proteoglycans and fibrous pro-
teins [10, 66,67].
Cells synthesize ECM components internally, subsequently releasing them through

Figure 2.3: Illustration of the ECM impact on cell migration behavior.
(A) Change of cellular phenotype induced by the environmental properties such
as confinement height and matrix stiffness. (B) Schematic sequence of plasticity-
mediated cell migration, where cell-generated forces plastically deform the matrix
to open paths and facilitate cell invasion.

exocytosis into the extracellular milue, where they undergo remodeling, modifica-
tion, or degradation by other cells. This continual process results in the dynamic
alteration of the ECM’s composition and organization by cells themselves. Despite
the ECM’s fundamental components being largely consistent across diverse organs
and tissues, its composition and, consequently, its properties exhibit considerable
divergence, ranging from the rigidity of bone tissue to soft brain matter [68].
The ECM goes beyond a structural scaffold for cellular housing, as it is a mul-
tifaceted assembly of macromolecules, growth factors and higher-order structures
that interplay and change over time. Consequently, interplay between ECM and
cells significantly modulates cellular function and behavior. In addition to its role
in biochemical signaling, the ECM provides three-dimensional mechanical and struc-
tural cues, both of which have emerged as significant determinants influencing three-
dimensional (3D) cell migration, as evidenced by computational and experimental
studies [69, 70]. Key environmental parameters influencing 3D migration include
confinement, adhesions sites, and the viscoelastic properties of the surrounding ma-
trix [71–73]. Notably, significant confinement below a certain threshold can impede
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migration by impeding nuclear movement. The impact of adhesion sites varies with
cell phenotype, with certain migration types relying on force transmission through
focal adhesions, while others remain adhesion-independent. Moreover, cells possess
the ability to switch migratory phenotypes in response to environmental cues, in ad-
dition to biochemical stimuli. For instance, the stiffness of the surrounding matrix
has been implicated in driving tumor metastasis through the induction of epithelial-
mesenchymal transition (EMT) [74].

Additionally, physical confinement has been observed to potentially enhance cell mi-
gration velocity and induce mesenchymal-amoeboid transition (MAT), thereby in-
creasing invasive capability significantly (see Figure 2.3A). This phenotype strongly
influences migratory characteristics, including speed and persistence [22]. Geiger et
al. conducted experimental investigations demonstrating that reduced fiber stiff-
ness not only hinders cellular motility but also prevents the mesenchymal-amoeboid
transition, suggesting that high matrix stiffness is crucial for initiating MAT [72].
Furthermore, recent research has uncovered that tumor tissues exhibit not only
increased stiffness compared to normal tissue but also heightened viscosity [75,
76]. This elevated mechanical plasticity enables cell-generated forces to induce
microstructural alterations in the surrounding environment. This mode of migra-
tion, termed plasticity-mediated migration, operates independently of protease ac-
tivity, as it does not involve degradation of the surrounding ECM. Consequently,
the physically expanded pores facilitates cancer cell invasion and metastasis (see
Figure 2.3B) [71].

2.1.4 Guidance Mechanisms of Cell Migration

The characteristics of the ECM play a significant role not only in determining the
mode of cell migration but also in directing migration along specific trajectories.
This phenomenon is observed in various physiological processes such as embryoge-
nesis and cancer metastasis, particularly in cancer cell migration towards vascular
structures, where distinct guidance cues are distributed asymmetrically within the
cellular environment [77,78].
One mechanism of guidance involves contact guidance along geometric features
such as collagen fibers, nerve bundles, or engineered surfaces. Consequently, in
vivo studies often incorporate structures such as pillars and cavities [79–81]. In the
context of cancer metastasis, cells frequently exploit existing anatomical features
to facilitate their escape from primary sites. However, this guidance is not solely
dependent on physical contact, as ECM density along these structures is often
reduced or absent, thereby promoting 3D cell migration. in vitro experiments have
demonstrated that perpendicular grooves enhance wound closure independent of
cell adhesion to the substrate, while tilted pillars effectively polarize and guide the
movement of normal human dermal fibroblasts [82,83].
Furthermore, the mechanical properties of the ECM can also serve as guidance
cues for cell migration, a phenomenon known as durotaxis. This process entails
individual cells adhering to and migrating along a substrate with heterogeneous
stiffness distributions (see Figure 2.4). Under such conditions, cells tend to
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migrate from regions of lower stiffness toward those of higher stiffness, regardless
of their adhesive properties [84]. The effectiveness of this guidance mechanism
is strongly influenced by both the gradient of stiffness and the absolute stiffness
of the substrate [85, 86]. It is hypothesized that cells exert traction forces on
their surroundings and thereby determine the substrate rigidity. Subsequently,
this mechanical information may be transduced into chemical signals within the
cell, orchestrating the process of cell migration. A recent study, has revealed
that durotactic behavior can emerge within cell collectives [87]. In this work, the
response of isolated human mammary epithelial cells (MCF-10A) was compared to
that of cell clusters plated on substrates featuring stiffness gradients. Notably, the
researchers observed durotaxis in the clustered cells while the isolated cells did not
exhibit such behavior, implying long-range force transmission across the cluster via
cadherin-based contacts [87].
In addition to its involvement in physiological processes, evidence from in vitro

Figure 2.4: Depiction of guidance cues. Durotaxis is elucidated as the mecha-
nism of guidance, wherein cells tend to migrate in accordance with stiffness gradi-
ents. In contrast, chemotaxis is contingent upon the spatial distribution of signaling
molecules.

studies indicates that durotaxis plays a role in fibrosis and cancer progression [88].
It is well documented that cancer cells cultured on stiff substrates exhibit more
aggressive phenotypes compared to those on softer substrates [89,90].
Another mechanism of guidance relies on the spatial distribution of signaling
molecules, which can be either matrix-bound, termed haptotaxis, or soluble,
termed chemotaxis (see Figure 2.4). These guidance mechanisms not only involve
growth factors or signaling molecules but also consider the concentration of
adhesion linkers such as collagen, fibronectin, or receptors presented by adjacent
cells [91–93]. Various fundamental processes in organisms, including embryogenesis,
immune response, and cancer metastis, have been extensively studied regarding the
role of chemotactic guidance. For instance, dysregulated chemotaxis of leukocytes
and lymphocytes contributes to inflammatory diseases such as asthma and arthri-
tis [94, 95].
Numerous signaling pathways have been identified that translate gradients in the
concentration of signaling molecules, initially perceived by cell-surface receptors,
into cellular polarization towards regions of higher chemoattractant concentra-
tion [96–98]. Moreover, it is unlikely that cell migration is solely governed by a
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single mechanism; rather, various guidance cues collectively influence cell behavior.
In the context of cancer metastasis, soluble chemotactic gradients likely direct
migration, while preexisting structures such as nerve bundles or fibers contribute
to contact guidance [99,100].

2.2 Theoretical Description of Cell Migration

In recent decades, extensive investigations into the dynamics of cellular motility and
migration have revealed the complex intracellular signaling networks regulating the
movement of eukaryotic cells. The mechanisms underlying cell motility involve a
broad variety of physical phenomena, including the polymer physics governing cy-
toskeletal dynamics [101,102], the dynamics of signaling molecules through reaction-
diffusion processes [103], and the active mechanical forces generated by acto-myosin
contraction [104,105]. These physical processes collectively contribute to the propul-
sion of the cell membrane, resulting in overall cellular motion. Much of this motility
machinery is evolutionary conserved across various organisms and tissues, suggesting
the potential for a universal understanding of cell motility through the elucidation
of its underlying physics [44]. However, while significant progress has been made in
elucidating the biophysical aspects of cell motility, the integration of these processes
to generate collective cellular behaviors remains a current focus of research [105].
A promising perspective lies in exploring whether principles from physics can exceed
the elucidation of individual physical components of cellular systems and offer con-
ceptual and predictive frameworks for understanding emergent cellular behaviors.
To address this challenge, there has been growing integration of mathematical and
computational modeling with experimental research. These modeling approaches
serve as tools for achieving a quantitative system-level comprehension of migratory
behaviors. Consequently, two primary modeling approaches have been extensively
developed. Firstly, bottom-up models start with postulated rules describing var-
ious cellular components and aim to predict emergent behaviors. These models
are typically compared to experimental data by fitting model parameters to match
predicted and experimentally observed statistics. Examples include cellular Potts
models [7, 106] and models coupling actin flow, polarity cues, and focal adhesion
dynamics [107]. However, a drawback of these bottom-up approaches is their diffi-
culty in directly applying to experimental observations due to the large number of
parameters that may be challenging to constrain based on experimental data [105].
As a result, models are frequently tailored to capture specific aspects of data but
may encounter challenges in depicting the complete temporal dynamics exhibited
by cells or their responses to external stimuli.

Secondly, an alternative approach to mechanistic modeling is presented through
data-driven top-down models, which systematically constrain model selections by
utilizing experimental data. These approaches commonly yield a more phenomeno-
logical representation of the system, drawing upon experimental data at the cellular
or tissue level rather than the molecular scale.
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2.2.1 Persistent Random Walk

The first systematic analysis into the motion of small organisms were conducted
in the 1920s, during which Fürth observed that the movement exhibits not purely
stochastic behavior but instead demonstrates a degree of persistence [108]. This phe-
nomenon can be mathematically described through the Ornstein-Uhlenbeck process:

P
δv⃗

δt
= −v⃗ +

√
2Dη⃗. (2.1)

Given the velocity vector v⃗ and the diffusion coefficientD that typifies Brownian mo-
tion, P denotes the persistence time, denoting the timescale at which the stochastic
self-propulsion velocity randomize, while η⃗ represents a normalized Gaussian white
noise. The mean square displacement (MSD), often referred to as Fürth’s formula,
can be delineated as follows:

MSD(t) = ⟨|x(t)− x0|2⟩ = 2nD(t− P (1− e−
t
P )), (2.2)

where n is the number of dimensions. Also, it was observed that the behavior
of cells crawling on a two-dimensional surface matched the Ornstein-Uhlenbeck
process, leading to the establishment of Fürth’s Formula as the standard formalism
for analyzing cell migration [109, 110]. Furthermore, one investigation focused on
the motion of mouse fibroblasts in tissue culture [111]. The results revealed that
the direction of motion for intervals of 5 hours, appeared stochastic. Both, the
theoretical analysis and experimental validation demonstrated that the motility of
persisting cells could be characterized by an augmented diffusion constant D∗.

2.2.2 Data-Driven Top-Down Approaches

Adopting a reductionist approach, cell migration has been extensively investigated
on precisely defined structures, yielding insights into key aspects of the migratory
behavior of cells. These observations have been formalized into simple, top-down
models, which need to be constrained by experimental data to provide a phenomeno-
logical depiction of cellular systems without reference to specific molecular pro-
cesses [105]. Top-down models utilizing the full spectrum of spatial and temporal
information that characterizes a process will be superior compared to techniques
reliant on processed statistics derived from data. Another central idea in top-down
approaches is that they prioritize agnosticism towards the underlying molecular or
mechanistic determinants of behavior. Consequently, inference approaches within
this framework start with a sufficiently broad class of diverse models, with inference
procedures selecting the most appropriate model based on available data. Moreover,
a successfully constrained model, despite being based on experimental data, should
possess the capability to predict novel observations beyond the data used to con-
strain.

One example of such top-down modeling is presented by Brückner et al. [23], who
introduced a theoretical framework describing the stochastic migration of cells on
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two-state micropatterns. In this case, cell persistence depends upon the local ge-
ometries of the pattern, which can be captured through a generalization of the
underdamped Langevin equation:

v̇(x, v) = F (x, v) + σ(x, v)ξ(t). (2.3)

Here F (x, v) represents the deterministic component of nuclear dynamics dependent
on position and velocity, while σ and ξ denote the amplitude of noise and Gaussian
white noise, respectively. In the case of cell migration on patterns comprising two
square-shaped islands connected by a narrow bridge, Brückner et al. successfully
inferred the values of F (x, v) and σ(x, v) from experimental data. Their analysis
demonstrated that Eq. 2.4 effectively characterizes the observed migration dynam-
ics. Particularly, the inferred values of F (x, v) on such two-state patterns revealed
an interesting acceleration behavior of cells upon entering the channel, resulting in
deterministic cycling between the islands.

2.2.3 Bottom-Up Mechanistic Cell Migration Models

In addition to the benefits of such data-driven models, it is important to acknowl-
edge their shortcomings. These models typically lack generalization and often fail
to provide mechanistic insights into the underlying processes governing cell migra-
tion. To address this challenge, simplified physical models are frequently employed,
aiming to elucidate the fundamental mechanisms driving cell motility and incorpo-
rate them into quantitative, predictive frameworks [105]. Consequently, simplified
bottom-up models, often characterized by 1D descriptions of cell polarity and mi-
gration dynamics based on physical principles, have been developed. Among others,
Sens proposed a bottom-up model focusing on the pivotal role of underlying mechan-
ics in organizing cell motility, such as the active mechanics of the cytoskeleton, cell
membrane tension, and substrate stiffness [112]. This model describes cell spreading
and crawling through the interplay between actin polymerization and cell-substrate
adhesion mediated by mechanosensitive stochastic linker. Despite its simplicity, this
model predicts several well-known cellular behaviors documented in the literature,
including the stick-slip behavior of the cell front and phenomena like spontaneous
symmetry breaking or bistability observed in cells and cell fragments [113–115].
Overall, these 1D bottom-up migration models have provided valuable insights into
key cellular behaviors observed experimentally [105]. However, challenges remain
in precisely predicting the stochastic dynamics of cells, particularly in structured
environments.
To address this limitation, intermediate models that bridge the gap between inferred
descriptions from top-down approaches and mechanistic bottom-up migration mod-
els are essential [105]. Following this approach, Brückner et al. extended their in-
vestigations to acquire more mechanistic insights through data-driven models [116].
Consequently, they progressed beyond describing the cell solely in terms of its overall
position to develop a more detailed model incorporating the nuclear position xn, the
position of an experimentally derived protrusion coordinate xp, and the cell polarity
P . This way of describing the cell enabled them to systematically constrain on the
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structure of such a mechanistic model using experimental data. The velocities of
the nucleus are then described as follows:

ζnγ(xn)ẋn = k(xp − xn), (2.4)

where ξn represents the friction coefficient of the nucleus, k characterizes the linear
elastic coupling between nucleus and protrusion and γ(xn) ensures reduced friction
within the constriction. Furthermore, the variations in the protrusion velocities ẋp

are significantly larger and are described as follows:

ζpẋp = −k(xp − xn)− δxpV (xp) + P (t). (2.5)

Here, ζp denotes the friction coefficient of the protrusion, while the confining po-
tential V (xp) accounts for the boundaries of the pattern. The dynamics of polarity,
exhibiting time-correlated behavior, are expressed within the geometry adaptation
(GA) model. Within this model, the magnitude and direction of polarity feedback
depend on the specific local geometry of the confinement, as expressed in the fol-
lowing equation:

ṖGA = α(xp)PGA − βP 3
GA + σξ(t). (2.6)

The parameters α and β determine the stochastic dynamics of the protrusion.
Overall, this model describes the confinement-induced acceleration observed in [23]
through the interplay between cellular confinement and polarization. More recently,
Flommersfeld et al. have build up to this intermediate model by introducing a
generalized model of confined cell migration, revealing how membrane tension, actin
alignment, and polarity cue diffusion interplay to generate the geometry adaptation
effect [117].

2.3 Mechanics of the Cell Nucleus

In recent years, there has been increasing consideration of the cell nucleus regarding
its role in cell invasion and cancer metastasis. On the one hand, the cytoplasm is very
flexible and can undergo large deformations as well as actively remodel to occupy
the available space, allowing it to penetrate openings as small as 1 µm [118, 119].
The nucleus, on the other hand, is the largest cellular organelle and approximately
5-10 times stiffer than the surrounding cytoskeleton as it is mechanically stabilized
by a constitutive network of structural proteins; therefore it commonly resists large
changes in shape. Additionally, the nucleus occupies a large fraction of the cellular
volume [120]; with a typical diameter of 5-10 µm, the nucleus is larger than many
of the pores encountered in the ECM.

As previously discussed, cells navigate through their surrounding ECM by travers-
ing tight meshwork structures, forming constrictions ranging from less than 1 µm to
several tens of microns. When encountering constrictions smaller than the diameter
of the nucleus, the nucleus must undergo deformation to the size of the constric-
tion [27, 28, 121]. Consequently, for migration through small pores or 3D scaffolds,
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the nucleus can become the rate-limiting organelle. For instance, Wolf et al. showed
that nuclear deformability constitutes a rate-limiting factor during non-proteolytic
migration of cells through 3D collagen matrices [118]. The need for physical de-
formation emphasizes the significance of nuclear flexibility in facilitating cellular
invasion through the ECM network. Additionally, migration within confining en-
vironments raises the general question, whether and how cells can regulate their
nuclear characteristics and force generation mechanisms to overcome such spatial
constrictions.

2.3.1 Physical and Biological Properties

The positioning and movement of the nucleus relies on coordinated interactions
among various cellular components. These include the extensions of the leading
edge, attachment of integrins to the extracellular matrix, the contractility of actin
cytoskeleton fibers, the organization of microtubules, and the linker of cytoskele-
ton and nucleuskeleton (LINC) complex, which physically connects chromatin to
the cytoskeleton. The interplay of these cellular components can be perturbed by
external forces. These disturbances may lead to structural alterations within the
nucleus facilitated by the cytoskeletal framework. This framework acts as a conduit
for the transmission of mechanical forces from the cellular membrane to the nuclear
envelope. Consequently, this can lead to unregulated exchange of materials between
the nucleus and cytoplasm, DNA damage, and cell death. [122]. Consequently, pre-
serving the nucleus’s ability to resist extreme deformation and strain energy release
is crucial for maintaining its mechanical stability [28, 36]. For that reason, signifi-
cant attention is directed towards understanding the viscoelastic properties of the
nucleus.
The overall stiffness, or elasticity, of the nucleus within a cell depends on various
structural factors, including the presence of A-type lamins within the nuclear lamin
network that supports the double nuclear membranes, as well as the chromatin orga-
nization. Deficiency in lamin A/C leads to notable displacement of the microtubule
organizing center from the nuclear envelope and has profound effects on the me-
chanical characteristics of the nucleus, as demonstrated by investigations utilizing
intracellular nanorheology. Both the elasticity and viscosity of the nucleus are im-
pacted by lamin A/C deficiency [29,52].
Furthermore, the chromatin also contributes to the viscoelastic properties of the nu-
cleus. The chromatin’s packing state exhibits variability and adjusts in response to
various cellular changes such as transcriptional requirements, DNA repair activities,
and the phase of the cell cycle. Throughout the cell cycle, there are transient and
reversible alterations in DNA organization, characterized by the conversion of dense
heterochromatin to more open euchromatin via histone acetylation or demethylation
processes [123,124]. These modifications induce chromatin decondensation, resulting
in nuclear softening and size increase [125,126]. Conversely, chromatin condensation
enhances nuclear compaction and stiffness while reducing nuclear size, facilitating
cellular migration in processes like wound healing and cancer metastasis [127]. These
dynamic changes highlight the complex relationship between chromatin structure
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and cellular functionality.
Previous investigations into cell nuclear mechanics did not separate the individual
roles of chromatin and lamins in the overall nuclear response to physiological strains
and strain rates. However, Stephens et al. achieved this distinction by successfully
characterizing the viscoelastic properties of the nucleus, specifically elucidating the
contributions of lamin A/C and chromatin [128]. They employed an innovative
micromanipulation technique to isolate and gradually stretch individual cell nuclei
at physiological speeds and strains, ensuring reproducible nuclear force-extension
measurements. This methodology revealed that chromatin compaction primarily
governs the short-extension force response during small deformations, while deple-
tion of lamin A/C insignificantly influences this regime. Conversely, lamin A/C
levels dictate the nuclear capability for strain stiffening under extensive deforma-
tions. These intricate physical modifications within the nuclear interior significantly
impact cellular morphology and migration 3D confined environments. Notably, low
lamin A levels have been associated with colon cancer recurrence [129] and malig-
nant carcinomas [130], highlighting the crucial in vivo role of lamin A in cellular
survival and behavior.

2.3.2 Mechanisms of Cellular Force Generation

Due to the considerable size and stiffness of the nucleus, cells are required to exert
significant intracellular forces in order to induce deformation of the nucleus as it tra-
verses constrictions. This process of nuclear deformation and locomotion through
narrow spaces imposes constraints on the migratory capacity of cells within confined
3D environments [20, 26, 29, 131]. However, the precise mechanism by which cells
mobilize the nucleus through confined spaces, including whether cells predominantly
exert pulling or pushing forces on the nucleus, remains incompletely understood. It
is probable that cells employ a variable combination of both mechanisms, depending
upon specific environmental conditions.
In the majority of migrating cells, the nucleus assumes a posterior position, lo-
cated in the rear of the cell [132]. Recent investigations suggest that actomyosin
contractility, potentially in conjunction with intermediate filaments, physically pull
the nucleus forward during both 2D and 3D migration (see Figure 2.5) [19, 32, 33].
Therefore, recent studies have elucidated the molecular components responsible for
physically linking the nucleus to the cytoskeleton, with the LINC complex identified
as the pivotal structure facilitating the transmission of mechanical forces across the
nuclear envelope [133]. In the context of 3D lamellipodial-based migration, the co-
ordinated action of actomyosin contractility and integrin-mediated traction at the
leading edge is required for the translocation of the nucleus through narrow con-
strictions. Specifically, myosin IIA-containing actomyosin bundles collaborate with
vimentin filaments to pull the nucleus by engaging with nesprin-3α of the LINC
complex via plectin [134].

Conversely, other work highlighted the significance of rear cortical contractions dur-
ing transmigration through narrow constrictions, presenting a mechanism based
on an osmotic ”pushing” force [26, 34, 35]. This mechanism entails the accumula-
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Figure 2.5: Sketch of the cellular force generation mechanisms. (A) During
3D migration, actomyosin contractility pulls the nucleus forward. Confinement of
the protrusion induces growth, thereby enhancing the pulling force. (B) Strong
deformations of the nucleus trigger the release of Ca2+, resulting in increased cortical
contractility. As a consequence, pressure in the rear of the cell increases, leading to
an enhanced pushing force exerted upon the nucleus. Figure adapted from [135].

tion of actin and active myosin in the rear cell cortex, based on increased RhoA-
ROCK signaling induced by substantial nuclear deformations triggering Ca2+ re-
lease [30,31,135]. RhoA-ROCK-mediated contraction of the rear results in enhanced
intracellular pressure in the posterior cell compartment, exerting a propulsive force
on the nucleus to facilitate migration through confined spaces [34]. Although the
cytosolic back pressure requires locally concentrated actomyosin contractility, the
precise regulatory mechanisms governing this force-generating mechanism within
intricate geometries remain unclear.
Recent findings by Ju et al. propose that the localized reinforcement of micro-
tubules by cytoplasmic linker-associated proteins (CLASP) serves as a mechanostat
enabling cells to appropriately position the nucleus and temporally coordinate acto-
myosin contractility, thereby generating the cytosolic hydrostatic pressure requisite
for overcoming nuclear barrier [35]. Upon achieving a threshold cytosolic hydrostatic
pressure in the rear cellular compartment, the microtubules undergo disassembly,
releasing GEF-H1, which organizes localized coordination of microtubule and actin
dynamics. This activates a final burst of RhoA-mediated contractility at the rear
membrane, consequently enhancing nuclear velocity and facilitating transmigration
through the constriction. In a broader context, recent work suggests that certain cell
lines possess the capability to employ both mechanisms for nuclear transit, contin-
gent upon environmental conditions, albeit with potential variations in preference
among individual cell lines [34]. The degree of independent or synergistic mech-
anisms of these pushing and pulling forces in facilitating nuclear transit requires
further investigations.

2.3.3 Nucleus as an Internal Ruler

Similar to modern engineered devices, cells within the human body possess the
capability to measure their surroundings. Despite the growing recognition of the
significance of boundary conditions (BCs) in cellular physiology, only a limited
number of mechanisms through which cells can distinguish specific BCs have been
precisely elucidated. Notably, factors such as substrate stiffness or adhesive envi-
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ronment geometry are among the identified mechanisms, predominantly associated
with strain or stress, collectively termed mechanotransduction pathways [136–138].
Recent studies have demonstrated that mechanical cell deformation and cellular
packing density within populated tissue regions exert influence over major morpho-
dynamic processes, including cortical actomyosin contractility, cell division, and cell
extrusion and invasion.
For instance, epithelial cells in the intestine monitor local cell densities and exit the

Figure 2.6: Sketch of the nuclear ruler model. Cells utilize the nucleus as
an intrinsic ruler of cellular height regulation. Upon deformation of the cell below
its resting nuclear height (h1), there is an increase in nuclear surface area. Upon
reaching a critical height (h2), the NE undergoes full expansion and elongation,
thereby increasing its tensile strength (T). This heightened tension within the NE
subsequently triggers the activation of stretch-sensitive proteins, modulating and
promoting cortical actomyosin contractility.

tissue once a threshold density is surpassed, thereby preventing hyperplasia [139].
Immune cells possess the ability to assess the pore size of neighboring tissues, facili-
tating migration towards regions of minimal mechanical resistance [140]. Epidermal
stem cells utilize the availability of ECM for cell attachment and spreading as a guid-
ing cue in their determination of cell fate [141]. Cumulatively, these findings suggest
the existence of a conserved, albeit unidentified, mechanosensitive cellular signaling
module governing myosin II-based cortical contractility and the transformation of
motile cells, contingent upon cellular shape deformations within constrained tissue
microenvironments [60, 142, 143]. Among others, mechanosensitive molecules local-
ized both around and within the nucleus have been recognized as pivotal players.
Their physical connections to cytoskeletal components transmit external forces via
membrane receptors [144]. Therefore, the nucleus has gathered increased attention
to possibly act as an internal ruler within the cell.
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Recent research has identified the nucleus as a pivotal component for quantify-
ing cellular shape deformation through two primary physical parameters: nuclear
shape deformation resulting in inner nuclear membrane (INM) unfolding and the
intracellular spatial arrangement of the nucleus [30, 31]. Each individual cell in its
non-stressed state possesses a specific nuclear volume and an excess of nuclear en-
velope (NE) surface area contained within NE folds. When the dimension of the
cell is reduced below the resting nuclear diameter, the nucleus undergoes deforma-
tion, leading to unfolding of its envelope. Upon complete unfolding of the NE,
it undergoes stretching, prompting the release of calcium (see Figure 2.6). Cal-
cium ions, classical messenger molecules, exert a well-known stimulatory effect on
actomyosin contractility, thereby mechanistically linking cell height to cell contrac-
tility [145]. The parameter space defined by these two variables (INM unfolding and
calcium levels) serves as a dual-input identifier for cells to decode distinct shape
deformation, as demonstrated in instances such as anisotropic cell deformation in
confinement versus isotropic hypotonic cell stretching. This enables cells to adopt
specific adaptive responses contingent upon the type of physical shape deformation
encountered.

These findings highlight the notion that nucleus deformation and its intracellular
positioning establish a cellular sensing mechanism enabling cells to promptly and
reversibly adjust their dynamic response to fluctuations in shape. In the context of
cell migration, such tailored cellular behaviors may help cells in avoiding environ-
mental entrapment, a phenomenon which is relevant in processes such as cancer cell
invasion [26,122,146].

2.4 Microfabrication of Biomimetic Materials

Cell cultures are widely utilized in biological and medical research as simplified
model systems to investigate complex aspects of human biology. The primary ob-
jective of employing these in vitro models is to enhance the time efficiency of research
and make them more economically viable, thereby facilitating early-stage screening
assays. Nevertheless, a notable limitation arises from the gradual loss of cellular
phenotype attributed to the simplified composition of prevailing culture platforms
utilized for model establishment. Unlike in in vivo conditions, where cell function is
influenced by biochemical and biophysical cues from the microenvironment, conven-
tional culture systems lack such complexity [96, 98, 147]. To address this issue, bio-
materials, particularly hydrogels, have gained widespread acceptance as substitutes
for the in vivo ECM in numerous in vitro models [148]. Hydrogels have emerged as
optimal substrates for in vitro cell cultures, exhibiting favorable characteristics as
both 2D and 3D scaffolds due to their high porosity, facilitating nutrient and gas
transport, and their adjustable chemical and mechanical properties [149,150].
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2.4.1 2D and 3D Experimental Platforms

To enable the study of mammalian cells, it is imperative to culture them in an envi-
ronment that closely mimics the in vivo conditions of the body. Traditionally, this in-
volves culturing cells on a flat substrate, thereby restricting them to two dimensions.
Typically, substrates composed of glass or plastic are coated with ECM proteins to
facilitate cell adhesion, onto which cells are seeded (see Figure 2.7). Moreover, the
surface coating can be engineered with microstructures to facilitate migration anal-
ysis, or alternatively applied onto a thin layer of hydrogel, often compromised of
cross-linked polyacrylamide (PA), for investigations on softer substrates [5,7,89,90].
2D experimental assays offer several advantages, including rapid cell proliferation,
simple and straightforward procedures and low reagent costs. Furthermore, these
experimental setups are suitable to high-throughput analysis while maintaining ro-
bust reproducibility. However, 2D cell culture entails inherent limitations. Cells
are constrained to planar configurations, failing to mimic the native structures.
Moreover, the absence of a three-dimensional cellular microenvironment prevent the
establishment of complex cell-cell and cell-environment interactions. Consequently,
these factors may induce variances in cellular morphology and molecular pathways
compared to in vivo situations. Hence, differences have been observed between
experiments conducted in 2D versus those conducted in 3D, as well as in vivo ex-
periments [11,151].
For that reason, 3D cell culture has attracted increased attention to address these

Figure 2.7: Illustration of 2D and 3D cell culture. In 2D cell cultures, cells
adhere to and migrate along a planar substrate. In 3D cell cultures, cells proliferate
within a 3D environment, typically embedded within a gel-like matrix or grown on
a solid scaffold.

limitations. Particularly when the aim is to accurately model physiological phenom-
ena in in vitro, 3D assays are often considered superior to their 2D counterparts.
The principal advantages of 3D cell culture include enhanced in vivo-like cell-cell
interactions, proliferation dynamics, and morphological features, attributable to the
more accurate representation of the natural environment of cells. Furthermore, 3D
culture systems afford cells variable access to nutrients, metabolites, and signaling
molecules, which allows cells the creation of distinct environmental niches and mi-
croenvironments, in contrasts to the homogeneity of 2D culture environments [152].
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Additionally, 3D experimental platforms offer biochemical and biophysical cues, such
as concentration gradients and tissue stiffness, as well as potential heterogeneities in
mechanical properties [91]. Despite the increased complexity of 3D assays, robust
reproducibility can still be achieved. However, these approaches are not without
drawbacks, including prolonged culture formation times due to matrix physical con-
straints and increased reagent costs. Moreover, the multifaceted influence of cues
provided by the 3D environment on cellular behavior often complicates result inter-
pretation and the disentanglement of concurrent cellular influences. In summary, it
is crucial to clarify the experimental objectives beforehand and subsequently select
the most appropriate assay format suited to target the underlying scientific question.

2.4.2 Synthetic and Naturally Derived Hydrogels

The term hydrogel describes 3D network structures derived from a variety of
synthetic and/or natural polymers capable of absorbing and retaining significant
amounts of water. Hydrogels manifest as swollen 3D viscoelastic polymeric networks
possessing physical properties replicating the cellular microenvironment. Hydrogels
utilized for replicating cellular microenvironments must adhere to various biolog-
ical and physical design criteria dictated by specific applications. For instance,
hydrogels intended for 3D cell culture necessitate crosslinking in the presence of
cells to ensure cell viability [153]. Moreover, these hydrogels must mimic essential
elements of the natural ECM, such as providing mechanical support and undergoing
controlled degradation. This imitation is crucial for facilitating appropriate and
desired cellular functions, including proliferation and protein secretion [154, 155].
These 3D environments can be derived from either natural or synthetic hydrogels,
each approach having its own advantages and drawbacks, which will be explored
within this section.

Natural polymers are derived from organic materials and can be constructed from

Figure 2.8: Hydrogel classes. (A) Naturally derived hydrogels, here collagen as
an example. (B) (C) Reaction mechanism comparison of synthetic hydrogels: PEG-
diacrylate formed via a chain-growth mechanism (B) and PEG-norbornene formed
via a step-growth mechanism (C).
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individual protein constituents, such as collagen, gelatin, elastin, and fibrin, or from
protein blends like cell-derived Matrigel (see Figure 2.8). These polymers serve as
extensively utilized biomimetic substrates in 3D cell culture and microenvironment
engineering, owing to their inherent beneficial attributes, which include biocompat-
ibility, facilitation of cell adhesion, and responsiveness to enzymatic activity and
restructuring mediated by cells [13,14,155–159]. Collagen, an important constituent
of the ECM, is a naturally occurring biological material prevalent in skin, bone, and
blood vessels [14, 160, 161]. Gelatin, derived from animal collagen through therma
denaturation, shares similar characteristics. Due to their biodegradability and the
production of non-toxic degradation byproducts, collagen and gelating hydrogels
are beneficial for cellular embedding within their stable fibrillar network. The
structural attributes, stiffness, and pore sizes of collagen gels exhibit considerable
variability depending on the collagen extraction method and gelation conditions
employed. These gels can be supplemented with other ECM components, such as
fibronectin, to more closely mimic the natural ECM. However, the resultant matrix,
characterized by fiber formation, displays high heterogeneity, resembling in vivo
conditions and replicating ECM complexity. This heterogeneity, while beneficial for
mimicking natural conditions, poses challenges in discerning fundamental guidance
mechanisms due to the simultaneous presentation of multiple cues. Additionally,
the density of adhesion and cell signaling sites in collagen depends on protein
concentration, which concurrently influences gel stiffness [162]. Thus, altering the
concentration of adhesion sites unavoidably modifiying the substrate stiffness.

Matrigel, another widely employed natural hydrogel for 3D cell culture, is a
commercially available, thermo-responsive ECM-based substrate. Derived from
Engelbreth-Holm-Swarm (EHS) mourse sarcoma cells, Matrigel has been extensively
utilized for over three decades across a broad spectrum of applications, including
transmigration assays, cancer spheroid culture, and stem cell culture [15, 163, 164].
Below 10°C, Matrigel exhibits liquid-like properties and can be manipulated using
conventional liquid-handling instruments. However, above 10°C, it undergoes
self-assembly, forming an optically transparent hydrogel capable of supporting cell
proliferation and viability. Nevertheless, attempts to generate thin-layer 3D cell
cultures suitable for imaging and other analytical techniques using low volumes
of Matrigel may yield inconsistent results due to air-liquid interfacial tension and
evaporation. While larger volumes can reduce these issues by producing thicker
hydrogels, challenges such as extensive diffusion distances, increased costs, and
incompatibility with standard imaging tools constrain their utility. A notable
limitation of Matrigel stems from its complex and incompletely characterized
composition, comprising numerous growth factors, signaling molecules, and
matrix proteins with batch-to-batch variability [16]. This variability impedes
the widespread adoption of Matrigel across various applications due to concerns
regarding reproducibility.

Synthetic hydrogels are produced using methodologies within synthetic chemistry,
often involving the cross-linking of bioinert chemical monomers. While synthetic
hydrogels may be considered less biomimetic compared to their naturally derived



24 2. Fundamental Concepts

counterpart, they offer distinct advantages. Notably, the chemistry and compo-
sition of synthetic hydrogels can be tailored and precisely controlled, enhancing
their reproducibility and allowing for precise adjustment of their biophysical
properties. Commonly employed synthetic hydrogels include poly(acrylamide)
(PA), poly(ethylene glycol) (PEG) and poly(vinyl alcohol) (PVA) [165–169]. For
instance, PVA, a longstanding polymer hydrogel material, has experienced renewed
interest in recent years. Numerous studies have highlighted its potential for
further investigation. PVA is a water-soluble, long-chain polymer that mimics the
fiber structure of the ECM, with mesh sizes ranging from a few nm to several
µm, depending on the PVA and intended application. These hydrogels have
gathered significant attention due to their low toxicity, high water absorption
capacity, favorable mechanical properties, and excellent biocompatibility [170,171].
Moreover, they are widely recognized for their diverse application in bio-medicine,
including tissue engineering scaffolds, wound dressings, and soft robotics [172].

Another commonly utilized synthetic hydrogel is PA due to its advantageous
physical and chemical characteristics, which encompass chemical inertness, high
porosity and permeability, optical transparency, and adjustable elasticity [173].
Consequently, PA hydrogel substrates coated with ECM proteins find widespread
application in 2D cell microenvironments, notably in 2D traction force mi-
croscopy [174–177]. Recent advancements have extended the versatility of PA
hydrogels through approaches involving 3D printing, enabling the creation of
complex structures with resolutions of 100-150 µm [178].

PEG-based hydrogels stand out as perhaps the most prevalent synthetic hydrogel,
owing to the non-toxic nature of their precursor even before polymerization, which
facilitates cell encapsulation within 3D environments [153, 179, 180]. Linear and
multi-arm PEG monomers undergo cross-linking via various reaction methods,
yielding a relatively uniform mesh. Gelation of PEG hydrogels can occur spon-
taneously, triggered by temperature changes, or induced by illumination through
radical polymerization methods, including chain growth-polymerization and step-
growth polymerization [181, 182]. Although PEG alone lacks the ability to support
cellular activity, copolymers of PEG incorporating biologically active moieties, such
as peptides, have been successfully employed in diverse in vivo and in vitro studies.
For instance, fibronectin-derived RGD peptide sequences are frequently utilized
as ligands, enabling cell adhesion and migration [153, 183]. Furthermore, manip-
ulation of the mechanical properties of PEG-based hydrogels can be achieved by
adjusting monomer concentration or cross-linker quantity independently of ligand
concentration. However, a limitation of PEG-based hydrogels is the relatively small
mesh size, typically a few tens of nm, considersably smaller than pores found in the
natural ECM [184,185].

2.4.3 Different Microfabrication Techniques

Synthetic hydrogels can be manufactured and polymerized using various mi-
crofabrication techniques, each with distinct advantages and drawbacks. These
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methodologies encompass micromolding and UV lithography, which can be further
classified into photomask-based photolithography and maskless photolithography.
Numerous micromolding strategies have been documented for constructing 3D
tissue constructs [21, 179, 186, 187]. Micromolding is a versatile technique appli-
cable across a wide range of hydrogels. Initially, a silicon wafer is coated with
photoresist, undergoes soft-baking, and is then exposed to laser direct imaging
to define specific structures. Elastomers like polydimethylsiloxane (PDMS) and
poly(methylmethacrylate)(PMMA) have been utilized as templates for tissue
construct fabrication (see Figure 2.9A). Recently, Afthinos et al. demonstrated
the utility of micromolding in casting an experimental asssay for 3D traction
force measurements within compliant microchannels [21]. Microchannels were
fabricated on a silicon wafer serving as a mold for polymerization of PA. Briefly,
the microchannel design was imprinted on the lower surface of the gel, which was
then combined with a flat PA gel to achieve 3D confinement (see Figure 2.9A).
Furthermore, the entire device underwent coating with ECM proteins via chemical
activation of the hydrogel followed by ECM addition and overnight incubation.
Generally, micromolding offers advantages such as rapid processing and user-friendly
procedures, yet it is associated with prolonged waiting times for testing new designs
due to the necessity of fabricating silicon wafers.

Conventional photolithography methods utilized in tissue engineering primarily

Figure 2.9: Microfabrication processes. (A) Micromolding commonly employs
SU-8 photoresist molds, from which PDMS is subsequently replicated. (B) The
photosensitive reagent is exposed to UV light through a chromium-mask containing
the desired structures. (C) Mask-free technique involves direct laser writing, where
features are directly inscribed in the photosensitive reagent.
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include mask-based photolithography and stereolithography, each possessing
distinct attributes such as cost considerations, levels of cell damage, resolution, and
fabrication speed.
Photomask-based lithography relies on a UV light source that selectively poly-
merizes photosensitive hydrogel precursors based on the design of the employed
photomask (see Figure 2.9B) and finds application across various experimental
platforms [153, 165, 183, 188]. Subsequent to exposure, the remaining hydrogel
precursors can be washed away, leaving behind the polymerized hydrogel as
depicted in Figure 2.9B. For instance, Dietrich et al. introduced a novel technique
to induce uniaxial strain in matrices by microstructuring photo-polymerizable
PEG-norbornene (PEG-NB) hydrogel strips with embedded cells in a channel slide
to investigate the effects of macroscopic deformation on single cell migration [153].
In brief, fibrosarcoma cells are encapsulated in thick slabs of PEG-NB hydrogel,
which are polymerized through the addition of a radical photo-initiator and
selective UV illumination via specific photomasks. This microfabrication technique
presents the benefits of a simple setup, facilitating the generation of numerous
replicas of the experimental assay in a high-throughput fashion. Nevertheless, the
rapid prototyping process is hindered by the necessity of creating new photomasks
for each novel design, and the attainable resolution is constrained by diffraction
limitations.
Maskless photolithography has been used for the production of many well-defined
experimental platforms [189–191]. This method employs a UV laser for the selective
polymerization of hydrogels, without the need for a photomask (see Figure 2.9
C). Among others, Zorlutuna et al. produced multifunctional polymer hydrogels
that recapitulate cell-cell interactions between skeletal muscle myoblast cells and
primary hippocampus neuron cells [189]. The ability of perfusable structure in
these hydrogels is required for long-term culturing of 3D structured tissue. In
short, alginate hydrogel was polymerized via the usage of a radical photo-initiator,
a UV laser (325nm) and a computer controlled elevator that allows automated
fabrication of complex 3D shapes in a layer-by-layer fashion. An alternative
laser-based stereolithography uses two-photon laser systems, in order to fabricate
3D hydrogels using photosensitive materials [192, 193]. The advantage of these
approaches is that they are able to produce 3D tissue constructs with micro- or
nanometer-scale precisions. However, drawbacks of this approach are possible
toxicity of the photo-initiator and the fabrication speed especially for large tissue
constructs.

2.5 Elasticity and Rheology of Extended Bodies

In physics and materials science, elasticity theory plays a pivotal role in the domain
of mechanics, providing deep insights into the fundamental responses of materials to
external forces. Robert Hooke’s proposed work in 1678 established a fundamental
relationship between the force applied to a spring and its resulting deformation, en-
capsulated in his proposition that the extension of a spring is directly proportional
to the force exerted upon it [194]. This foundational principle is the basis of classical
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(infinitesimal-strain) elasticity theory. In general, elasticity denotes the ability of a
body to resist a deformation and return to its original configuration upon removal of
the applied force. Through systematic analysis, elasticity theory reveals parameters
such as the Young’s modulus, shear modulus, and Poisson’s ratio, which charac-
terize a material’s resistance to tensile forces, shear stress, and volumetric changes,
respectively. These parameters serve as fundamental elements for comprehending
the mechanical properties of materials and predicting their responses under diverse
loading conditions. Particularly, in bio-mechanics, elasticity theory plays a crucial
role in elucidating the mechanical properties of biological tissues.
At the opposite end of the materials spectrum, Isaac Newton directed his focus
toward liquids, as evidenced in his work ’Principia’ published in 1687, wherein he
introduced a hypothesis pertaining to steady shearing flow [195]. This hypothesis
posits that the resistance arising from the lack of slipperiness of the parts of the
liquid, assuming all other factors remain constant, is directly proportional to the ve-
locity gradient between adjacent layers of the liquid. This phenomenon, now termed
’viscosity’, denotes the intrinsic resistance of a fluid to deformation under a specified
rate and quantifies the internal frictional forces acting between fluid layers in relative
motion. Fluids that exhibit a constant viscosity coefficient at a given temperature,
irrespective of the applied strain rate, are classified as ’Newtonian fluids’. However,
only a limited fraction of fluids demonstrate such constant viscosity behavior. Con-
versely, a large fraction of fluids exhibits viscosity changes with strain rate, which
are classified as ’non-Newtonian fluids’.
To characterize the flow behavior of materials that exhibit a combination of elastic
and viscous properties, rheology emerged by integrating principles from both elas-
ticity and (Newtonian) fluid mechanics. This interdisciplinary approach addresses
materials situated between the classical extremes of pure elasticity and fluid behav-
ior. Notably, the foundational laws formulated by Hooke and Newton are linear in
nature, presuming a direct proportionality between stress and strain. Consequently,
the viscoelastic behavior discussed thus far operates within a linear framework, ca-
pable of accommodating a broad spectrum of rheological phenomena. However, it
is essential to acknowledge that the linear regime is inherently constrained, with
materials exhibiting linear behavior only within a finite range of stress. This range
may be relatively modest, indicating that material properties such as rigidity and
viscosity can undergo alterations in response to applied stress. Such alterations may
manifest either instantaneously or over a long period of time and can entail either
an increase or decrease of the material parameter. For instance, the phenomenon
of ’shear-thinning’ arises when an applied shear rate induces molecular structural
breakdown within the material, resulting in an under-proportional increase in shear
stress relative to the shear rate and consequently causing a reduction in viscosity.

2.5.1 General Concepts

In the following, the foundational laws formulated by Hooke and Newton as well as
rheology principals are explained.
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Hooke’s Law

In physics, Hooke’s law is an empirical law that asserts the linear relationship be-
tween the force F required to stretch or compress a spring by a certain distance ∆L,
expressed as:

Fs = k∆L, (2.7)

here k represents a constant factor, called spring constant, denoting its stiffness.
The simplest form of solid deformation occurs when a material undergoes strain
along a particular axis under the influence of an applied force (see Figure 2.10).
The resulting relative strain is quantified as a function of the applied force, exerted
perpendicular to the material’s surface areas A, and is termed as stress σ:

σ =
F

A
. (2.8)

Robert Hooke noted the presence of a linear correlation between stress and extension

Figure 2.10: Hookean solid. A material is deformed along an axis by applying the
force F perpendicular to the surface A. This results in the relative strain, ϵ = ∆L/L.

in many materials [194], thus:

σ = Eϵ, (2.9)

where E denotes the elastic modulus, also known as Young’s modulus, a mechanical
property characterizing the tensile or compressive stiffness of solid materials under
longitudinal force application. Young’s modulus quantifies the relationship between
the stress σ exerted on the object and the consequent axial strain ϵ, defined as the
ratio of stress to strain. Materials exhibiting a linear stress-strain correlation are
termed ’Hookean’ and behave like an elastic spring, as described by Eq. (2.7), where
the spring constant is denoted as:

k = A
E

L
(2.10)
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Newtonian Fluid

Isaac Newton was the first to describe the phenomenon of resistance to motion in
deforming liquids, which he termed as the lack of slipperiness among liquid particles
[195]. The force F necessary to induce uniform motion between two plates separated
by a distance h and in relative motion is directly proportional to the relative velocity
v between the surfaces:

F = Aη
v

h
, (2.11)

where the sample beneath the surface A undergoes shear deformation as the upper
plates moves parallel to the force F . This scenario establishes the dynamic viscosity
η. Given that the ratio of velocity to plate spacing equals the deformation rate
γ̇ = dγ

dt
= v

h
, the equation for viscosity is commonly known as Newton’s law and

given by:

σ = ηγ̇. (2.12)

According to this formulation, liquids can be categorized into two groups: ’Newto-
nian fluids’ and ’non-Newtonian fluids’. A Newtonian fluid is a liquid or gas wherein
the shear stress σ during laminar flow is directly proportional to the deformation
rate γ̇. For isotropic, incompressible Newtonian fluids, the simple Eq. (2.12) is
applicable. However, numerous materials do not conform to ideal viscous behav-
ior and thus cannot be accurately characterized by Newton’s law. This is notably
observed in viscoelastic materials. Such materials are classified as non-Newtonian
fluids, wherein viscosity notably varies with the shear rate and/or the duration of
the applied stress.

Non-Newtonian Fluids

A non-Newtonian fluid is characterized by its ability to exhibit varying viscosity in
response to applied force. Typically, this variation in viscosity is contingent upon
either the shear rate or the shear rate history. While viscosity is a commonly em-
ployed concept in fluid mechanics to characterize the shear properties of fluids, it
may prove insufficient in incorporating the behavior of non-Newtonian fluids. Cer-
tain non-Newtonian fluids may exhibit shear-independent viscosity, yet still display
normal stress-differences or other non-Newtonian behavior.
Newtonian fluids exhibit a direct proportionality between shear rate and shear

stress (see Figure 2.11A). Consequently, viscosity remains constant across a broad
spectrum of shear rates. In contrast, non-Newtonian fluids can exhibit shear thin-
ning, a phenomenon occurring from the disruption of the molecular structure of the
sample due to hydrodynamic forces generated by shear. Consequently, an increase
in shear rate results in a under-proportional increase in shear stress, leading to a
reduction in viscosity with increasing shear rate (see Figure 2.11A). Another non-
Newtonian behavior is shear thickening, characterized by an increase in the number
of structural subunits under shearing. As a result, increasing shear rates induce a
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Figure 2.11: Non-Newtonian behavior. (A) The viscosity of non-Newtonian
fluids is dependent on shear rate. (B) The fluid can exhibit time-dependent viscosity.
Therefore, a constant coefficient of viscosity cannot be defined.

over-proportional increase in shear stress, yielding an increase in viscosity with in-
creasing shear rate (see Figure 2.11A). An example of time-dependent alteration in
the flow properties of non-Newtonian fluids is termed thixotropy, wherein viscosity
reduces during applied shear and reverts to its initial state only after stress removal
(see Figure 2.11B).

2.5.2 Poisson Ratio

Another important measure in materials science and solid mechanics is the Poisson’s
ratio, which serves as a quantification of the Poisson effect, a phenomenon wherein
a material demonstrates a tendency to expand in directions perpendicular to the
applied compression [196]. Conversely, under tensile loading, the material typically
contracts in directions transverse to the applied stretching. An illustrative exam-
ple of this behavior is the observable thinning of a stretched rubber band. Once
again, Poisson’s ratio denotes the ratio of relative contraction to relative expansion,
maintaining consistent values as aforementioned. The Poisson’s ratio of a stable,
isotropic linear elastic material is constrained to the range of -1.0 and +0.5 due
to the necessity for Young’s modulus, shear modulus, and bulk modulus to main-
tain positive values [197]. The majority of materials exhibit Poisson ratios spanning
from 0.0 to 0.5 [196]. An ideally incompressible isotropic material undergoing elastic
deformation at negligible strains would possess a Poisson’s ratio equal to 0.5. For
many steels and rigid polymers operating within their design limits, Poisson’s ra-
tios typically exhibit values around 0.3 [198]. Rubber demonstrates a Poisson ratio
approaching 0.5, while cork’s Poisson ratio is around 0, indicating minimal lateral
expansion during compression. In exceptional instances, certain materials exhibit
transverse shrinkage under compression (or expansion under tension), resulting in a
negative Poisson’s ratio value [199]. These materials, such as some polymer foams,
are categorized as auxetic materials [199,200], resulting in an elongation in the per-
pendicular direction when stretched in one direction.

The Poisson’s ratio can be described as follows under the assumption that the ma-
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terial undergoes stretching or compression in a single direction (see Figure 2.12):

ν = −dϵtrans
dϵaxial

= −dϵy
dϵx

= −dϵz
dϵx

(2.13)

where ν is the resulting Poisson’s ratio, ϵtrans the transverse strain and ϵaxial the axial
strain, respectively.
For instance, considering the elongation of a cube along the x-direction (see Fig-
ure 2.12), where there is a lengthening of ∆L in the x direction, and a shortening
of ∆L′ in the y and z directions, the infinitesimal diagonal strains can be expressed
as:

dϵx =
dx

x
dϵy =

dy

y
dϵz =

dz

z
. (2.14)

Assuming that the Poisson’s ratio is constant through deformation, integrating these
expressions and using the definition of Poisson’s ratio gives

−
∫ L+∆L

L

dx

x
=
∫ L+∆L′

L

dy

y
=
∫ L+∆L′

L

dz

z
. (2.15)

Solving the relationship between ∆L and ∆L′ results in:(
1 +

∆L

L

)−ν

= 1 +
∆L′

L
. (2.16)

Figure 2.12: The Poisson’s ratio experiences alteration due to geometric
changes. A cubic specimen with edge dimensions of L, comprising an isotropic
linearly elastic substance under uniaxial tension applied along the x-axis, featuring
a Poisson’s ratio of 0.5.

For very small values of ∆L and ∆L′, the first-order approximiation yields:

ν ≈ −∆L′

∆L
. (2.17)
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Based on the length change and the following expressions

V = L3 (2.18)

and

V +∆V = (L+∆L)(L+∆L′)2 (2.19)

the relative change of volume ∆V/V can now be calculated:

∆V

V
=
(
1 +

∆L

L

)(
1 +

∆L′

L

)2

− 1. (2.20)

Using equation 2.7 yields:

∆V

V
=
(
1 +

∆L

L

)1−2ν

− 1 (2.21)

and for small values of ∆L and ∆L′, the first-order approximation results in:

∆V

V
≈ (1− 2ν)

∆L

L
(2.22)

2.5.3 Contact Mechanics and Hertz Model

Contact mechanics involve the examination of the structural deformation of solids
when they come into contact at one or more points [201, 202]. A pivotal aspect
within contact mechanics pertains to the differentiation between stresses exerted
perpendicular to the surface of the contacting bodies, termed normal stress, and
those acting tangentially, termed shear stress. Normal contact mechanics, or fric-
tionless contact mechanics, specifically delves into the analysis of normal stresses
induced by externally applied normal forces and the inherent adhesion at closely
interfacing surfaces. Conversely, frictional contact mechanics highlight the influence
of frictional forces. Embedded within mechanical engineering, contact mechanics
draws upon principles from mechanics of materials and continuum mechanics, em-
ploying physical and mathematical frameworks to address computations relevant to
elastic, viscoelastic, and plastic bodies engaged in static or dynamic contact scenar-
ios. Contact mechanics play a pivotal role in providing essential insights for the safe
and energy-efficient design of technical systems, as well as facilitating investigations
into contact stiffness and indentation hardness.

The foundation of contact mechanics is commonly attributed to Heinrich Hertz’s
publication ”On the contact of elastic solids” (original title in German: Über die
Berührung fester elastischer Körper). In this publication, he established the calcu-
lations concerning the contact between two non-adhesive bodies, accounting for the
forces acting on both the volumes and surfaces of these bodies [203]. The theory
of contact between elastic bodies serves to determine contact areas and indentation
depths. For instance, to evaluate the contact between a sphere and a half-space,
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Figure 2.13: Illustration of contact mechanics. An elastic-half space indented
by an elastic sphere.

an elastic sphere of radius R penetrates an elastic half-space, resulting in a total
deformation of d and yielding a contact area of radius (see Figure 2.13):

α =
√
Rd (2.23)

The relationship between the applied force F and the deformation d is expressed
as:

F =
4

3
E∗

√
Rd3/2 (2.24)

with
1

E∗ =
1− ν2

1

E1

+
1− ν2

2

E2

. (2.25)

E1, E2 denote the elastic moduli, while ν1, ν2 represent the Poisson’s ratios of the
elastic sphere and the indented half-space, respectively.
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3. Experimental Methods

3.1 Polymerization of PEG-NB Hydrogels

In this work, the experimental assays employ synthetic PEG-NB as substrate. Pre-
vious investigations have demonstrated its suitability for studying cell migration and
cellular behavior [153,180,204]. The hydrogel is synthesized by polymerizing 20 kDa
polyethylene glycol (PEG) with norbornene groups at each end, with linear cross-
linkers featuring thiol functionalities at both ends (see Figure 3.1). The employed
cross-linker, a 1 kDa PEG-Dithiol, remains resistant to cellular degradation. Con-
sequently, cells are unable to enzymatically degrade the surrounding ECM, which is
necessary to migrate through the gels with a relative small mesh size of only a few
tens of nm [184,205].

Figure 3.1: Schematic overview of the PEG-NB hydrogel network compo-
nents and characteristic swelling. (A) PEG-NB undergoes cross-linking facili-
tated by a linear PEG cross-linker featuring two thiols. (B) Swelling occurs upon
addition of a solvent, e.g. water. The coiled cross-linked polymer network expands,
leading to elongation of the polymer chains.

In addition, a cystein-containing short Arg-Gly-Asp (RGD)-peptide sequence may
be introduced to facilitate cell adhesion onto the hydrogel substrate via integrin
interactions. In order to initiate radical polymerization using UV-light, the hydro-
gel precursor is supplemented with a photo-initiator LAP. Upon exposure to light
with a wavelength of approximately 365nm, the photo-initiator absorbs the pho-
tons, leading to its dissociation in two radicals. These generated radicals are highly
reactive and exhibit a tendency to abstract hydrogen atoms from nearby molecules,
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particularly hydrogens from the thiol groups of the cross-linker present in the so-
lution. This process results in the formation of thiyl groups, which subsequently
engage with PEG-NB monomers to generate carbon-centered radicals. Sequential
abstraction of hydrogel chains from additional thiol groups culminates in the forma-
tion of stable thioether linkages and new thiyl radicals [18, 206]. This mechanism,
termed step-growth polymerization, facilitates the formation of uniform polymer
networks [182,207].
The extent of cross-linking within the hydrogel matrix plays a pivotal role and has
a significant influence on its mechanical properties. Notably, the stiffness of the
polymerized PEG-NB hydrogel is highly affected, spanning a range from 200Pa to
20 kPa, thereby mimicking a wide spectrum of natural ECMs using PEG-NB hydro-
gels [184]. Additionally, swelling, a critical hydrogel property, is significantly influ-
enced by the composition of the hydrogel, with water or other solvent molecules
constituting up to 90% of the gel volume (see Figure 3.1 B). Factors influenc-
ing the degree of water uptake include the chemical composition and concentra-
tion of polymers within the gel, the extent of cross-linking, ionic strength, solvent
pH, and temperature. The phenomenon of hydrogel swelling is theoretically well-
understood, with many common approaches based on the fundamental work of Flory
and Rehner [208,209].
Hence, the amount of cross-linker utilized during hydrogel polymerization holds cru-
cial importance, denoted as the cross-linker ratio rc:

rc =
2ccrosslinker
4cPEG−NB

(3.1)

The cross-linker ratio rc in the hydrogel precursor represents the ratio of functional
groups of the cross-linker (each containing two thiol groups per molecule) to the
number of functional groups of the PEG-NB monomers (each containing four nor-
bornene groups per monomer), denoted by cCrosslinker and cPEG-NB, respectively. A
cross-linker ratio of one indicates that each norbornene group present in the solu-
tion can undergo reaction with one thiol group of the cross-linker, resulting in the
formation of a fully cross-linked gel.
Overall, the utilized hydrogel possesses biophysical properties closely resembling
those observed in in vivo settings, while the photo-induced polymerization technique
enables spatially and temporally controlled polymerization. Moreover, this method
facilitates high-throughput fabrication with minimal batch-to-batch variability.

3.2 Light Microscopy

Light microscopy serves as a crucial tool in biological research, facilitating the ob-
servation of important biological structures at cellular and sub-cellular resolutions.
By utilizing the properties of optics, light microscopy methodologies have pro-
foundly impacted the comprehension of microscopic phenomena. Brightfield (BF)
microscopy represents the most common and elementary approach within light mi-
croscopy [210]. This method incorporates a bright light source positioned beneath
the sample, thereby illuminating it, while the image results through the difference
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in contrast between the specimen and its surroundings. BF microscopy involves
essential components, including a light source, condenser lens, objective, ocular, de-
tector, and a sample stage for stabilization. The objective, positioned next to the
sample, collects light interacting with the sample, thereby magnifying and generat-
ing an enlarged, real image. Subsequently, the ocular further magnifies this image
for observation by the user. The combined magnification of the objective and oc-
ular determines the overall magnification of the image, typically ranging from 40×
to 1000×. Nevertheless, BF microscopy encounters limitations such as low contrast
in weakly absorbing samples.

Phase contract microscopy is another technique, which functions by converting dif-
ferences in the refractive indices of specimens into contrast, thereby augmenting the
visibility of transparent samples. This methodology employs specialized condenser
and objective lenses to induce phase shifts in light as it traverses distinct regions of
the specimen [211]. Light passing through the sample remains unaltered, whereas
light diffracted and phase-shifted by structures within the sample undergoes changes
in phase. To increase image contrast, constructive interference is caused between
the diffracted and unaltered light. This is accomplished by directing background
light through a phase ring, which shifts the light by one-quarter wavelength. Upon
focusing the light on the detector, the phase shift induces constructive interference
between background and scattered light rays emerging from regions of the field of
view containing the sample. This leads to increased brightness in these areas com-
pared to regions devoid of the sample.

Fluorescence microscopy, another technique utilized in cellular biology, involves
the use of fluorescent dyes or labeled molecules to visualize specific structures or
molecule within samples [212]. This microscopy technique involves the utilization
of fluorescent dyes or fluorescently labeled molecules to visualize specific structures
or molecules within a sample. To this end, excitation light emitted from a white
light source transmits through an excitation filter, permitting only light of a specific
wavelength, capable of exciting the fluorophore, to pass through (see Figure 3.2).
Upon reflection from a dichroic mirror, the excitation light is focused through the
objective lens onto the sample. After excitation, the fluorescent molecules within the
specimen undergo temporary excitation to a higher energetic state. Subsequently,
during relaxation to the ground state a photon of a longer wavelength is emitted.
A fraction of the emitted light is captured by the objective, transmitted through
the dichroic mirror and the emission filter. This selectively blocks excitation light
while transmitting the emitted light to the eyepiece or camera for visualization or
imaging, respectively. This methodology, wherein both excitation and emitted light
traverse the same objective lens, is termed epifluorescence.

The advancement of microscopy techniques has led to the establishment of confo-
cal microscopy, which fundamentally involves an excitation source, usually a laser
system, emitting coherent light. This light passes through a pinhole aperture posi-
tioned in a plane conjugate to the scanning point on the sample [213]. This leads
to the emission of fluorescent light at exactly this point. A pinhole located within
the optical pathway selectively blocks signals that are not in focus, thereby per-
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Figure 3.2: Schematic visualization of the epifluorescence microscope tech-
nique. Fluorescent molecules within the sample undergo transient excitation upon
exposure to the excitation light. During relaxation, photons with a longer wave-
length are emitted, subsequently captured by the objective lens, transmitted through
the dichroic mirror and emission filter, and ultimately visualized by the detector.

mitting only the fluorescence signals originating from the illuminated spot to reach
the light detector. Detectors commonly employed in this context include highly
sensitive avalanche photodiodes and photomultiplier tubes, which convert light into
electrical signals. Consequently, confocal microscopy offers the capability to gener-
ate sharp, detailed images of thin sections within thicker specimens, thereby finding
widespread application in examining cellular structures.

3.3 Atomic Force Microscopy

Atomic force microscopy (AFM) emerged in 1986 as a scanning technique built in
order to investigate phenomena at the nanoscale and has found successful appli-
cation across diverse scientific and technological fields [214]. Fundamentally, AFM
involves the use of a sharp tip scanning across a sample surface while registering
the interactions between the tip and the sample. The tip, bound to a flexible can-
tilever or the sample itself, is mounted to a piezoelectric scanner capable of precise
movement along three axes. Throughout the measurement process, a laser diode
directs a laser beam onto the rear of the cantilever positioned above the tip. As
the cantilever undergoes deflection due to forces between the sample and the tip,
the angular displacement of the reflected laser beam is detected using a position-
sensitive photodiode (see Figure 3.3A). Variations in beam deflection magnitude can
be used to calculate the interaction force between the tip and the specimen. The
AFM captures these positional alterations, enabling surface topography mapping or
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real-time monitoring tip-sample interaction forces.
AFM presents several advantages over conventional microscopy techniques. While
optical microscopy is a convenient tool for observing biological specimens, its reso-
lution is constrained by the wavelength of the light source. In contrast, AFM has
superior spatial resolution, reaching sub-nanometer scales, thereby facilitating the
mapping of individual molecule distributions [215]. Moreover, AFM enables the
investigation of both the mechanical properties of cells and their surrounding envi-
ronment.
Furthermore, AFM is capable of conducting force spectroscopy, involving the di-

Figure 3.3: Working principle of AFM. (A) An AFM produces images through
the scanning of a small cantilever across the surface of a sample. The sharp tip
positioned at the cantilever’s end makes contact with the surface, causing deflection
of the cantilver and altering the amount of laser light reflected onto the photodiode.
(B) Representative approach (red) and retraction curves (blue) for force-distance
spectroscopy.

rect assessment of tip-sample interaction forces relative to the gap between the tip
and the sample surface. In this procedure, the AFM tip is advanced towards and
retracted from the surface while monitoring the cantilever’s deflection in response
to piezoelectric displacement. To derive the quantitative tip-sample force from the
cantilever deflection, the spring constant of the cantilever must be calibrated, typi-
cally accomplished using the thermal tune method [216]. This technique treats the
cantilever as a harmonic oscillator influenced by thermal noise fluctuations.
The outcome of AFM measurements are represented as a force-distance curve (see
Figure 3.3 B). These force-distance curves yield a range of mechanical properties
of the sample surface. For instance, the stiffness of the sample can be determined
from the slope curve in the contact region. To convert stiffness into Young’s mod-
ulus, the geometry of the tip-sample contact must be considered, often employing
a contact mechanics model such as Hertz’s model. Overall, this AFM-based force
spectroscopy approach finds widespread application in biophysics for assessing the
mechanical characteristics of living tissues or cells [217,218].
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4. Cell Invasion Studies in Syn-
thetic Hydrogel Clefts

The invasion of migratory cells into surrounding tissues is a critical phenomenon
central to both cancer metastasis and immune response. Cancer metastasis typi-
cally proceeds through pre-existing gaps within ECM structures or along vascular
channels. Key factors such as rigidity, adhesive properties, and the width of con-
strictions profoundly influence the 3D migration of cells. Comprehensive migration
assays are essential for probing the interplay between cellular dynamics and migra-
tion modes with respect to these parameters.
This chapter investigates the migratory velocity of cancerous cell lines traversing
non-degradable synthetic hydrogel clefts. To this end, an experimental assay is de-
veloped, involving the fabrication of deformable PEG-NB hydrogels through micro-
fabrication employing photolithography. The experimental setup consists of several
polymeriezd hydrogel blocks aligned in parallel. Upon swelling, these blocks re-
duce the initial gap dimensions, leading to narrow interfaces between the hydrogels.
These hydrogel clefts are subsequently characterized for their biophysical properties
including stiffness and swelling behavior. The invasiveness of HT-1080 fibrosarcoma
cells within these hydrogel configurations is then evaluated, alongside variations in
experimental parameters such as initial constriction width and hydrogel composi-
tion. To promote cell invasion through these narrow clefts, a chemotactic gradient
is employed. Additionally, the cellular responses of HT-1080 cells are compared
with those of MDA-MB-231, a human breast adenocarcinoma cell line, to generalize
the applicability of the developed experimental assay, termed ’sponge clamp’. This
chapter is largely based upon the publication by Stöberl et al. [183].

4.1 Fabrication of Pressurized Migratable Hydro-

gel Clefts

To explore the invasive potential of human cancer cell lines, within predefined ma-
trix gaps, we developed a novel experimental protocol termed ’sponge clamp’. This
assay employs a hydrogel network comprising 4-armed PEG-NB, cross-linked by
an off-stoichiometric quantity of linear PEG-dithiol, as described in section 3.1.
Modulating the concentration of PEG-NB and adjusting the crosslinker amount
facilitates stiffness tuning of the resulting hydrogels, yielding Young’s moduli rang-
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ing from 60Pa to 300Pa, effectively mimicking a spectrum of soft tissue proper-
ties. Moreover, the incorporation of the Cys-Arg-Gly-Asp-Ser (CRGDS) peptide
sequence into the otherwise bio-inert and non-cleavable hydrogel matrix promotes
cell adhesion via integrin interactions. Utilization of the photo-initiator LAP facil-
itates UV-induced polymerization. The combination of this hydrogel composition
and the photolithography technique employing chromium-coated glass masks (see
subsection 2.4.3 enables the fabrication of complex structured matrices with high
precision in a high-throughput manner (see Figure 4.1A).
In this study, several hydrogel blocks with initial dimensions of 100 µm width and

Figure 4.1: Visualization of the fabrication process and work principle of
migratable hydrogel clefts. (A) Application of photomask-based lithography to
microfabricate hydrogel blocks arranged at regular intervals within a microchan-
nel. (B) Top-view bright field microscopy image illustrating polymerized hydrogel
strips forming narrow gaps subsequent to swelling. Dashed outline corresponds to
pre-swelling pattern. (C) Schematic depiction of hydrogel blocks integrated into a
microfluidic chip. Reproduced from [183] with permission from the Royal Society of
Chemistry.

700 µm length are casted. Through the polymerization of the hydrogel within a
channel, expansion in the vertical direction is restricted, resulting in an anisotropic
swelling of the polymer network, predominantly oriented transversely to the channel
axis (see Figure 4.1B). The degree of expansion is dependent on the utilized precur-
sor. As the PEG-NB hydrogel swells, the spacing between the blocks diminishes,
resulting in the formation of multiple parallel hydrogel clefts (see figure 4.1B). De-
pending on the initial spacing of the blocks and the composition of the polymer,
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swelling may extend into neighboring blocks, leading to the formation of interfaces
between hydrogel blocks. To facilitate cellular invasion at these hydrogel-hydrogel
interfaces, a chemotactic gradient is applied along the direction of the clefts (see
Figure 4.1C). For this purpose, a commercially available channel slide featuring side
reservoirs, specifically engineered for providing a stable gradient, is utilized (µ-slide
chemotaxis, ibidi). The stability of the gradient has been comprehensively charac-
terized, ensuring a well-defined and temporally stable gradient for a duration of at
least 48 hours [219, 220]. Specifically, cells suspended in medium containing a low
serum concentration are seeded on onse side of the casted hydrogel blocks, while
the adjacent chamber is filled with serum of high concentration. Overall, through
the utilization of soft hydrogels with precisely defined compositions, we are able
to construct highly standardized and thoroughly characterized migration pathways,
enabling the study of cellular traversal through pre-existing gaps. These structures
can be imaged using brightfield microscopy techniques to investigate cell invasion
dynamics.

4.2 Characterization of Hydrogel Swelling and

Contact Profiles

To assess the experimental observations derived from employing the ’sponge clamp’,
we examined the mechanical characteristics of the PEG-NB hydrogels. The shear
modulus of the macroscopic bulk hydrogel was quantified utilizing a shear rheometer,
serving as an estimate for the stiffness anticipated within microstructured hydrogel
blocks. As illustrated in Figure 4.2A, the hydrogel compositions employed exhibit
low stiffness, evidenced by storage moduli of less than 100Pa. The rigidity of the

Figure 4.2: Characterization of hydrogel properties. Assessment of the storage
modulus (A) and swelling ratio (B) of PEG-NB hydrogel across varying PEG-NB
concentrations and cross-linker ratios. Presented results show the mean ± SD de-
rived three independent measurements. Reproduced from [183] with permission
from the Royal Society of Chemistry.
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gels demonstrates an increase with the cross-linker ratio across both utilized con-
centrations of PEG-NB. The observed storage moduli align with stiffness values
previously documented for synthetic hydrogels employed in in vitro cell migration
studies [205,221]. Beyond rigidity, the swelling behavior is pivotal within the scope
of this investigation, contingent upon the polymer and cross-linker concentrations
of PEG-NB, as well as temperature variations [208, 209, 222]. Swelling ratios were
determined through the expansion of free-standing hydrogel blocks, as evidenced
by phase-contrast images (see Figure 4.2B inset). It was found that swelling ratios
increase with increasing concentrations of PEG-NB, reaching approximately 1.72,
with a lower influence observed from the cross-linker ratio.
In instances where hydrogel blocks are positioned closer than the distance given by
the swelling ratio, the blocks undergo swelling and establish close proximity. Confo-
cal microscopy utilizing fluorescently labeled dextran (MW: 10kDa), which cannot
diffuse into the hydrogel due to the small mesh size, enables the visualization of
closed structures. Reconstitution of the water-filled volume reveals the complete 3D
contour of the clefts (see inset in Figure 4.3A). The degree of swelling in the hydrogel
block near the substrate appears diminished compared to that in the channel center,
likely attributed to the covalent binding of the hydrogel block to the substrate. In
the channel center, the hydrogel fronts establish flat physical contact between ad-
jacent blocks. The triangular spandrel area at the base is characterized by the gap
size, denoted as G, representing the distance between hydrogel-hydrogel interfaces
at the channel bottom after swelling.

To assess the extent of hydrogel swelling and consequently determine the final dis-

Figure 4.3: Illustration of the final hydrogel-hydrogel interface. (A) Hydrogel
profiles as a function of distance from the substrate bottom at various x-positions,
as specified in the inset. These profiles demonstrate a broader inlet compared to
the constriction width within the ’sponge clamp’ (presented as mean ± SD for n
> 8 hydrogel clefts per x-position ). (B) Evaluation of the gap size, G, defined as
the width of the cleft at its base, in relation the initial distance between adjecent
blocks D for different cross-linker ratios (n > 8 hydrogel clefts per ’sponge clamp’
condition, depicted as means ± SD). Reproduced from [183] with permission from
the Royal Society of Chemistry.
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tance between two hydrogel blocks, we conducted an analysis of the 3D morphology
and gap size G across three initial block-to-block distance D. Notably, the hydrogel
profiles consistently demonstrate the expected anisotropic swelling behavior, as indi-
cated by an increase in swelling magnitude with greater distance from the substrate
(see Figure 4.3A). Additionally, to validate the hydrogel profiles, we investigated the
variation in x-position relative to the distance z from the substrate. Remarkably,
the gap of the ’sponge clamp’ inlet is notably broader compared to the hydrogel
profiles at greater x-positions (see Figure 4.3A). Consequently, the initial block-to-
block distance D delineates distinct hydrogel-cleft geometries, characterized by the
gap size G at the surface of the channel bottom, through which cellular migration is
facilitated (see Figure 4.3B). To evaluate the reproducibility and temporal stability

Figure 4.4: Reproducibility and long-term stability of the hydrogel clefts.
’Sponge clamps’ were fabricated under identical conditions and imaged after 20 hours
and 92 hours post-fabrication using GFP-labeled Dextran. No significant alterations
in the gap morphology were observed over time, with consistency maintained both
in terms of batch-to-batch variability and the nature of the employed medium. Re-
produced from [183] with permission from the Royal Society of Chemistry.

of hydrogel profiles, ’sponge clamps’ with a cross-link ratio of 0.6 and above were ex-
amined. Findings indicate a high degree of reproducibility and negligible alterations
in the hydrogel clefts for a minimum duration of 92h (see Figure 4.4). Furthermore,
the impact of medium constituents on the swelling behavior of hydrogels was in-
vestigated. No significant effects of the utilized medium, whether PBS or L-15 cell
culture medium, were observed. Subsequently, hydrogels with cross-link ratios lower
than 0.6 were excluded from further analysis due to their poor long-term stability.

4.3 Invasion Capacity in Hydrogel Clefts

To validate the suitability of the experimental assay for investigating cell migration
dynamics, HT-1080 fibrosarcoma cells were introduced to one side of the clamp, and
a chemotactic gradient ranging from 1% to 10% FBS was applied across the gel to
induce directed migration into the hydrogel clefts. Cells traversed into the clefts as
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single cells, guided by the chemotactic gradient, displacing the gel to pass through
(see Figure 4.5). The center of mass of the first cell (leading cell) was tracked over
time as a measure for invasion capacity. Evaluation of invasion depth was standard-
ized for each cell trajectory. This involved individually considering the entrance
point of each hydrogel cleft, as illustrated by green and cyan bars in Figure 4.5.
These bars represent the starting point of the ’sponge clamp’ and the leading cells,
respectively.

For each cleft within the array, the leading cell trajectory was recorded and col-

Figure 4.5: Illustration of the invasion in hydrogel-hydrogel interfaces. Ex-
emplary time-lapse microscopy images of HT-1080 cells invading the ’spongeclamp’.
Reproduced from [183] with permission from the Royal Society of Chemistry.

lectively analyzed. To investigate the influence of environmental factors, various
pressurized hydrogel-hydrogel interfaces were created by modifying the cross-linker
ratios and initial strip distances. The mean invasion trajectories for different condi-
tions are shown in Figure 4.6A across three distinct gap sizes. It was observed that
the average velocity over a 40-hour period systematically increased with the gap
size G (see Figure 4.6B). To explore whether cell velocities are also dependent on
hydrogel stiffness, the mean velocity was analyzed as a function of cross-linker ratio
for a fixed block separation D (see Figure 4.6C). The data reveals a slight decrease
in mean velocity with increasing cross-linking ratio. This marginal dependence is
likely attributable to the fact that higher cross-linker ratios not only enhance hy-
drogel stiffness but also diminish swelling, consequently leading to larger gap sizes.

However, when considering larger gap sizes, encompassing both parameters of cross-
linker ratio and initial block-to-block distance, the mean velocity is notably more
influenced compared to variations in the cross-linker ratio alone. This phenomenon
can be attributed to the significantly less hydrogel deformation required for cells
to squeeze through the hydrogel-hydrogel interfaces. Moreover, there are examples
indicating instances where slight compression of cells enhance their invasiveness com-
pared to an uncompressed state [223]. Thus, it is plausible that at very low levels
of compression, cell invasion is limited, but it increases rapidly with slightly higher
compression. Conversely, under considerably increased pressure within the clefts,
cell invasion may be impeded. This observation could also explain the observed
invasion behavior of HT-1080 cells in this work.
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Figure 4.6: Characterization of the invasion capacity of cancerous cell lines
within hydrogel clefts exhibiting different mechanical properties. (A) Rep-
resentation of the average cell trajectories of HT-1080 cells migrating into hydrogel-
hydrogel interfaces, producing through modifications in hydrogel compositions and
employing three distinct initial strip distances (with n > 40 clefts per ’sponge clamp’
condition, mean ± SD). (B) The rate of invasion by HT-1080 cells demonstrates a
positive correlation with the gap size of the ’sponge clamp’ (with n > 40 clefts per
initial strip distance, mean ± SD). (C) Invasion velocity of HT-1080 cells as a func-
tion of cross-linker ratio (with n > 40 clefts per hydrogel composition, mean ± SD).
Reproduced from [183] with permission from the Royal Society of Chemistry.

To further validate the versatility of the ’sponge clamp’, we compared the invasion
dynamics of MDA-MB-231, a human breast adenocarcinoma cell line, to that of
HT-1080 fibrosarcoma cells. Both cell types are known for their high invasiveness,
both with and without proteolytic digestion of their surround matrix [73,224]. Once
again, three cross-linker ratios were employed for a fixed initial block-to-block dis-
tance (D = 50 µm) to generate pressurized hydrogel-hydrogel interfaces. Across
all tested conditions, HT-1080 migration exhibited significantly higher velocities
during the initial hours of the experiment compared to MDA-MB-231 cells (see Fig-
ure 4.7). Consequently, the final invasion depth of HT-1080 cells after 60 hours
surpassed that of MDA-MB-231 cells due to the slower invasion speed during the
initial hours. Several factors may account for this discrepancy. Differences in cell
migration mechanisms between the entry and narrowing channel phases could con-
tribute, with adaptation to channel constraints being more critical during the entry
phase. Additionally, slower initial cell migration rates may result from cellular stress
induced by the detachment procedure using trypsin solution, which disrupts crucial
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Figure 4.7: Comparison of migration dynamics between two distinct cancer
cell lines invading hydrogel-hydrogel interfaces. (A) Evaluation of invasion
depth exhibited by MDA-MB-231 and HT-1080 cells invading hydrogel clefts with
diverse mechanical properties (with n >40 clefts per hydrogel composition, means
± SD). (B) Separation of cell velocity across distinct time intervals (entering phase:
0-20h, migration phase: 40-60h). The dependency of velocity on cross-linker ratio
varies between MDA-MB-231 and HT-1080 cells during the entry pahse compared
to the migration phase (with n >20 clefts per hydrogel composition, means ± SD).
Reproduced from [183] with permission from the Royal Society of Chemistry.

cell-surface interactions, including integrins, necessary for effective migration [225].
Furthermore, Lautscham et al. demonstrated that a smaller fraction of MDA-MB-
231 cells compared to HT-1080 cells entered narrow constrictions formed in PDMS,
although invasion depth and speed were comparable [73].
To further quantify cell velocity, we divided the invasion process into entering (0-20
hours) and migration phases (40-60 hours). Interestingly, MDA-MB-231 cells ex-
hibited consistent invasion speeds across all tested conditions during the entering
phase, while HT-1080 cells displayed a dependency on hydrogel conditions, migrat-
ing significantly faster overall compared to MDA-MB-231 cells (see Figure 4.7B).
Thus, the initially low mean invasion rate of MDA-MB-231 cells may be attributed
to non-invading cells blocking cleft entrances until a highly invasive cell successfully
enters and migrates effectively. However, during the migration phase, MDA-MB-
231 cells were more sensitive to experimental conditions compared to HT-1080 cells,
suggesting that MDA-MB-231 migration behavior is influenced by changes in ECM
properties. Another potential explanation for these distinct behaviors could be the
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fact, that MDA-MB-231 cells form multicellular streams while HT-1080 cells squeeze
through as single cells (see [183] for further details). These morphological differences
correlate with the observed migration velocities of both cell lines.

4.4 Discussion

This work presented here, describes the fabrication of microstructured clefts
composed of synthetic PEG-NB-based hydrogels and demonstrates their applica-
bility in investigating the invasiveness of cancer cells. The migratable hydrogels
were fabricated by employing photolithographic patterning of hydrogel blocks
within microchannel slides. Subsequently, the interstitial space was closed through
swelling, resulting in ’sponge clamp’ structures, where the hydrogel blocks are
compressed against each other. We modulate the mechanical properties of the clefts
through variations in the off-stoichiometric amount of cross-linker PEG-dithiol and
the absolute PEG-NB concentration. Additionally, the hydrogel facilitates cell
adhesion through the incorporation of CRGDS peptide sequences. The versatility
of this experimental assay for cell migration investigation was demonstrated by
seeding invasive HT-1080 and MDA-MB-231 cells in the channel, coupled with the
application of a chemotactic gradient. Our findings indicate that MDA-MB-231
cells are influenced by the hydrogel composition compared to HT-1080 cells,
highlighting the increased sensitivity of MDA-MB-231 cells to the stiffness of the
surrounding ECM when traversing through tight constrictions. These observations
align with previous studies demonstrating a correlation between the migration
behavior of MDA-MB-231 cells and ECM stiffness [22,72,73].
In general, various cell invasion assays are available and established to quantitatively
assess cell migration. Among these, the Boyden chamber is the most prominent,
utilizing a porous membrane with pore diameters typically ranging from 3 to 12 µm.
Cells transmigrate from an upper reservoir to a lower reservoir in these chambers,
where they are subsequently counted. Boyden chambers find wide application in
studies of invasive cell migration, with specific mechanical properties such as mem-
brane thickness and well-defined stiffness [226,227]. In contrast, the ’sponge clamp’
assay introduced in this work offers a tunable cleft length. Moreover, the mechanical
stiffness of the clefts can be adjusted within the soft tissue range, and the adhe-
siveness of the environment can be modulated by varying the amount of CRGDS
peptide sequences employed. Notably, the interplay between the cross-linker ratio
and the initial block-to-block distance permits precise tuning of ECM properties
over a broad spectrum. Regarding readout, while the Boyden chamber relies on the
total number of transmigrated cells following a designated timeframe, the ’sponge
clamp’ enables visualization of the invasion process, providing trajectories and
velocities of invading cells via image analysis. This readout method is commonly
utilized in the cell migration research community, facilitating comparability with
other experimental designs. Furthermore, this introduced experimental assay
holds potential for extension and integration with the Traction-Force-Microscopy
(TFM) technique in three dimensions by incorporating small, fluorescent nanobeads
into the hydrogel as a TFM readout. Given that the hydrogel stiffness of the
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assay is within the range of soft tissue, such data is suitable for inferring forces
typically exerted by cells in vivo. This approach has the potential to shed light
into the ongoing debate concerning the role of the nucleus during transmigration
through 3D constrictions. Previous studies have highlighted the significance
of the nucleus, as the stiffest and largest organelle, in 3D confined cell migra-
tion [19,26,30,120]. This topic will be investigated in detail in the following chapter.



5. Migration of Cells in Dumbbell-
shaped Hydrogel Cavities

In the previous chapter, we established an experimental methodology utilizing PEG-
NB hydrogels to investigate cellular invasion through confined hydrogel interfaces,
under the influence of chemotactic gradients. However, this assay presents chal-
lenges for quantitatively assessing self-directed confined cell motility and its associ-
ation with nuclear dynamics, due to its complex experimental setup and the lack of
scalability for high-throughput analysis. To address these limitations, we build on a
valuable experimental approach introduced by Brückner et al. [23], which examines
the stochastic migration of cells within structured surroundings. This involves the
fabrication of a micropattern comprising two square adhesive islands connected by a
narrow bridge, thereby establishing a minimal two-state framework for investigating
confined cell migration in two dimensions.

In this chapter, we extend this experimental methodology to facilitate the investi-
gation of 3D confined cell migration. This expansion offers the benefits of simplic-
ity and minimalism inherent to the ’dumbbell-shape’ experimental configuration,
facilitating high-throughput data acquisition. Essentially, these dumbbell-shaped
structures comprise cavities surrounded by a layer of PEG-NB hydrogel, replicating
physiological scenarios where cells encounter 3D constriction. Consequently, this
assay represents a three-dimensional and deformable extension of the flat micro-
contact printed dumbbell pattern employed in prior investigations [23, 117, 228].
The fabrication process relies on PEG-NB hydrogels polymerized via maskless pho-
tolithography to achieve a resolution suitable for narrow constrictions measuring a
few microns in width. Subsequently, time-lapse phase-contrast microscopy is utilized
to observe the iterative migration of cells between cavities via deformable channels
of predefined dimensions. This innovative approach enables the investigation of 3D
confined cell migration dynamics, particularly shedding light on the role of the nu-
cleus, the largest and stiffest organelle within the cell. Prior investigations have
identified nucleus translocation as the bottleneck during migration through narrow
3D constrictions, necessitating nuclear deformation [25,26]. However, the impact of
physical confinement on cellular dynamics remains incompletely understood, par-
ticularly concerning dynamic alterations across a broad spectrum of constriction
widths. This chapter is largely based on the publication by Stöberl et al. [183].
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5.1 Microfabrication of Hydrogel-Based 3D As-

says

For the quantitative analysis of self-imposed confined cell migration, artifical mi-
crofluidic assays are commonly employed. Notably, microfabricated hydrogel-based
migration assays [118, 229–231] and transwell migration assays [29, 232, 233] have
emerged as valuable tools for elucidating the impact of nuclear mechanical prop-
erties on cell migration and viability at the single-cell level. Long, linear PDMS
channels are frequently utilized to explore the migration dynamics of cells physi-
cally confined within a precisely controlled experimental environment. However, for

Figure 5.1: Schematic depiction of the fabrication process of 3D dumbbell-
shaped micro-cavities. Visualization of the final assay containing non-adhesive
walls and a cell-adhesive substrate (i). A PDMS stamp provides a precise thickness
of the hydrogel layer (ii), which undergoes polymerization through UV-lithography
(iii). Stamp is removed, and the substrate is subjected to incubation with an ECM
protein (iv). Figure adapted from [135].

the investigation of cell entry into constrictions, the use of short circular pillar-lined
PDMS channels has proven pivotal [20]. Such channels enable the study of confine-
ment effects on migration dynamics without inducing significant alterations in the
overall migration mode, as elongated channels might trigger mesenchymal-amoeboid
transition [22].

In this study, our objective is to integrate the advantages offered by the ’dumbbell-
shape’ experimental assay introduced by Brückner et al. [23], with the more physi-
ologically relevant conditions afforded by 3D confinement, to quantitatively explore
the influence of physical confinement and nuclear deformation on cell migration dy-
namics. To this end, we developed a hydrogel-based migration assay to conduct
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high-throughput experiments on cell migration within a precisely controlled geo-
metric environment.
Our experimental setup involves the utilization of 3D dumbbell-shaped micro-

Figure 5.2: Microscopic characterization of the 3D dumbbells. (A) Represen-
tative confocal microscopy images show a MDA-MB-231 cell co-expressing fluores-
cently labeled histones (mcherry-H2B, blue) and F-actin (LifeAct-TagGFP2, green)
while confined within the cavity, as shown in (i)-(iii). Given the non-adhesive prop-
erty of the hydrogel, cell adhesion is solely restricted to the substrate. (i) Top view of
the dumbbell-shaped cavity; (ii) cross-section through the channel; (iii) cross-section
through an island. (B) Representation of the ECM protein coating by utilizing la-
beled fibronectin. Figure adapted from [135].

cavitities incorporated within a 20 µm thick layer of PEG-NB hydrogel (see Fig-
ure 5.1A). The experimental protocol employs commercially available imaging dishes
(µ-Dish 35mm, ibidi). To achieve a defined height for the hydrogel layer containing
the desired structures, PDMS stamps are employed. The stamp architecture com-
prises small pillars that create a gap between the substrate and the stamp, which
is subsequently filled with the hydrogel precursor (see Figure 5.1(ii)). The hydro-
gel precursor utilized here comprises 8-arm PEG-NB cross-linked by PEG-dithiol.
Modulating the concentration of PEG-NB and adjusting the amount of cross-linker
enables the tuning of the stiffness of the resultant hydrogels, as discussed in sec-
tion 4.1. Additionally, the hydrogel precursor includes the photo-initiator LAP to
facilitate UV-induced polymerization. Following to the infiltration of the hydro-
gel precursor into the free space of the PDMS stamp, selective photo-patterning of
the hydrogel precursor was achieved using the PRIMO module (Alvéole) with the
pattern provided in the inset of Figure 5.1(iii) (further information of the dumb-
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bell dimensions are provided in Appendix A). Thus, the whole hydrogel except
for the dumbbell-shaped regions undergoes illumination, resulting in the formation
of dumbbell-shaped cavities within the hydrogel layer. Subsequent to exposure, the
stamps were removed, and the imaging dish was incubated with an ECM protein (see
Figure 5.1(iv)). Following, the bottom of the cavities was coated with fibronectin to
enhance cell adhesion, while the PEG-NB hydrogel remains non-adhesive to cells.
The selective coating of ECM protein is shown in Figure 5.2A using fluorescently
labeled fibronectin. Additionally, fluorescent nano-beads were incorporated into
the hydrogel precursor. Their diameter, being 200 nm, contrasts with the relatively
smaller mesh size of the hydrogel network, typically in the tens of nanometers, result-
ing in the embedding of these nano-beads within the hydrogel post-polymerization
(see Figure 5.2B). These nano-beads serve as markers for assessing forces exerted
by cells on their surroundings based on the elastic deformation field of the walls, a
concept that will be elaborated in chapter 6. Overall, this experimental configura-
tion facilitates the investigation of 3D confined cell migration in a high-throughput
manner, with cells consistently maintained within the cavity walls throughout the
experiments (see Figure 5.2B (i)-(iii)). Notably, despite complete deformation within
the narrow channel, the nucleus remains contained within the hydrogel layer and
does not spill over.

5.2 Cell Dynamics in 3D Confinement

Time-lapse microscopy is employed to investigate the repeated migration of cells
traversing from one cavity side to another through the deformable channel of a
defined width. Within the 3D dumbbells, metastatic human breast cancer cells
(MDA-MB-231) migrate spontaneously in a mesenchymal mode within the micro-
cavities (see Figure 5.3). At the entrance of the narrowing channel, lamellipodia-like
protrusions are repeatedly initiated, occasionally progressing into sustained larger
protrusions. While some protrusions swiftly retract, others extend into the adja-
cent unoccupied cavity. Within the new cavity, the protrusion expands with an
almost half-circular shape, which ultimately results in the transition of the cellular
body. Following complete cellular transition, the cytoskeleton’s shape and actin
distribution become randomized, reverting to a state identical to that preceding the
transition. Subsequently, another transition soon follows in the opposite direction,
highlighting the repeatable nature of this confined migration process.

Herein, we explore cell migration dynamics in relation to confinement widths by fab-
ricating arrays of 3D dumbbells with channel widths spanning a broad range from
4 to 35 µm. The average nuclear width outside the channel measures 11.62 ± 0.01
µm, derived from averaging across various geometries and cells at different stages
of the cell cycle. For channel widths exceeding this threshold (see Figure 5.3 lowest
row), cells typically enter the channel without necessitating nuclear deformations.
In this scenario, migration within the channel exhibits limited persistence, with

some cells even altering their direction of motion mid-channel without traversing to
the opposite side of the pattern. In channels of intermediate widths smaller than
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Figure 5.3: Exemplary time-series of MDA-MB-231 cells. Cells migrating
through dumbbell-shaped cavities with varying constriction width (width = 3-35
µm). Figure adapted from [135].

the nuclear width, cells undergo significant nuclear deformation. Following nuclear
reshaping, nearly all cells consistently migrate to the adjacent chamber. Conversely,
in the narrowest channel (see Figure 5.3, upper row), unsuccessful attempts at nu-
clear translocation are frequently observed. In channels where the nucleus becomes
constrained (<12 µm), we note an increased proportion of ’trapped’ cells, character-
ized by the presence of protrusions extending to the opposite side of the pattern but
an inability to relocate their nucleus into the channel. Our findings do not indicate
a specific threshold width below which migration is entirely inhibited, but rather
a gradual decrease in the proportion of migratory cells with diminishing channel
width. Furthermore, when transitions necessitate extensive nuclear deformations,
migration behavior markedly differs from that observed on flat micropatterned 2D
dumbbells, where frequent transitions were previously noted, even for the narrowest
bridge widths [116]. This observation highlights the qualitative alteration in cell
translocation dynamics induced by 3D confinement.
To further investigate this, we assess the probability distribution of nuclear po-

sitions within our micro-cavities, the mean velocity at the center of the channel,
and the transition rates across varying channel widths (see Figure 5.4B). In the ab-
sence of confinement, the nuclear position distribution along the longitudinal axis of
the pattern is predominantly uniform across significant portions of the micro-cavity.
As channel widths diminishes, the distribution undergoes a transition to a double
peaked distribution, with maxima within the chambers and a distinct local mini-



56 5. Migration of Cells in Dumbbell-shaped Hydrogel Cavities

Figure 5.4: Cell migration statistics for varying channel widths. (A) Rep-
resentative examples of cell trajectories for different channel widths (from left to
right: 4µm, 7µm, 12µm, 20µm, 35µm). (B) The distributions of nuclear position xn
across varying channel widths. (C) Average velocity within the central region of the
pattern (|xn| ≤6µm). Maximal velocities are observed at an intermediate channel
width comparable to the nuclear width. (D) Transition rates across different chan-
nel widths. Analogous to nuclear velocities, the highest transition rates occur at
intermediate channel widths. (C) and (D): The red region indicates the regime of
confinement-reduced migration (CRM), while the blue region indicates confinement-
enhanced migration (CEM). The dashed line indicates the average nuclear width and
the grey region denotes one standard deviation. Error bars associated with the x-axis
represent the standard deviation, while those associated with the y-axis represent
the standard error. Figure adapted from [135].

mum located at the centre of the constraining channel. However, even for channel
widths as narrow as 4 µm, considerably smaller than the average nuclear diameter,
instances of cells successfully traversing their nucleus through these notably con-
stricted passages are observed.
Interestingly, we observe a non-monotonic relationship between the average veloc-
ity and channel width, exhibiting a peak at a confinement width comparable to the
undeformed nuclear diameter (see Figure 5.4C and D). The overall transition kinet-
ics governing cell entry into and migration through the narrowing channel, quanti-
fied through the transition rate, displays a similar biphasic dependence on channel
width. When starting from the unconfined scenario and progressively reducing chan-
nel width, an initial increase in transition rate is observed, succeeded by a sharp
decline at channel widths smaller than the nuclear dimensions. We term these phe-
nomena as the ’confinement-enhanced migration’ (CEM) and ’confinement-reduced
migration’ (CRM) regimes, respectively. These findings illustrate the impact of con-
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Figure 5.5: Cell migration statistics with different surface coatings. Transi-
tion rates on laminin, collagen and fibronectin coated patterns show a similar bipha-
sic channel width dependence. The nuclear velocities in the centre of the channel
are largely independent of the surface coating at wider channel width, but appear
to be higher at lower channel width on patterns with laminin and collagen coating.
Figure adapted from [135].

finement on cell migration behavior, wherein it either augments transition rates at
wider channel widths or significantly impedes transitions when cells encounter the
necessity to physically deform their nuclei within tight constrictions, as observed in
prior studies [21,26].
In order to generalize our findings on cell dynamics, especially the non-monotonic
dependence of average velocity and the biphasic dependence of transition rates on
channel width, we conducted supplementary experiments. These experiments em-
ployed additional ECM protein coatings, laminin and collagen, to further investi-
gate these phenomena. Laminin, a prominent constituent of basement membranes
in animal tissues, is commonly utilized in cell culture to coat surfaces, facilitating
enhanced attachment and motility in certain cell types. Collagen, comprising a sub-
stantial portion of mammalian proteins, provides structural integrity and resilience
in tissues, and in cell culture, it serves as a medium for studying cell growth, dif-
ferentiation, and migration [234] (see Figure 5.5). Consistent with our observations
with fibronectin, all scenarios exhibit biphasic transition rate behavior. However,
quantitatively, transition rates vary among the ECM proteins utilized, potentially
due to differing concentrations of the ECM and the diverse effects of different pro-
teins on cell motility. Notably, we observe a divergence in the behavior of average
velocity concerning channel width compared to cells on fibronectin coating. This
discrepancy could arise from the limited data available for these additional ECM
coatings relative to the extensive trajectory dataset obtained for fibronectin, partic-
ularly concerning narrow constrictions.
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5.3 Inferred Non-Linear Dynamics of the Nucleus

To gain better insights into the influence of the nucleus on the overall migration
behavior under confinement, we adopt the methodology introduced in section 2.2,
employing data-driven, top-down models to inform the development of more
mechanistic, bottom-up models. While for the case of 2D migration, detailed,
data-driven models for the emergent migration behavior have been established
previously, this is not the case for migration in 3D confinement. Here, we leverage
the statistical properties of nuclear velocities and transition rates obtained from our
high-throughput experimental assay. Utilizing the recorded nuclear trajectories, we
infer a stochastic dynamical model for the confined migration process, facilitating
the separation of deterministic and stochastic components of the dynamics. As
discussed in section 2.2, the dynamics of the nucleus of a migrating cell along the
longitudinal axis of 2D dumbbell-shaped patterns can be represented in terms of
the underdamped Langevin equation.

dvn
dt

= Fw(xn, vn) + σwξ(t), (5.1)

where Fw(xn, vn) characterizes the deterministic acceleration of the nucleus contin-
gent upon its position xn and velocity vn within a confinement of width w, while
the Gaussian white noise ξ(t) of strength σw accounts for the stochastic nature of
cell migration. Here, we extend this methodology to three-dimensional two-state
patterns, yielding a systematically constrained top-down model of confined cell mi-
gration that comprehensively captures the migration dynamics across varying con-
finement widths. Given the continuous range of channel widths resulting from the
experiments, we bin the data based on the measured width of the pattern in the
centre of the channel.
In this manner, we ensure sufficient data availability for each investigated channel
width to constrain the terms outlined in Eq. (5.1) (additional information regarding
the total number of analyzed cells and bin size is provided in Appendix B). Subse-
quently, we employ the Underdamped Langevin Inference (ULI) algorithm [228] to
derive an estimator for Fw(xn, vn) from experimental trajectories. Further discus-
sion on the free parameters and model selection is available in the Supplementary
Materials of [183].
In order to elucidate the impact of 3D confinement, particularly nuclear deforma-
tions, on the non-linear migration behavior of cells, we focus on channel widths equal
to or less than 12 µm (see Figure 5.6). Within this range, we observe a transition
from transmigration devoid of nuclear deformation (w = 12 µm) to pronounced nu-
clear deformations induced by the confinement (w < 12 µm). For channel widths
w ≥ 7 µm, we discern qualitatively similar patterns: The nucleus experiences signif-
icant deceleration when positioned near the center of the chambers. Conversely, as
the nucleus approaches the constraining channel, it accelerates towards the channel
and traverses to the opposite side of the pattern. These obtained non-linear dynam-
ics are qualitatively similar to those observed on 2D micropatterns [23]. Intriguingly,
at the narrowest width (4 µm) this acceleration region dissipates, aligning with the
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Figure 5.6: Inferred non-linear dynamics of the nucleus for varying channel
widths (from left to right: 4µm, 7µm, 9µm). (A) The inferred deterministic
term Fw(xn, vn) within the experimentally sampled region (see Supplementary of
[135] for further details). The outer white region is not sampled in the experiments.
Right inset: Fw(xn, vn) for a channel width of 12 µm. (B) The difference between the
deterministic term Fw(xn, vn) and the reference term at 12µm (’Nuclear Confinement
Maps’). The black indicates an exemplary trajectory of a transitioning cell. (C)
Snapshots of the typical cellular morphology at different points during the transition
as indicated in (B). Figure adapted from [135].

more stationary behavior observed in the experimental trajectories at this channel
width. Although we observe both quantitative and qualitative differences among
the inferred deterministic terms Fw(xn, vn) of the underdamped Langevin dynamics
(see Figure 5.6A), discerning a clear signature of increasing confinement through
simple visual comparison proves challenging. To facilitate a clearer visualization of
the influence of nuclear deformations on the non-linear dynamics, we compute the
difference ∆Fw = F 12µm - Fw for comparison with the channel width w = 12 µm,
below which notable nuclear deformations emerge. This comparison, termed ’Nu-
clear Confinement Maps’ (NCM), offers enhanced clarity for interpreting the effects
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of nuclear deformations on migratory behavior.
Across all three examined channel widths, the NCMs exhibit several shared qual-
itative attributes: A cell traversing along a typical trajectory from the left to the
right chamber (depicted by the black line in Figure 5.6B, center) starts in a region
characterized by ∆Fw > 0 (circle in Figure 5.6B and C). In prior investigations, it
was established that on 2D micropatterns, increased confinement of the protrusion
stimulates enhanced protrusion growth, consequently resulting in stronger accelera-
tions of the nucleus towards the channel [116]. This distinct region of ∆Fw > 0 may
potentially signify the presence of this ’geometry adaptation’ mechanism within 3D
confinement as well. Upon narrowing the channel, the nucleus transitions into a
region of ∆Fw < 0 in the NCM (indicated by the triangle in Figure 5.6B and C).
Given that the region of ∆Fw < 0 corresponds to the point where further migration
necessitates substantial nuclear deformations, it is plausible that this characteristic
of the NCM arises from an effective deformation energy barrier hindering entry into
the channel. Subsequently, as the nucleus is guided into the channel, a subsequent
region of acceleration is observed (square in Figure 5.6B and C), consistent with the
elastic release of tension accumulated during the previous deformation step. Upon
achieving sufficiently high velocities, cells traverse through another region character-
ized by ∆Fw < 0 (star in Figure 5.6B and C) as they exit the channel. Overall, the
NCMs reveal a distinct qualitative signature of 3D nucleus confinement, suggesting
that elastic nucleus deformations influence transmigration dynamics.

5.4 Discussion

In this chapter, we introduced a novel experimental approach utilizing hydrogel-
based systems to investigate high-throughput 3D confined cell migration. This
methodology builds upon the two-state system by Brückner et al. [23] for explor-
ing confined cell migration in two dimensions. The fabrication process relies on
maskless photolithography of PEG-NB hydrogels, offering a high versatility of the
final experimental setup. Variation in the hydrogel composition, particularly the
total concentration of PEG-NB and the off-stoichiometric ratio of the crosslinker,
enables manipulation of the elasticity and swelling characteristics of the polymer-
ized hydrogel. This allows us to mimic diverse physiological extracellular matrices.
Moreover, the utilization of maskless photolithography enables for the polymeriza-
tion of basically any desired pattern with a resolution of up to 2 µm. Additionally,
incorporating fluorescent nanobeads within the hydrogel can serve as a readout for
forces exerted on the hydrogel by cell nuclei traversing narrow constrictions, a topic
that will be thoroughly discussed in chapter 6 focusing on the mechanical properties
of the cell nucleus.
To investigate the role of the nucleus in confined cell migration, we conducted high-
throughput time-lapse experiments under consistent conditions, varying only the
width of the constriction. With these experiments, we examined the repeated self-
imposed migration of individual cells through compliant 3D channels, a process
requiring robust and reversible nuclear deformations, particularly at narrow chan-
nel widths. The physical constrictions present in the channel exert a multifaceted
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influence on cell dynamics. On one hand, in the CEM regime, the transition rate
increases, while on the other hand, in the CRM regime, the transition rates sharply
diminish due to the requisite nuclear deformations required by constrictions nar-
rower than the nuclear diameter. In this context, we elucidated the dynamics of
the migrating cell nucleus along its longitudinal axis through the underdamped
Langevin equation. To gain insights into how 3D confinement, particularly nuclear
deformations, impact non-linear migration behavior, we focus on channel widths
equal to or less than 12 µm. Within this range, we compute ’Nuclear Confinement
Maps’ which illustrate a notable deceleration during the nucleus entry phase into
the channel, succeeded by an acceleration upon exiting the channel. These maps
highlight a clear qualitative signature of 3D nucleus confinement, suggesting that
elastic nucleus deformations influence transmigration dynamics. To comprehensively
understand these non-linear migration dynamics, it is necessary to investigate nu-
clear mechanics and deformation during transmigration and subsequently construct
a bottom-up mechanistic model capable of explaining the observed effects of 3D
confinement.
In summary, this innovative experimental platform presents versatile opportunities
for investigating physically constrained cell migration in a high-throughput manner.
In this study, statistical data were collected from hundreds of cells. The well-defined
structures within the hydrogel layer effectively confine cells within the cavities, fa-
cilitating straightforward migration analysis. The feasibility of employing different
ECM protein coatings on the substrate is highlighted by additional experiments,
which reveal qualitatively consistent bi-phasic behavior in cellular transition rates.
For future research, fabricated PDMS stamps with varying dimensions to produce
hydrogel layers with increased thickness could be used to study the interactions of
multiple cell layers in confinement. However, a future challenge would be to adapt
these experimental systems to mimic full 3D confinement. Currently, cell adhe-
sion and migration are restricted to two dimensions along the substrate, and the
dumbbell-shaped cavities lack a ceiling. Therefore, further system improvements
could include incorporating an additional step in the fabrication process to embed
the seeded and adhered cells in another ECM component such as Matrigel, or ex-
ploiting the functionality of PEG-NB hydrogels by incorporating RGD ligands to
facilitate cell adhesion to the walls of the narrow channels. However, a potential
drawback of this approach is the risk of cell escape from the cavities, which could
be mitigated by sealing the cavities with a coverslip containing a thin layer of the
same PEG-NB hydrogel composition, thus providing consistent conditions for the
cells in all three dimensions.
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6. Mechanical Properties of Cell
Nuclei in Compliant Constric-
tions

In the previous chapter, we conducted an analysis of cell dynamics within compli-
ant 3D hydrogel cavities across a wide spectrum of confinement widths, revealing
a bi-phasic behavior in transition rates that peaks approximately at the nuclear
diameter. These findings, consistent with previous investigation, highlight the sig-
nificance of the nucleus in cellular behavior, particularly concerning its mechanical
characteristics [26]. The nucleus exhibits considerable variability in size and shape
across different cell types, influencing its response to mechanical stimuli. Larger
nuclei generally exhibit more resistance to deformation, while nuclei with elongated
or irregular shapes may display distinct mechanical behaviors when subjected to
external forces. The stiffness of the nucleus is predominantly determined by fac-
tors such as the composition and organization of the nuclear envelope, chromatin
structure, and nuclear lamina (see section 2.3) [128, 235]. A stiffer nucleus resists
deformation more strongly, impacting cellular responses to mechanical cues and the
ability to migrate through confined spaces.
Additionally, the nucleus demonstrates viscoelastic properties, displaying both elas-
tic and viscous responses to applied forces over time. This viscoelastic behavior
arises from complex interactions among nuclear components, including the nuclear
envelope, chromatin, and nucleoplasm [24, 236]. Viscoelasticity influences the nu-
clear capacity to deform and regain its original shape during cellular processes such
as migration and mechanotransduction [237]. Notably, a significant viscous response
may lead to a memory effect, wherein the nucleus retains a degree of deformation,
potentially influencing subsequent migration behaviors. Furthermore, the nuclear
lamina plays a pivotal role in determining the mechanial properties of the nucleus by
providing structural support [29, 238]. Disruptions to the nuclear lamina can alter
the viscoelastic behavior of the nucleus, thereby affecting cellular functions such as
migration and gene expression.

In this chapter, we analyze the mechanical properties of the nucleus to gain deeper
insights into its role as a limiting factor. Initially, we analyze the nuclear shapes dur-
ing its transmigration within the 3D-dumbbell cavities and its subsequent recovery,
aiming to elucidate the viscoelastic characteristics of MDA-MB-231 cell nuclei. Fur-
thermore, we quantify the comprehensive 3D deformation of the nucleus throughout
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the transition process by employing confocal microscopy to capture 4D movies, al-
lowing for the determination of the nuclear volume at each time point. This dataset
facilitates the computation of the nuclear Poisson ratio, a key metric for assessing
nuclear elastic properties. To determine whether the nuclear mechanical proper-
ties are influenced under strong confinement, we measure the forces exerted on the
channel walls by transitioning cells. To achieve this, we analyze the indentation of
the soft hydrogel walls during transitions by tracking the displacement of fluores-
cent beads embedded within them. The magnitude of these forces is estimated by
using the maximum bead displacement in the PEG-NB hydrogel, with the Young’s
Modulus independently determined via AFM. This chapter is largely based upon
the publication by Stöberl et al. [183].

6.1 Nuclear Shape Recovery of a Cancerous Cell

Line

To further investigate the role of nuclear mechanical properties as suggested by the
NCMs in the previous chapter, we analyze the nuclear deformations induced by
confinement within a channel. The goal was to obtain insights into the viscoelas-
tic characteristics of the nucleus, potentially indicative of cellular memory effect
influencing repetitive cell transitions. To this end, we quantified the morphologi-
cal changes of cell nuclei using the obtained 2D time-lapse microscopy data. The
nuclear morphologies were characterized by their aspect ratios, defined as the ra-
tio of the x-dimension to the y-dimension of the nucleus, across varying channel
widths. Subsequently, to group aspect ratios across all cells within specific channel
widths, cellular orientation was standardized to depict migration from left to right,
consistent with the observed migration direction in Figure 6.1A. This separation
facilitated the distinction between pre- and post-transmigration nuclear shapes.
This allows the analysis of nuclear recovery following transmigration and its cor-

relation with constriction width. The findings indicate that in wide constrictions,
the nucleus undergoes minimal deformation during cell confinement, as depicted by
the dark blue curve. However, this slight deformation is noteworthy considering
the confinement width of 20.0 µm significantly exceeds the mean nuclear diameter
of 11.6 µm. This suggests that even in the absence of physical confinement, forces
act upon the nucleus, resulting in its slight elongation during cell transmigration
through wide constrictions. With continuous narrowing of the channel, the corre-
sponding aspect ratios of cell nuclei steadily increase upon entry into the channel.
Ultimately, for a channel width of 4 µm, the resultant aspect ratio of deformed
cell nuclei within the channel nearly doubles compared to the unconfined scenario.
Furthermore, upon exiting the constriction, nuclear recovery occurs, leading to the
observation that nuclear shapes before and after the transition appear identical (
see Figure 6.1A). To achieve this, we analyzed nuclear morphology at intervals of
10 minutes, corresponding to the temporal resolution of the conducted time-lapse
experiments. Analysis started at the time point when the cell nucleus remained
fully confined but about to exit the channel. Interestingly, nuclear morphology
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Figure 6.1: Aspect ratio of the nucleus for different channel widths. (A) As-
pect ratio as a function of nuclear position. Cellular orientation is standardized such
that migration ocurs from left to right. Grey dashed lines indicate the boundaries
of the channel, while grey dotted lines indicate the onset of nucleus entry (left) and
complete exit (right). (B) Nuclear shape recovery post-transition. Figure adapted
from [135].

rapidly recovers to its original rounded form across the entire range of confinement
widths investigated in the experiments. The relaxation time of nuclear shape is
approximately 20 minutes post-exit from the channel. Additionally, the width of
confinement appears to influence nuclear recovery; wider channels yield a relaxed
nucleus with an aspect ratio of approximately 1.4, whereas the narrowest channel
results in an aspect ratio of around 1.6 (see Figure 6.1B). These findings suggest
that the nucleus of MDA-MB-231 cells exhibits viscous properties. However, this
observation implies that within the relevant timescales of our system (hours), nu-
clear response is predominantly elastic, consistent with the dynamics elucidated in
the previous chapter.

6.2 Quantitative Nuclear Volume Analysis

To quantify comprehensive 3D nuclear deformations during transition events, con-
focal microscopy was employed (see Figure 6.2). Subsequently, cells were examined
within dumbbell-shaped cavities via acquisition of 4D movies. At 10-minute in-
tervals, complete z-stacks of the corresponding cells were captured. Utilizing the
’arivis 4D’ rendering software (Zeiss), nuclear volume and ellipsiodal main axis were
determined. Interestingly, over the experimental duration, a continuous increase of
nuclear volume in both relaxed and compressed states was observed on longer time
scales. This trend corresponds to a cell growth rate of 1.1 ± 0.2 %

h
(see Figure 6.2A

(i)-(iii)). To investigate the overall trend of increasing nuclear volume over time (see
Figure 6.2), control experiments involving MDA-MB-231 cells confined within large
hydrogel cavities lacking constriction (50x50 µm2) were conducted, yielding a com-
parable nuclear growth rate of 1.0 ± 0.5 %

h
(see Figure 6.2B (i)-(iii)). Remarkably,

examination of the slopes in Figure 6.2A(ii) reveals a notable difference between the
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slopes of unconfined states on the island and confined states within the channel.
This difference indicates that nuclear volume may not completely restore following
cell exit from the channel, potentially explaining the observed flat slope in uncon-
fined states. However, further analysis is required to determine the significance of
this phenomenon.
Overall, these evaluations of nuclear volume indicate no significant differences in

Figure 6.2: Analysis of nuclear volume alterations over time. (A) Exami-
nation of cells within dumbbell-shaped cavities reveals notable fluctuations in nor-
malized cell volume contingent upon nuclear positioning within the dumbbell struc-
ture. Exemplary trajectories depicting nuclear volume variations for cells positioned
within dumbbell structures are presented in (i)-(iii). (B) Observation of cell nuclei
within hydrogel cavities where cells do not encounter constrictions unveils a consis-
tent increase in normalized cell volume over time. Trajectories illustrating variations
in nuclear volume for cells located within hydrogel cavities without constrictions are
shown in (i)-(iii). Figure adapted from [135].

the rate of nuclear growth between confined and unconfined conditions. Conse-
quently, the observed increase in nuclear volume over time can be attributed to
cellular growth processes.
On shorter timescales, a transient reduction in nuclear volume, up to 11% de-

pending on channel width, is observed upon nuclear entry into the channel. This
phenomenon recurs during subsequent transitions. The volume alteration of a ma-
terial under compression can be quantified by the Poisson ratio ν, where ν = 0.5
denotes an incompressible material, and values below 0.5 indicate volume reduction
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Figure 6.3: Poisson ratio of MDA-MB-231 cell nuclei. (A) Quantitative anal-
ysis of nuclear volume was conducted utilizing confocal z-stacks captured over a
20-hour period. The nuclear volume demonstrates a decrease under confinement
(ii) compared to an unconfined state (i) and (iii). Data acquisition was faciliated
by the ’arivis 4D’ software. (B) The relative volume change of the nucleus under
confinement by channels of varying widths (mean±SD, n5µm = 3; n8µm = 4; n10µm =
4 from three biological replicates for each channel width) and fit of an elastic model
to derive the Poisson ratio ν of the nucleus (blue line). Figure adapted from [135].

under compression. In the following, we employ the Poisson ratio expression from
Eq. (2.22) as the basis for curve fitting to determine the Poisson ratio, utilizing ex-
perimental data of relative volume and relative length changes of nuclei for varying
channel widths (see Figure 6.3A). For instance, when a cell transmigrates through a
9 µm wide channel, the nuclear volume decreases from 1356 µm3 in the relaxed state
on the island with a nuclear width of 13 µm to 1256 µm3 and a reduced diameter
of 9 µm upon full confinement within the channel. Similarly, for a channel width
of 5.6 µm, the nuclear volume decreases from 1792 µm3 to 1600 µm3 with an initial
nuclear width of 10.2 µm. To determine the standard deviation of the Poisson ratio,
error propagation is computed using the variance formula:
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we then calculate the standard deviation (SD) of νn, which is given by
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This methodology enables the determination of the Poisson ratio of cell nuclei under-
going transmigration through compliant hydrogel channels, closely mimicking phys-
iological scenarios wherein cells migrate spontaneously through narrow constriction.
A Poisson ratio νn for MDA-MB-231 cell nuclei is derived, yielding νn = 0.40±0.02,
independent of channel width (see Figure 6.3B). These findings, together with nu-
clear shape analysis, suggest that within our experimental framework and relevant
timescales, the nucleus exhibits behavior characteristic of a compressible elastic ma-
terial, as indicated by a Poisson ratio distinct from 0.5.

6.3 Analysis of the Indentation of Hydrogel Walls

To determine the potential impact of strong confinement on nuclear elastic prop-
erties, we conducted experiments to measure the force exerted on channel walls by
transitioning cells. In this study, we fabricated softer dumbbell-shaped cavities with
a total concentration of PEG-NB of 3 mM and an off-stoichiometric crosslinker ratio
of 0.4 to enable significant deformation of the hydrogel walls during cell transmigra-
tion. The deformation of the soft hydrogel walls during cell transition was analyzed
by tracking the displacement of fluorecent nanobeads embedded within the hydro-
gel matrix (see Figure 6.4A). Quantitative analysis of visible gel deformation was
performed using the Python package TrackPy [239] to track the positions of the flu-
orescent marker beads. An exemplary displacement field is depicted in Figure 6.4A,
where arrow length and color denote the magnitude and direction of displacement
from the neutral position, scaled up twenty-fold for visualization purposes. To inves-
tigate the role of friction in this system, observed bead displacements were decom-
posed into components perpendicular and parallel to the migration direction. The
angle ϕ between the perpendicular displacement δp and tangential displacement δt
relative to the migration direction was calculated for further analysis.

ϕ = arctan

(
δp
δt

)
. (6.6)

The obtained median angle of 92.2° indicates that, within our detection limit, we
do not observe tangential components, a finding consistent with the non-adhesive
characteristics of the PEG-NB based hydrogel (see Figure 6.4B).

In order to assess the normal forces exerted by the nucleus as determined from
bead displacement experiments, supplementary AFM experiments were conducted
to determine the stiffness of both the hydrogel and the cell nuclei. Two distinct
compositions of the hydrogel were investigated: a stiff composition comprising 5mM
PEG-NB with a crosslinker ratio of 0.8, and a soft composition comprising 3mM
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Figure 6.4: Analysis of the bead displacement. (A) Representative image of the
fluorescently labeled nucleus of an MDA-MB-231 cell traversing the soft PEG-NB
hydrogel channel. The displacement field of fluorescent beads incorporated into the
hydrogel is visualized with color-coded arrows. (B) Assessment of bead displacement
angles: The median displacement values along both the vertical and horizontal axes
relative to the hydrogel wall surface (Box plot (n = 500) with whiskers extending
to ± 1.5×IQR). Figure adapted from [135].

PEG-NB with a crosslinker ratio of 0.4. The stiff composition is employed to gen-
erate hundreds of trajectories analyzed in the previous chapter, whereas the soft
composition is employed to evaluate the forces exerted by the nucleus on the hy-
drogel. The Young’s moduli for these hydrogel compositions were measured at 23
kPa across 1465 locations and 3 kPa across 1256 locations, respectively. These val-
ues are consistent with established ranges for PEG-NB hydrogels [184], emphasizing
the physiological relevance of PEG-NB in mimicking various biological tissues. The
median Young’s modulus for the cell nuclei was determined to be 368 Pa, based on
measurements taken at 1920 different positions across 20 cells. These findings are
in agreement with published data for the MDA-MB-231 cell line. As illustrated in
Figure 6.5, the cells under examination were observed to remain adherent to the
bottom of the Petri dish during the measurement process, rather than undergoing
constriction-induced deformation, indicating their migration behavior.

To assess the measured normal forces exerted by the nucleus, we adapted a classical
Hertz’ model to describe gel deformation, relying on the displacement of fluorescent
nanobeads tracking the hydrogel deformation. The hydrogel exerts opposing force
against an indenting sphere in accordance with Hertz’ force, as expressed by the
following equation [203,240]:

fh(δ) =
4

3

Eh

1− ν2
h

√
Riδ

3/2 (6.7)

In this context, δ represents the extent of indentation into the hydrogel wall, while
Ri denotes the initial radius of the unsqueezed cell nucleus. Eh and νn stand for the
Young’s modulus and Poisson’s ratio of the hydrogel, respectively.
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Figure 6.5: Stiffness measurements of hydrogel and cell nuclei performed
with an AFM. (A) Evaluation of hydrogel stiffness measuring the interaction be-
tween two dumbbell structures, considering diverse compositions of the hydrogel
(Box plot (nsoft = 1465; nhard = 1256) with whiskers extending to ± 1.5×IQR). (B)
Stiffness measurement of the nuclei in MDA-MB-231 cells (Box plot (n = 1920) with
whiskers extending to ± 1.5×IQR). Figure adapted from [135].

Furthermore, we have developed a theoretical framework to compute the expected
indentation of the hydrogel induced by a traversing cell. To this end, we employ a
basic Hertz model, wherein a compliant sphere experiences compression between two
compliant half-spaces (Figure 6.6). Considering the equilibrium established between
the sphere and the confining material, it is reasonable to deduce that the hydrogel
wall experiences a force similar to that exerted by a rigid sphere (see Figure 6.6A).
Simultaneously, the nucleus is conceptualized as a sphere undergoing compression
between theoretically infinitely rigid boundaries (see Figure 6.6B). In conclusion, the
equation governing the force exerted by the nucleus when compressed to a length of
α is as follows [240]:

fn(α) =
4

3

En

1− ν2
n

√
Rα3/2 (6.8)

The opposing force exerted by the hydrogel against a sphere indenting by δ, denoted
as Fh is described by Eq. 6.7. In this context, Ri represents the initial radius of the
cell nucleus (prior to compression), while R denotes the radius under compression.
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Figure 6.6: Schematic visualization of the relevant contact mechanics se-
tups. (A) A rigid sphere is subjected to indentation within an elastic half-space.
(B) An elastic sphere undergoes compressive deformation when confined between
two rigid boundaries. (C) A deformable sphere experiences squeezing between two
compliant half-spaces. (D) An illustrative depiction demonstrating the anticipated
state of equilibrium between a soft sphere and a flexible half-space. Figure adapted
from [135].

The equilibrium of the system, where these two forces are balanced, determines
the expected displacement. To determine this equilibrium, the indentation of the

hydrogel is expressed as δ =
(
h
2
− hi

2

)3/2
, and the length of the compressed nucleus

as α =
(
Ri − h

2

)3/2
. By equating these two forces (Figure 6.6C and D), the following

equation is derived:
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2

)
(6.9)

We consider the mechanical characteristics of both the hydrogel and nucleus. The
Young’s modulus and Poisson’s ratio of the hydrogel are denoted as Eh and νh, while
those of the nucleus are denoted as En and νn respectively. The initial height of
the constriction, labeled as hi, signifies the separation between the hydrogel walls
in the absence of a cell. Correspondingly, the initial radius of the cell nucleus,
denoted as Ri, represents its dimension when not subjected to constriction. Upon
the presence of a cell within the constriction, the separation between the walls h
or the diameter of the nucleus alters. In cases where the hydrogel and the nucleus
possess comparable stiffness properties and the constriction width is sufficiently
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narrow, a notable difference between the initial height hi and the final height h
may be observed. This difference occurs due to the displacement of the hydrogel
induced by a displacement value δ. The displacement can be determined by solving
the following equation.

δ =
h

2
− hi

2
=

(
En

1− ν2
n

)2/3

(
Eh

1− ν2
h

)2/3

+

(
En

1− ν2
n

)2/3

(
Ri −

hi

2

)
(6.10)

This equation describes the anticipated deformation of the hydrogel when a cell nu-
cleus is squeezed inside a hydrogel constriction.
Collectively, the normal forces exerted by the nucleus, as inferred from the bead

Figure 6.7: Contact forces exerted from the nucleus to the hydrogel walls
as a function of channel width. The normal forces were evaluated as a function
of channel width, derived from the observed bead displacement (shown as black
dots). For comparison, the expected forces are shwon in purple based on a Hertz
model utilizing independently measured Yong’s moduli of both the hydrogel and cell
nucleus (shaded area represents one standard deviation). Figure adapted from [135].

displacement experiments with the experimentally determined Young’s moudulus,
exhibit a non-linear increase with increasing confinement (see black dots in Fig-
ure 6.7). To facilitate comparison, we anticipate the contact forces through a the-
oretical model based on the modified Herzt model derived from Equation 6.10. In
this context, a compliant nucleus, symbolized as an elastic sphere possessing the
experimentally determined Poisson’s ratio (νn = 0.40) and a Young’s modulus (En

= 368 Pa) (see Figure 6.3), indents a compliant wall characterized by an indepen-
dently measured Young’s modulus (Eh = 3 kPa) obtained via AFM in the absence
of confinement (see purple curve in Figure 6.7). The alignment between the esti-
mated forces exerted by the nucleus onto the hydrogel walls and the predictions of
the adjusted Hertz model suggests that the elastic properties of the nucleus remain
relatively unchanged during cellular transmigration through a 3D constriction.
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6.4 Discussion

In this chapter, we analyze the mechanical properties of the nucleus to attain a
deeper understanding of its role as a constraining factor governing cell migration.
Initially, we investigated the viscoelastic characteristics of the nucleus of MDA-MB-
231 cells. To accomplish this, we utilized 2D time-lapse microscopy datasets to
quantify the morphological changes of nuclei during transmigration through con-
strictions. Our findings indicate that, within the relevant temporal scales of our
investigation, the response of the nucleus is predominantly elastic. This observation
aligns with the dynamics elucidated in the previous chapter, wherein no evidence of a
memory effect associated with multiple transmigration of cells through constriction
was observed. Nonetheless, our results imply that the width of the confinement ex-
erts an influence on nuclear recovery, as the recovered nuclear morphologies exhibit
variation contingent upon channel width. This aspect requires further investiga-
tion in subsequent studies, which may involve modifications to the experimental
framework such as altering the dimensions of the dumbbell-cavities, or studies using
alternative cell lines characterized by nuclei with more pronounced viscous proper-
ties.
Additionally, we explored the nuclear volume utilizing 4D confocal imaging tech-
niques. Our findings indicate that the nuclear volume exhibits a progressive in-
crease over time, independently of the presence of confinement, attributable to cel-
lular growth. This observation is consistent with previous investigations concerning
nuclear size [241, 242]. Across various cell sizes, the nuclear volume and cell vol-
ume correlate. Jorgensen et al. suggests a consistent increase in nuclear volume
concurrent with cell volume increase, particularly during DNA replication in the
S phase [241]. Similar observations of gradual nuclear enlargement during the cell
cycle has been reported in HeLa cells [243]. Collectively, these findings suggest that
nuclear volume is not solely determined by DNA content.
However, over shorter timescales, there is a significant reduction in nuclear volume,
up to 11%, observed when cells undergo deformation while traversing narrow con-
strictions. These alterations in nuclear volume during confinement are of particular
interest, as it has been proposed that changes in nuclear volume may occur in re-
sponse to imbalances in inward and outward pressures, potentially facilitating fluid
flow into or out of the nucleus through nuclear pore complexes embedded within the
nuclear envelope [32, 244]. However, experimental validation of compressibility has
been challenging [20]. Based on these observed volume changes, a Poisson’s ratio
for cell nuclei of νn = 0.40 was determined.
Another interesting observation is the difference in slope between confined and un-
confined states. The relatively flatter slope in the unconfined state suggests incom-
plete recovery of nuclear volume upon cell exit from the channel. Consequently,
further investigations are required to determine the statistical significance of this
observation, given that only one cell in our study exhibited this behavior.
Moreover, we employed the versatile PEG-NB hydrogel assay to experimentally
assess the contact forces exerted by cells as they undergo deformation while travers-
ing narrow constrictions. This approach enables us to investigate whether strong
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confinement influences the elastic properties of the nucleus. Soft hydrogels were
fabricated to facilitate detection of deformation in the corresponding hydrogel walls
during cell transmigration through narrow channels. Additionally, fluorescent beads
incorporated within the hydrogel served as means to quantify cellular forces ex-
erted onto the hydrogel wall. Our findings suggest that, within our experimental
setup, friction can be neglected due to the orientation of the bead displacement vec-
tors. The experimentally determined normal forces exerted by the nucleus exhibit a
non-linear increase with increasing confinement. Interestingly, comparison of these
forces with contact forces predicted by the modified Hertz model, computed us-
ing an independently measured Young’s modulus of unconfined cell nuclei, reveals a
similar non-linear increase with increasing confinement. Prior investigations have in-
dicated that certain cell lines actively modulate their nuclear stiffness under confine-
ment [245, 246]. Thiam et al. demonstrated that dendritic cells migrating through
narrow constrictions accumulate F-actin around the nucleus, leading to disruption
of lamin A/C and subsequent nuclear softening [245]. However, our experimental
and theoretically predicted results demonstrate a consistent trend, suggesting no
evidence of nuclear mechanical adaptation effects, such as nuclear softening, within
the timescale of our experimental system. Nevertheless, this area requires further
investigation. For instance, utilizing cells labeled with an F-actin lifestain in con-
junction with an adapted experimental setup involving elongation of the channels
in the dumbbell-shaped cavities could provide valuable insights.

In summary, this chapter presents a comprehensive characterization of the mechani-
cal properties of the cell nucleus in MDA-MB-231 cells, offering deeper insights into
the cellular migration mechanisms during confined migration. The methodologies
employed to obtain these mechanical properties introduce novel approaches, high-
lighting the versatility of the PEG-NB based dumbbell-shaped experimental assay.
Particularly noteworthy is the integration of confocal microscopy to analyze changes
in nuclear volume over time during multiple transmigrations through confinement,
as well as the use of embedded fluorescent nanobeads to investigate potential alter-
ations in nuclear elastic properties under conditions of strong confinement. These
methodologies offer promising possibilities for adaptation and utilization in future
work.



7. Adaptive Cellular Force Genera-
tion in Physical Confinement

In the previous chapter, we analyzed the mechanical properties of the cell nucleus to
gain a more profound understanding of its role as a rate-limiting factor in confined
migration. A fundamental aspect in this context is how cells generate sufficient forces
to facilitate the translocation of their nuclei into constraining environments. Both
pulling and pushing forces have been evidenced to exert substantial influence on the
dynamics of confined cellular migration. Davidson et al. investigated the behavior
of embryonic mouse fibroblasts traversing narrow constrictions, indicating a strong
reliance on actomyosin contractile forces, generated predominantly in the front of
the nucleus [19]. Subsequent laser ablation experiments, targeting the cytoskeleton
in cells located within the confinement, served to validate the significance of pulling-
based migration. Laser ablation anterior to the nucleus induced significant rearward
cellular movement, contrasting with ablation performed at the cell’s posterior, which
failed to induce comparable foreward retraction of the nucleus. Furthermore, laser
ablation experiments conducted at the front, employing cells with disrupted LINC
complexes, revealed no significant rearward movement, highlighting the role of the
LINC complex in pulling-based migration. However, Thomas et al. investigated the
behavior of MDA-MB-231 cells within the same experimental framework, dissecting
the distinct contributions of myosin IIA and myosin IIB [33]. Interestingly, myosin
IIA exhibited preferential localization anterior, whereas myosin IIB exhibited pos-
terior localization. Notably, cells lacking myosin IIB displayed reduced migration
efficiency through confinement, indicating the pivotal role of rear-generated forces
in MDA-MB-231 cell migration.
Recent publications have performed a comprehensive investigation into the intricate
mechanisms underlying rear contractility-driven translocation [34, 35]. Keys et al.
categorized migrating cells into ’cortex-driven’ and ’non-cortex-driven’ migration
based on cellular morphology. Cortex-driven migration entails posterior pushing
forces, whereas non-cortex-driven migration relies on anterior pulling forces. Their
findings revealed that MDA-MB-231 cells predominantly migrate based on the non-
cortex mechanism in wide constrictions. Conversely, in narrow constrictions, the
predominant migration mechanism shifts towards cortex-driven processes, indicat-
ing an adaptive modulation of dominant force generation mechanisms. Overall,
these studies highlight the pivotal role of nuclear deformations in increased rear
contractility. This increased cortical contractility is postulated to be facilitated by
a mechanism wherein nuclear deformations trigger an elevated release of Ca2+ and



76 7. Adaptive Cellular Force Generation in Physical Confinement

subsequent cortical contractility [30,31].

In this chapter, we utilize the mechanical characterization of the nucleus to ob-
tain deeper insights into the cellular force generation during confined migration and
elucidate the impact of confinement levels therein. Here, we assess alterations in
nuclear morphology relative to their natural spherical shape across a broad spec-
trum of confinement widths, aiming to determine whether the nucleus is primarily
’pulled’ or ’pushed’. The nuclear dimensions in the two unconfined directions serve
as indication for the applied forces. To challenge our interpretation of nuclear mor-
phology, we selectively perturb this mechanism by targeting focal adhesions and the
LINC-complex separately. Additionally, we quantify cytosolic calcium levels under
various degrees of confinement to validate the recently proposed role of Ca2+ for the
generation of ’pushing’ forces. Lastly, we explore the concept of an adaptive force
generation mechanism by developing a model for cellular force generation during
confined migration. The key aspect of this model lies in the combination of two
confinement-dependent force generation mechanisms: pulling forces, stemming from
actomyosin contractility at the cell front, and pushing forces, modulated by cortical
tension at the rear.

7.1 Nuclear Shape Analysis Indicate Pulling and

Pushing Forces

To gain initial insights into the influence of external forces on the confined nucleus
located in the center of the channel, we quantify the deviation from isotropic (force
free) expansion of the nucleus when subjected to compression against the channel
walls. Employing the previously determined Poisson ratio of the nucleus, we utilize
the 2D time-lapse microscopy data to assess alterations in the x − z aspect ratios
(AR) as cells transition from a chamber to the channel (see Figure 7.1). In order
to derive an approximate expression for the dimensions of the compressed nucleus
under the influence of pulling and pushing forces along the x-direction, we initially
determine the shape of the unconfined nucleus when subjected to these forces. Sub-
sequently, we incorporate confinement-induced deformation in the y-direction along
with isotropic expansion in the x and z-direction.

The combined effect of pushing and pulling forces results in a strain uxx along the
x-direction. Subsequently, the strains in the orthogonal directions are determined
by the relationship [247]: uyy = −νnuxx and uzz = −νnuxx, where νn is the Poisson
ratio of the nucleus. For small deformations along the x-direction, the strains can
be as [248]: uxx = dx

x
, uyy =

dz
z
. To determine the induced deformations ∆y and ∆z

resulting from forces acting in the x-direction, we integrate the infinitesimal strains,
utilizing the relationship uyy = uzz = −νnuxx. This leads to the following expression:

∫ y0+∆y

y0

dy

y
=
∫ z0+∆z

z0

dz

z
= −νn

∫ x0+∆x

x0

dx

x
, (7.1)
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from which we derive:

y0 +∆y

y0
=

z0 +∆z

z0
=
(
x0 +∆x

x0

)−νn

. (7.2)

Expressing the deformation of the nucleus induced by the combined pulling and

Figure 7.1: Illustration of the nuclear dimensions (A) Nuclear dimensions on
the island and (B) in the channel. Figure adapted from [135].

pushing forces along the x-direction as ∆xforces, resulting in the new length of the
nucleus xforces = x0 + ∆xforces. We can utilize Eq. (7.2) to express the corresponding
nuclear dimensions in the perpendicular directions:

yforces = y0 +∆yforces = y0

(
1 +

∆xforces

x0

)−νn

(7.3)

and

zforces = z0 +∆zforces = z0

(
1 +

∆xforces

x0

)−νn

, (7.4)

where x0/y0/z0 represent the force-free width of the nucleus in the x/y/z-direction,
respectively. We now introduce the confinement effect imposed by the channel of
width w, such that the width of the nucleus within the channel becomes yc = w.
Consequently, the diameter of the nucleus in the other dimensions is determined as
follows:

xc = xforces

(
w

yforces

)−νn

(7.5)

and

zc = zforces

(
w

yforces

)−νn

. (7.6)

The aspect ratio between the two unconfined dimensions of the nucleus within the
channel can be expressed as:

ARconfined =
xc

zc
=

x0

z0

(
xforces

x0

)1+νn

. (7.7)
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In cases where the pulling force dominates over the pushing force, we expect ∆xforces

> 0 and thus ARconfined > x0/z0 = ARfree. Conversely, if pushing forces prevail over
pulling forces, we expect ∆xforces < 0 and hence ARconfined < ARfree. Accordingly,
we introduce the shape parameter ϵ defined as:

ϵ =
ARconfined

ARfree

=
(
xforces

x0

)1+νn

(7.8)

When ϵ > 0, pulling emerges as the predominant force governing nucleus transloca-
tion, while for ϵ < 0, pushing dominates. Nevertheless, direct experimental access
to xforces remains unavailable. To represent ϵ in terms of measurable quantities, we

utilize the relations xforces = xc

(
w

yforces

)νn
and yforces = y0

(
xforces

x0

)−νn
, yielding:
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and consequently:

ϵ =

[
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x0
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y0

)νn] 1+ν2n
1−ν2n

(7.10)

Using Eq. (7.10), we characterize the observed nuclear deformations experimen-

Figure 7.2: Nuclear shape analysis. The alteration in the nuclear aspect ratio
indicates either elongation (ϵ > 1) or compression (ϵ < 1) of the nuclear shape along
the migration direction, aligning with the prevailing mechanism of either pulling or
pushing-dominated translocation, respectively. Figure adapted from [135].

tally (see Figure 7.2). Values exceeding 1 indicate that under confinement, the
nucleus undergoes stretching along the migration direction, resulting in a more elon-
gated morphology than anticipated for isotropic expansion under lateral compres-
sion. Conversely, values below 1 indicate compression of the nucleus in the migration
direction, yielding a less elongated morphology compared to isotropic expansion. In



7.2 Perturbation of Pulling Force Generation 79

instances where nuclear deformations are absent (w ≥ 12 µm), ϵ initially increases
with increasing confinement width, reaching a maximum of 1.4 at a channel width of
12 µm. However, upon entering a regime where confinement induces notable nuclear
deformations (w < 12 µm), ϵ begins to decrease, eventually dropping below 1 for
channel widths less than 7 µm, reaching a value of 0.5 at a confinement width of
4 µm. Consequently, wild-type MDA-MB-231 cells exhibit a non-monotonic depen-
dence of the shape parameter ϵ on channel width, indicative of varying forces acting
on the nucleus with varying levels of confinement.
Based on our characterisation of the mechanical properties of the nucleus under con-
finement, we establish a correlation between variations in nuclear deformations and
alterations in the applied forces. We assume two primary components contributing
to these forces: a pulling force F pull generated in front of the nucleus and a pushing
force F push acting from its rear. Collectively, these forces yield a total deformation
force (F deform = (F pull - F push)/2) exerted on the nucleus in the direction of migration
(see Figure 7.2 inset). Further insights into the estimation of nuclear deformation
forces from experimentally observed nuclear shapes can be found in [135].
In scenarios where pulling forces predominate, a positive deformation force in the
migration direction leading to an elongated nucleus (ϵ > 1). Conversely, a dominant
contribution from pushing forces yields a negative deformation force, leading to nu-
cleus compression (ϵ < 1) (see Figure 7.2 inset). Therefore, our mechanical model of
the nucleus suggests that the shift in the nuclear deformation behavior with varying
channel widths can be interpreted as a transition from a migration regime primarily
driven by pulling forces in wider channels to one dominated by pushing forces in
channels narrower than 7 µm.

7.2 Perturbation of Pulling Force Generation

In order to generate pulling forces, cells rely on the transmission of forces between
focal adhesions located at the cell’s leading edge and the nucleus via actin fibers [20].
To challenge our interpretation of nuclear shape, we aim to selectively disrupt this
mechanism by targeting focal adhesions and the linkage between the cytoskeleton
and the nucleus separately. We expect that such interventions will result in reduced
pulling forces, thereby reflecting as reduced values of ϵ. To validate this reduction in
cell adhesion, we conducted experiments involving the transfection of MDA-MB-231
cells with GFP-labeled paxillin (see Appendix A for further experimental details).
Subsequently, these cells were seeded onto both fibronectin-coated and uncoated
dumbbell structures, followed by examination using confocal microscopy. Despite
the adhesive properties of the underlying COC-substrate of the microscopy slide,
cells are still able to migrate and adhere along the bottom of the dumbbell cavities.

The depletion of fibronectin experiments revealed that in both cases, cells about
to transmigrate through the channel and located in the chamber, show pronounced
focal adhesions in the case of fibronectin-coated dumbbell-structures whereas cells
adhered to the uncoated substrate lack focal adhesions (see Figure 7.3A). More-
over, we specifically targeted the LINC complex, comprising nesprin, SUN, and
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Figure 7.3: Inhibition of pulling forces. (A) Representative images depict
paxillin-GFP transfected MDA-MB-231 cells adhered onto substrate with fibronectin
coating ((i) and (ii)) and without fibronectin coating ((iii) and (iv)). In the presence
of fibronectin, paxillin is integrated into focal adhesion complexes, as indicated by
white arrows. (B) Illustration of the linkage between the cytoskeleton and nucleus
following cell transfection with DN-KASH. Representative images show a transfected
MDA-MB-231 cells expressing GFP-labeled DN-KASH and mCherry H2B (iii) - (v).
Figure adapted from [135].

lamin proteins (see section 2.3 for further details). A pivotal role of the LINC
complex is to tether the nucleus to the actin, microtubule, and intermediate fila-
ment cytoskeleton, thereby facilitating force transmission between the nucleus and
the cytoskeleton [249]. To disrupt the mechanical linkage between actin fibers and
the nucleus, we transfected MDA-MB-231 cells with GFP-labeled dominant negative
KASH (DN-KASH), a dominant negative protein that displaces endogenous nesprins
from the nuclear envelope, thereby disrupting nuclear-cytoskeletal connections (see
Figure 7.3B). The overexpression of DN-KASH disrupts the LINC complex by satu-
rating available binding sites at the nuclear envelope. The efficacy of the transfected
cells was assessed by evaluating the GFP fluorescence signal accumulated at the nu-
clear envelope (see Figure 7.3B(iv)).
To investigate the impact of interfering with pulling force generation, we conducted
further time-lapse microscopy experiments to obtain large amounts of data for an-
alyzing ϵ values by either using uncoated-dumbbell structures or DN-KASH trans-
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fected cells. Additionally, we assessed the effects on transition rates and nuclear
velocity within the center of the constriction. Both types of experiments were con-
ducted across the entire range of constriction widths (see Figure 7.4).
The transition rates observed in DN-KASH transfected cells and experiments con-

Figure 7.4: Effect of pulling inhibition on cell dynamics and nuclear shapes.
(A) Transition rates with reduced pulling forces. In both scenarios, wherein fi-
bronectin is absent (green) and the mechanical coupling between the cytoskeleton
and nucleus is disrupted (blue), cellular transition rates decrease compared to wild-
type cells adhered to fibronectin-coated substrates (black). Lower panel: nuclear ve-
locities under conditions of reduced pulling forces. Within the pushing-dominated
regime, nuclear velocities show small alteration in response to the absence of fo-
cal adhesions (green) or transfection with DN-KASH (blue). (B) Relative changes
in nuclear aspect ratios. Selectively interfering with cellular pulling forces results
in reduced ϵ values, particularly evident at wider channel widths. Figure adapted
from [135].

ducted on substrates lacking fibronectin coating exhibit significant reduction across
the entire range of constriction widths. This observation is particularly interest-
ing, as the inhibition of pulling forces also impacts cellular transmigration within
the pushing-dominated regime. Interestingly, nuclear velocity appears to remain
unaffected throughout the entire range of confinement. Although cells transfected
with DN-KASH exhibit a slight reduction in nuclear velocity across all channel
widths, cells migrating on uncoated substrates experience more pronounced re-
ductions in the pulling-dominated regime, with comparatively lesser effects in the
pushing-dominated regime.

Consistent with our expectation, both approaches aimed at disrupting pulling force
generation resulting in a less elongated nuclear morphology, reflected in lower ϵ val-
ues. Specifically, in the pulling-dominated regime, ϵ values are significantly lower
compared to wildtype MDA-MB-231 cells, whereas for constriction widths approxi-
mately equal to or less than the nuclear diameter, ϵ values appear to be similar.
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7.3 Quantification of the Cytosolic Calcium Lev-

els

Inhibition of pulling forces reduces transition across the entire spectrum of chan-
nel widths, even within the pushing dominated regime. This observations suggests
that, for cells to generate significant pushing forces, they must initially pull their
nucleus into the constriction, thereby inducing deformation. Subsequently, Keys et
al. demonstrated that pronounced nuclear deformation lead to the accumulation of
myosin II at the rear cortex. In contrast, in cells migrating through larger control
channels, myosin II localization was primarily observed at the front of the cell body
or the leading edge of the nucleus [34]. This accumulation of myosin II triggers in-
creased cortical tension, resulting in an osmotic pushing force that drives the nucleus
through the channel. Recent investigations have highlighted the crucial role of cal-
cium ions as a hallmark of this mechanism, as increased levels of Ca2+ are released
from the nuclear envelope upon complete unfolding induced by nuclear deformation
(see Section 2.2.3 for further details) [30,31]. To validate this mechanism within our
experimental system, we quantified cytosolic calcium levels across varying degrees
of confinement.
Hence, we employed the calcium indicator Calbryte520 AM, which was previously
utilized by Venturini et al. to investigate calcium levels in relation to unfolding of
the nuclear membrane [31]. Upon entry into the cell, Calbryte520 AM undergoes
hydrolysis by intracellular esterases, leading to its activation and responsiveness to
calcium. Subsequently, the activated indicator transforms into a polar molecule
incapable of freely diffusing through the cell membrane, effectively sequestering it
within the cell. Upon binding calcium ions, Calbryte520 AM generates a bright
fluorescence signal characterized by a high signal-to-background ratio. These ex-
periments involved fabricating dumbbell-shaped cavities within varying degrees of
confinement. Cells were seeded onto these structures and allowed to adhere be-
fore the addition of Calbryte520 AM. To assess cellular calcium levels, the calcium
signal was integrated across the entire cytosol (see Figure 7.5A), and the mean in-
tensity per pixel was determined. Remarkably, under conditions of strong nuclear
confinement, we observed significantly increased calcium levels compared to cells
migrating through wider channels. Conversely, regardless of channel width, cells
located within the chamber exhibited reduced calcium levels. This implies that
calcium levels undergo a transient increase only during nuclear deformation while
traversing the constriction. Overall, these findings support the release of calcium
from the nuclear envelope upon complete unfolding induced by nuclear deformation.

7.4 Modification of Actomyosin Contractility

Given that both pulling and pushing forces are contingent upon actomyosin contrac-
tility, we explore how the balance between these forces is modulated by actomyosin
contractility. To this end, we employ specific drugs to interfere with contractility.
First, we utilize the drug Y-27632, a selective inhibitor of Rho-associated protein
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Figure 7.5: Cytosolic calcium levels at different degrees of confinement. (A)
MDA-MB-231 cells with added Calbryte520 AM positioned within the dumbbell-
shaped cavities. Outlines of the cells indicate the integrated cytosol. (B) The
mean calcium intensity exhibits a significant increase in cells located within narrow
constrictions (1st column) compared to those in the chamber (2nd and 4th column)
and in wide constrictions (3rd column). Statistical analysis was performed using a
box plot (with n1 = 20; n2 = 20; n3 = 30; n4 = 20 from two biological replicates for
each condition), with whiskers extending to ±1.5 × IQR. Statistical significance was
determined using the Mann-Whitney-U test, with ***P < 0.001 and **P < 0.01.
Figure adapted from [135].

kinase (ROCK). ROCK serves as a pivotal regulator of the actin cytoskeleton and
cellular contractility. By impeding its activity, Y-27632 disrupts downstream sig-
naling cascades implicated in the organization of the actin cytoskeleton, thereby
reducing cellular contractility [250,251].
Furthermore, the inhibition of ROCK directly impedes downstream signaling and
activation of RhoA [252]. The effects of this inhibitor are directly visible in the al-
tered cellular morphology, characterized by the formation of thin and weak protru-
sions (see Figure 7.6A, top). Second, we employ Calyculin A, a selective activator
of contractility. Cellular myosin homeostasis is achieved by the balance between
phosphorylation-mediated activation and dephosphorylation-induced inactivation,
with the latter predominantly mediated by myosin light chain phosphatase (ML-
CPase), likely targeted to its site by other regulatory proteins [253–255]. Calcyulin
A, derived from the marine sponge Discodermia calyc, functions as an inhibitor
of serine/threonine phosphatases 1 and 2A, effectively blocking MLCPase activ-
ity [256]. Consequently, inhibition of MLCPase leads to sustained myosin activation
and increased phosphorylation levels [257]. Calyculin A exerts diverse effects on
non-muscle cells, predominantly attributable to its impact on myosin [258]. Thus,
Calyculin A activates actomyosin contractility, thereby promoting robust and per-
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Figure 7.6: Effect of increased and decreased actomyosin contractility. (A)
Cellular morphologies of Y-27632 and Calyculin A treated MDA-MB-231 cells. (B)
Both treatments shift the relationship between pulling and pushing forces, favouring
pushing forces compared to wildtype cells. (C) Transition rates observed in MDA-
MB-231 cells treated with Y-27632 a nd Calyculin A, as well as in wild-type cells.
(D) Nuclear velocities at the center of the channel in MDA-MB-231 cells treated with
Y-27632 and Calyculin A, alongside wild-type cells. Figure adapted from [135].

sistent cellular protrusions (see Figure 7.6A, bottom).

These drugs were added to the cells prior to the start of time-lapse imaging and
were maintained throughout the entire duration of the experiments (see appendix
A for further experimental details). Our analysis indicates that in both Y-27632
and Calyculin A-treated cells, the balance between pulling and pushing forces shifts
towards favoring pushing forces relative to wildtype cells across the entire spectrum
of confinement widths (see Figure 7.6B). These contradictory findings are difficult
to interpret, as both up- and down-regulation of actomyosin contractility appear to
promote pushing forces. To further validate the impact of these drugs on the cell
transmigration through the constriction, we assessed transition rates and nuclear
velocities across the entire range of confinement widths (see Figure 7.6C and D).
Irrespective of treatment conditions, cells exhibit a similar biphasic dependence on
channel width. Treatment with Y-27632 leads to an overall reduction in transition
rates compared to untreated cells. Nuclear velocities at the center of the channel
follow a similar trend as the transition rates. However, mechanistic interpretation
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of these results in terms of the interplay between pulling and pushing forces remains
challenging due to the multifaceted effects of these drugs on cellular physiology.

7.5 Mechanistic Model for the Adaptation of Cel-

lular Forces

We investigate the concept of an adaptive force generation by developing a model for
cellular force generation during confined migration. A pivotal aspect of this model
involves the integration of two confinement-responsive force generation mechanisms:
pulling forces, originating from actomyosin contractility at the cells’s leading edge,
and pushing forces, governed by cortical tension at the rear (see section 2.3 for de-
tails). We incorporate these mechanisms by extending a simplified dynamical model,
previously used to describe mesenchymal cell migration on 2D substrates [116], to
three dimensions (see section 2.2 for details) and accounting for nuclear deformations
under confinement. Our model comprises three degrees of freedom: the position of
the nucleus, the location of the cell’s leading protrusion, and a polarization param-
eter (see Figure 7.7A). The nucleus and protrusion are coupled via an elastic spring
with stiffness k.
We absorb the friction coefficients associated with both the nucleus and the protru-
sion into the respective spring constants, denoting the adjusted spring constants as
kn and kp, correspondingly. Previous studies have demonstrated that confinement
of the protrusion can enhance its growth [116, 117], a phenomenon we represent by
incorporating positive self-regulation on polarization under strong confinement (see
Figure 7.7A)(i)). Motivated by our experimental results presented in Figure 7.5 and
recent research indicating that nuclear deformations can induce an increase in corti-
cal tension via calcium ion release [30,31], we incorporate an augmentation in push-
ing forces in response to nuclear deformation (see Figure 7.7A(ii)). Furthermore,
we address the confinement of the nucleus by enhancing the effective nuclear drag
coefficient γn as the channel width decreases (see Figure 7.7A(iii)). Lastly, we model
the impact of elastic nuclear deformations by introducing a progressively increasing
elastic energy barrier with increasing nuclear confinement (see Figure 7.7A(iv)).
To allow a comparison to our experimental analysis of the nuclear shapes, we use our
mechanical model for nuclear deformations to relate the pulling forces, exerted by
the protrusion onto the nucleus, and the pushing forces in our model to nuclear de-
formation. In order to constrain the parameters of our mechanistic model, we simul-
taneously fit our model to several key experimental metrics: the deformation force
acting in the migration direction, the nuclear velocity in the center of the pattern,
and the transition rate. Our model offers a conceptual framework for interpreting
the biphasic dependence on channel width observed in both nuclear deformations
and migration dynamics. In the regime where channel widths exceed the size of the
nucleus (CEM-regime), stronger confinement leads to amplified polarization and
subsequent protrusion growth. Consequently, this results in a greater force pulling
on the nucleus from the front, resulting in elevated nuclear velocities and transi-
tion rates. Conversely, in the regime where channel widths drop below the nuclear
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Figure 7.7: Mechanistic model for the adaptation of cellular forces to the
degree of confinement. (A) Schematic representation of a simplified mechanistic
model depicting mesenchymal cell migration. The protrusion and nucleus are in-
terconnected via elastic coupling. (i) Protrusion growth is driven by a polarization
force, reflecting the internal organization of the cell, which intensifies under con-
finement. (ii) Furthermore, deformation of the nucleus enables the cell to exert a
pushing force directly on the nucleus itself. (iii) During passage through the chan-
nel, the nucleus encounters a resistance force that escalates with decreasing channel
width. (iv) Confinement-induced deformations lead to a force that pushes the nu-
cleus out of the channel. (B) - (D) Calibration of the mechanistic model to pivotal
experimental findings. Error bars: (B) Indicate one standard deviation. Error bars
in (C) and (D) associated with the y-axis denote the standard error, while those
associated with the channel width signify the standard deviation. Figure adapted
from [135].

width (CRM-regime), increased pushing forces from the cell’s rear yield a decreased
Fpull − Fpush, eventually reaching negative values. Despite the increased polariza-
tion and additional pushing force, amplified nuclear friction leads to a reduction in
predicted nuclear velocity within the channel. Additionally, the increasing elastic
energy barrier associated with nuclear deformations impedes nucleus movement into



7.6 Discussion 87

the channel, leading to a decline in transition rates (further information is shown
in [135]. To evaluate the predictive power of our model, subsequent to constrain-

Figure 7.8: Comparison of cell dynamics between simulation and exper-
iment. (A) Probability distribution of the nuclear position at varying channel
widths predicted from the mechanistic model (B), (C) Probability distributions of
the nuclear velocities at varying channel widths obtained experimentally (B) and
via simulations (C). Figure adapted from [135].

ing all parameters, we compute the probability distributions of nuclear position in
our simulations across various channel widths. The probability distribution of nu-
clear position shifts from a wide distribution at wider channel widths to a distinctly
double-peaked distribution in narrower channels, aligning semi-quantitatively with
our experimental findings (see Figure 5.4B and Figure 7.8A). In both, experiments
and simulations, nuclear velocity distributions peak at zero, independent of channel
width, yet exhibit reduced spread with decreasing channel width (see Figure 7.8B
and C). Moreover, our mechanistic model facilitates the linkage of features in the
NCMs to underlying cellular mechanisms (see section 5.3). To demonstrate this, we
analyze the effective underdamped nuclear dynamics of our model (see [135] for de-
tailed information). Mirroring the dynamics inferred from experiments, we observe
deterministic flow from one chamber to another, characterized by marked accelera-
tion within the channel. Additionally, our model successfully predicts the majority
of key features observed in NCMs. At the channel entrance, the elastic barrier as-
sociated with nuclear deformations generates a region of ∆Fw < 0, succeeded by a
distinct region of ∆Fw > 0 linked to the recoil of contractile actomyosin structures
in the protrusion and supplementary pushing forces acting on the nucleus. Subse-
quently, as the cell exits the channel, we note a deceleration region (∆Fw < 0) as
the nucleus catches up with the protrusion. In summary, our mechanistic model
illustrates that cells transition from a pulling-dominated to pushing-dominated mi-
gration to generate sufficient deformation forces under confinement. This model
not only explains the observed nuclear deformations but also provides a mechanistic
interpretation of effective cellular dynamics inferred from experimental data.

7.6 Discussion

In this chapter, we utilized the mechanical characterization of the nucleus from
the previous chapter to obtain deeper insights into cellular force generation dur-
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ing repeated self-imposed migration of single cells through compliant 3D channels.
Through this analysis, we examined nuclear deformation across various levels of
confinement, offering a quantitative assessment of the balance between pulling and
pushing forces, both of which have been qualitatively recognized as pivotal in con-
fined cell migration [19, 26, 33, 34]. Our results suggest an adaptation of cellular
force generation in response to confinement. Consequently, our mechanical nucleus
model suggests that the alterations in nuclear deformation behavior with varying
channel widths signify a transition from a regime dominated by pulling forces at
wider channel widths to one dominated by pushing forces at widths below 7 µm.

To challenge our mechanical nucleus model, we disrupted the pulling force mecha-
nisms in cells by depleting focal adhesions or disrupting the LINC complex, thereby
saturating available binding sites at the nuclear envelope. As expected, both in-
terventions led to less elongated nuclear shapes in the pulling-dominated regime,
consistent with prior laser ablation experiments [19]. Interestingly, these experi-
ments with reduced pulling forces also revealed a decrease in transition rates in the
pushing-dominated regime. However, once the nucleus traverse into the channel,
its movement appears relatively independent of the strength of the pulling force,
consistent with previous findings in the context of 3D confined cell migration [34].
Furthermore, we conducted experiments to validate another mechanism involved in
this adaptation of force generation, which is the increase in cytosolic calcium levels,
which leads to an up-regulation of cortical contractility in response to externally
induced nuclear confinement [30,31]. Our results demonstrate transiently increased
calcium levels for strongly deformed cell nuclei.

Furthermore, we manipulated the actomyosin contractility of MDA-MB-231 cells
utilizing inhibitors and enhancers of contractility, respectively. In contrast to find-
ings reported in a recent preprint by Keys et al., where inhibition of actomyosin
contractility favored pulling forces and enhancement favored pushing forces, our re-
sults indicate that pushing forces are favored in both cases [34]. We validated the
behavior of these drugs, Y-27632 and Calyculin A, by examining transition rates
and nuclear velocities, revealing distinct up- and down-regulation of cellular dy-
namics. However, the observed reduction in the nuclear shape parameter, ϵ, for
both drugs only signifies a relative alteration in the balance between pulling and
pushing forces, which could originate from a decrease in pulling forces or an in-
crease in pushing forces. Given that both forces are likely affected by the drugs
under consideration, formulating expectations for their effects on nuclear shapes is
challenging. Additionally, it remains unclear whether these drugs might have other
side effects that could impact the calculated ϵ values, such as altering the nuclear
Poisson ratio. Thus, further experiments, such as mechanical characterization of
the nucleus as conducted in the previous chapter for wildtype MDA-MB-231 cells,
would be necessary to gain a deeper understanding of the used drug effects.

Based on this experimental insights, we extended the mechanistic model for mes-
enchymal cell migration proposed by Flommersfeld et al. by incorporating adaptive
modulation of forces in response to 3D confinement [117]. The increase in push-
ing forces within confinement, along with elastic deformation of the nucleus and
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increased effective friction in the channel, explains both the observed nuclear de-
formations and the overall migration dynamics of the cells across a wide range of
channel widths. Overall, our findings contribute to a more comprehensive mecha-
nistic understanding of the complex interplay among confinement, the nucleus, and
the cytoskeleton during mesenchymal cell migration. This work suggests that the
force-generating cytoskeleton adapts by transitioning from pulling to pushing forces
to overcome constrictions. However, one limitation of our study is the focus on a
single cell line. Future research could explore additional cell lines with diverse me-
chanical properties to enhance the generality of our work. For instance, increased
nuclear plasticity could lead to memory effects, altering cellular dynamics or force
generation.
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8. Conclusion and Outlook

In this presented work, we employed photo-lithographic microfabrication to produce
artificial experimental assays utilizing synthetic PEG-NB hydrogels. These assays
were designed to investigate cellular migration behavior and nuclear mechanics
within precisely defined 3D confinement. The synthetic hydrogel’s modular
design facilitates the polymerization of synthetic cell environments, allowing for
the replication of a wide spectrum of native ECMs, ranging from relatively soft
brain tissue (0.1-1.0 kPa) [259] to stiffness levels similar to muscle tissue (8-17
kPa) [260]. Furthermore, the hydrogel can be customized through the integration
of small peptide sequences, promoting cell-hydrogel interactions in an otherwise
inert matrix. These adjustable properties make the hydrogel a valuable tool for
generating extensive datasets of cell trajectories, facilitating quantitative analyses
of cellular behavior under controlled and standardized conditions. Moreover, it
serves as an appropriate experimental platform for investigating nuclear mechanics,
such as nuclear stiffness, as cells navigate through compliant hydrogel channels.
This is achieved through the incorporation of tracer beads within the hydrogel,
which function as force sensors.
To investigate the invasive behavior of cancer cells, we fabricated micro-structured
clefts utilizing PEG-NB hydrogels. These hydrogel structures, termed as ’sponge
clamp’, are pressurized against each other and thus, forming compliant channels
for cell invasion. This experimental setup enables real-time imaging of the invasion
process and provides data on cell trajectories and velocities through image analysis.
Notably, this approach offers advantages over conventional invasion assays like
the Boyden chamber, which simply quantifies the total number of transmigrated
cells over a certain period of time. Our findings indicate distinct differences in
migration velocity among cell lines MDA-MB-231 and HT-1080 depending upon
constriction width and hydrogel stiffness. We hypothesize that MDA-MB-231 cells
are particularly responsive to variations in ECM stiffness compared to HT-1080
cells.
To gain further insights into the invasion behavior of specific cell lines, future
investigations could focus on quantifying hydrogel stiffness after the anisotropical
swelling within the channels. While the previously assessed hydrogel mechanical
properties using bulk measurements with a plate-plate rheometer, subsequent stud-
ies could employ passive micro-rheology. This approach could provide more precise
stiffness measurements within the channels, elucidating invasion dependency on
surrounding hydrogel stiffness. Besides the mechanical properties of the hydrogel,
the ’sponge clamp’ assay can also be adapted to other scientific questions by
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changing the ligands presented in the hydrogel composition. By including different
ligands, such as E-cadherins instead of integrin-targeting adhesive peptides, the
assay could simulate the endothelial barrier of blood vessels, enabling analysis of
cancer cell intravasation. This approach promises insights into a crucial aspect of
cancer metastasis.
In order to study repeated, self-imposed 3D confined cell migration, we introduced
a novel experimental assay distinct from the ’sponge clamp’, which is restricted
to study repeated migration due to the applied chemotactic gradient. This setup,
adapted from the two-state system proposed by Brückner et al. [23], facilitates the
exploration of 3D confined cell migration. The assay comprises 3D dumbbell-shaped
cavities embedded within a 20 µm thick layer of PEG-NB hydrogel, enabling high-
throughput cell migration experiments under controllable geometric conditions.
Our findings reveal a bi-phasic behavior of the cell dynamics to varying degrees of
confinement. In wide channels, both transition rates and nuclear velocities increase
with confinement, whereas migration under sub-nucleus confinement is impeded.
The complex impact of required nuclear deformations in narrow channels manifests
in varied cell dynamics, evidenced by deceleration during the entry phase, as
observed in acceleration maps inferred from nonlinear migration dynamics analysis
across varying channel widths.
While these results offer valuable insights into 3D confined cell migration, the
experimental platform offers diverse applications for future work. For instance,
functionalizing the surrounding hydrogel with ligands could enable cell adhesion
and thus, mimicking more physiological conditions. Another potential adaptation
involves pre-polymerizing a thin hydrogel layer with cell-adhesive ligands onto the
substrate. This would ensure consistent conditions for cells in all three dimensions
and enable traction force analysis via embedding fluorescent nanobeads into the
underlying hydrogel layer. Moreover, modifying properties of the dumbbell-shaped
cavities, such as dimensions or mechanical characteristics, holds promise. This
is particularly relevant in elucidating migration mode alterations in response to
constriction width and matrix stiffness, as demonstrated in previous research [261].
This could be of particular interest in combination with the underlying experimental
platform allowing for high-throughput data collection.
To obtain a deeper understanding of the role of the nucleus as a rate-limiting factor
in confined cell migration, we examined the mechanical properties of the nucleus
within the dumbbell-shaped cavities. Our investigation reveals a predominantly
elastic response of the nucleus, with no observed memory effect from repeated cell
transmigration. Additionally, we assessed nuclear volume changes during transmi-
gration using 4D confocal imaging, observing transient reductions in volume during
complete nucleus deformation within narrow constrictions. Our analysis yielded a
Poisson’s ratio of the nucleus of νn = 0.40. Generalizing this finding, analyzing
further cell lines could elucidate variations in nucleus compressibility. This would
prompt further examination of chromatin and A-type lamin organization, key
determinants of nuclear mechanical properties. Furthermore, we employed the
experimental versatility to assess the forces exerted by the nucleus on compliant
hydrogel walls by analyzing displacement fields of embedded fluorescent beads.
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Our results suggest a non-linear increase in nuclear deformation with increasing
confinement, consistent with prediction from a modified Hertz model assuming a
Young’s modulus for unconfined cell nuclei. The comparison of experimental and
theoretical results indicate no significant adaptation of nuclear mechanical proper-
ties under confinement. Interestingly, these findings diverge from previous work,
where strongly confined dendritic cells exhibited F-actin accumulation around the
nucleus, resulting in lamin A/C disruption and subsequent nuclear softening [245].
This discrepancy requires further investigation to validate whether it stems from
differences in cell lines or necessitates adjustments to our experimental setup. One
potential strategy to challenge our experimental approach could involve analyzing
bead displacement in the same dendritic cell line and applying the same analysis
procedures employed in our study.
Furthermore, we contributed to the ongoing debate within the cell migration
community, whether cells are pushed or pulled through constrictions. To address
this, we analyzed the nuclear shapes across a wide spectrum of confinement widths.
Our findings revealed transient deformations into oblate as well as prolate nuclear
shapes, suggesting adaptive adjustment in cellular force generation in response to
confinement. Specifically, pulling forces appear to dominate in wider constrictions,
whereas pushing forces are dominant in narrower constrictions. We challenged our
model by experimentally interfering with pulling forces and confirmed the increase
in cytosolic calcium levels induced by significant nuclear deformations, leading to
an increase of pushing forces. However, further experimental investigation into
the mechanisms underlying force generation would be enlightening. For example,
myosin II, a key player in both pulling and pushing forces, could provide deeper
insights into the proposed adaptive force generation in response to confinement.
Furthermore, our contradictory results from manipulating actomyosin contractility
require further analysis. Both inhibition and enhancement of contractility resulted
in a shift of force balance towards pushing, contrary to recent findings [34].
Subsequent investigations should include determining the mechanical properties of
treated cells to comprehend the full effects of these drugs. Moreover, exploring
these mechanisms in other cell lines with varying mechanical properties is essential,
as increased nuclear plasticity could induce memory effects, thereby altering force
generation. In sum, our work adds to this ongoing debate by providing evidence,
that the force generating cytoskeleton adapts by switching from pulling to pushing
forces to overcome constrictions.
Beyond the experimental assays developed in this study, photolithographic micro-
structuring holds promise for fabricating other 3D matrices for investigating cellular
behavior. For example, the emerging field of microfluidics-based organ-on-a-chip
technologies is gaining importance due to its potential to rapidly screen for
personalized immunotherapy and facilitate the study of tumor-immune interactions
in a patient-specific manner [154]. These technologies offer the potential of
overcoming the limitations of traditional drug screening and testing by providing
more physiological 3D microenvironments in a well-defined and highly reproducible
manner. Hence, the polymerization of trapping structures based on PEG-NB
hydrogel integrated into a microfluidic system could advance this emerging field.
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Figure 8.1: Hydrogel structures for controlled development. (A) Overview
image of the trapping process of stem cell spheroids within a microfluidic chip (µ-
slide VI 0.1, ibidi). (B) Illustration of the growth process of a trapped spheroid over
96 hours. Image courtesy of Ziya Göcergi.

This approach enables encapsulation of stem cell spheroids in a controlled manner,
facilitating high-throughput processing (see Figure 8.1A). Microfluidic accessibility
ensures sustained survivability and facilitates easy drug application. Meanwhile,
the spheroids remain confined within the trapping structures for several days
(see Figure 8.1B). Another approach within this microfluidic framework involves
investigating stem cell fate in response to fluid flow.

In summary, the photo-lithographic micro-fabrication of synthetic hydrogel de-
scribed in this study provides versatile artificial architectures for the study of cell
mechanics. Initially, our focus was on elucidating the invasion behavior of distinct
cancer cell lines, revealing variations in their responsiveness to environmental con-
ditions. Additionally, we investigated repeated, self-imposed cell migration through
compliant 3D channels, revealing a bi-phasic transition rate behavior relative to
confinement width. To understand this phenomenon, we conducted an analysis of
nuclear mechanics, characterizing the nucleus as a compressible elastic object with
a Poisson ratio of 0.40. Furthermore, we explored the mechanisms underlying force
generation to navigate through constrictions, observing a transition from pulling to
pushing forces. These findings contribute to a more comprehensive understanding
of the complex interplay between confinement, the nucleus, and the cytoskeleton
during mesenchymal cell migration.



A. Materials and Methods

A.1 Microfabrication of Hydrogel-Based Struc-

tures

Microfabrication of ’Sponge clamp’ Structures

To microstructure hydrogels in confinement, the precursor solution is pipetted into
the channel of a µ-slide chemotaxis ibiTreat (ibidi). This precursor consists of
polyethylene glycol norbornene (PEG-NB, JenKem Technology) with a molecular
weight of 20 kDa at a concentration of 2-3 mM in phosphate-buffered saline (PBS).
Additionally, an off-stoichiometric quantity of 1 kDa polyethylene glycol dithiol
(PEG-dithiol, Sigma) 1 mM CRGDS peptide (Iris Biotech), and 3 mM lithium
phenyl-trimethylbenzoylphosphinate (LAP, Sigma) photo-initiator are included in
the precursor. The mechanical properties of the resulting hydrogel can be mod-
ified by adjusting the concentration of PEG-NB monomer and/or the amount of
cross-linker. The cross-link ratio, denoted as rc, is defined as the ratio between
the functional groups of the cross-linker (two thiol groups per cross-linker molecule)
and the functional groups of the PEG-NB monomer (four norbornene groups per
monomer molecule).

rc =
2c(dithiol)

4c(PEG−NB)
(A.1)

Subsequently, the precursor is illuminated at 40 mW cm−2 for 8 seconds. To achieve
this, a collimated UV light source emitting at 365 nm (Rapp Optoelectronic GmbH)
is directed through a structured chromium mask. The mask is designed with speci-
fications for the hydrogel stripes: 700 µm in length, 100 µm in width, and 70 µm in
height, with an initial block-to-block separation distance of 30-50 µm. Upon com-
pletion of polymerization of the hydrogel blocks, both reservoirs of the channel slide
are thoroughly rinsed with PBS and allowed to swell fully overnight.

Microfabrication of Dumbbell-shaped Cavities

The experimental protocol employs a µ-Dish ibiTreat (ibidi) platform. To achieve
a defined height for the hydrogel layer containing the desired structures, PDMS
stamps were utilized. PDMS, with a monomer-to-cross-linker ratio of 10:1, was cast
onto a specific silicon wafer, subjected to degassing, and left to cure overnight at
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50°C. Subsequently, PDMS stamps, featuring small square pillars measuring 200 ×
200 × 50 µm, underwent a 3-minute O2 activation process in a UV cleaner (PSD-
UV, novacscan). Following activation, the stamps were placed onto the µ-Dish.
A droplet of PEG-NB hydrogel precursor was poured adjacent to the stamps and
drawn into the free space created by the small pillars of the PDMS stamp. The
precursor solution for hydrogel formation was formulated using PBS containing 5
mM of 20 kDa 8-armed PEG-norbornene (PEG-NB, JenKem Technology). To fa-
ciliate crosslinking, an off-stoichiometric amount (0.4 - 0.8) of 1 kDa PEG-dithiol
was supplemented, along with 3 mM of the photo-initiator LAP. Incorporating the
PEG-dithiol cross-linker and LAP enables the formation of a robust cross-linked
hydrogel mesh. The mechanical characteristics of the resulting hydrogel can be di-
rectly tailored by adjusting the quantity of PEG-NB monomers and/or the amount
of cross-linker. The cross-link ratio rc is defined as the ratio of functional groups
present in the cross-linker (two thiol groups per crosslinker) to the functional groups
present in the PEG-NB monomer (eight norbornene groups per monomer).

rc =
2c(dithiol)

8c(PEG−NB)
(A.2)

Fluorescent nano-beads, measuring 0.2 µm in diameter, were introduced into the
precursor solution at a total concentration of of 5.8E+08 ml−1 (Distrilab). These
embedded nano-beads serve as mechanical sensors owing to their elastic behavior
within the hydrogel matrix. The hydrogel precursor was subsequently patterned
selectively using the PRIMO module (Alvéole), which is integrated into an auto-
mated inverted microscope (Nikon Eclipse Ti). Design specifications for the desired
hydrogel structures were generated using vector-based software (Inkscape) and then
transfered into Leonardo software (Alvéole). Upon exposure to UV light at a wave-
length of 365 nn, at a dosage of 3mJ/mm², the precursor material was polymeriezd
according to the predetermined pattern. Following photopolymerization, the PDMS
stamps were removed, and the dish was thoroughly washed with milliQ water, fol-
lowed by rehydration with PBS for 5 minutes. Subsequently, the µ-Dish was treated
with a solution of human fibronectin (YO Proteins) at a concentration of 50 µg ml−1

for 45 minutes. The ECM protein selectively adheres to the bottom of the dumb-
bell structures, which are composed of the µ-Dish substrate, due to the passivating
properties of the PEG-NB hydrogel. After the incubation period, the µ-Dish was
rinsed three times with PBS. Following a 45-minute interval, the µ-Dish was rinsed
again with PBS and cells were seeded onto it.

A.2 Cell Culture

MDA-MB-231 human breast carcinoma epithelial cells, co-expressing histone-2B
mCherry (provided by Timo Betz, Göttingen, and authenticated using a Cell Line
Authentication Service from Eurofins Genomics), were maintained in standard
growth medium, specifically L-15 (Sigma), supplemented with 10% fetal bovine
serum (FBS, Thermo Fisher). Cell cultures were maintained at 37°C until reaching
a confluency level of 80-90%. Subsequently, cells were rinsed and detached using
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trypsin/EDTA (Thermo Fisher) for 4 minutes. For experimental procedures,
the cell suspension was centrifuged at 1,000 r.c.f. for 3 minutes, followed by
re-suspension in L-15 medium. Approximately 20,000 cells were seeded per µ-Dish
(ibidi) and allowed to adhere for a minimum duration of 3 hours. In inhibitor
experiments, 0.5 nM Calyculin A (Thermofisher) or 30 µM Y-27632 (Sigma) were
added 2 hours prior the start of the experiment. For live cell imaging of actin
dynamics, MDA-MB-231 cells stably expressing LifeAct GFP (provided by Timo
Betz, Göttingen) were utilized. HT-1080 cells were cultured in MEM (Thermo
Fisher) supplemented with 10% FBS as standard growth conditions.

A.3 Transfection Procedure

Plasmid Vectors

The pDNA Paxillin-EGFP plasmid was graciously provided by Klemens Rottner
(TU Braunschweig), while the mCherry DN-KASH plasmid was a generous gift from
Daniel Conway (Addgene plasmid #125553). The pEGFP-N1 vector was purchased
from Clontech. Additionally, the pVAX-A120-vector and the pSTI-A120-vector were
kindly provided by Carsten Rudolph (ethris GmbH). To construct the desired vec-
tors, the Gibson DNA assembly method was employd using the NEBuilder HiFi
DNA Assembly kit from NEB (NEB, NEBuilder Hifi DNA Assembly Cloning Kit,
E5520S) following standard protocols. Initially, a pVAX-KASH-EGFP vector was
generated by integrating the KASH sequence from the mCherry DN-KASH vec-
tor and the EGFP sequence from the pSTIA120-vector into the pVAX-A120-vector.
Specifically, the KASH and EGFP coding region were amplified by PCR using the Q5
High-Fidelity PCR Kit (NEB, E0555S). All oligonucleotide primers were designed
to ensure at least a 25 bp overlap between the DNA fragments to be assembled. The
assembly reaction mixture contained approximetaly 10 pmol of insert DNA and 2
pmol of Nhel/EcoRI-linearized pVAX-A120-vector, and it was incubated at 50°C for
15 minutes. Following completion of the Gibson DNA assembly reaction, the mix-
ture was transformed into chemically competent E. coli cells (NEB, NEB #C2987).
Subsequently, 100 µl of the transformed LB (Lysogeny Broth)-E.coli mixture was
spread onto LB/Kanamycin plates and incubated at 37°C overnight. Individual
colonies were selected, and positive clones were confirmed by DNA sequencing. One
clone was chosen for further cloning steps to generate the pDNA-DN-KASH-EGFP
vector. Briefly, the KASH-EGFP coding region was PCR amplified using the Q5
High-Fidelity PCR Kit (NEB, E0555S). Oligonucleotide primers for the KASH-
EGFP fragment were designed to ensure at least a 26 bp overlap between the DNA
fragments to be assembled. The assembly reaction mixture contained approximately
60 pmol of insert DNA and 20 pmol of Agel/Notl-linearized mCherry DN-KASH vec-
tor, and it was incubated at 50°C for 15 minutes. After completion of the Gibson
DNA assembly reaction, the mixture was transformed into chemically competent
E.coli cells. Subsequently, 100 µl of the transformed LB-E. coli mixture was spread
onto LB/Kanamycin plates and incubated at 37°C overnight. Individual colonies
were selected and positive clones were confirmed by DNA sequencing.
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Transfection of MDA-MB-231 cells

MDA-MB-231 cells stably expressing H2B m-Cherry were plated in 6-well plates
with an initial confluency ranging from 70% to 80%. Transfection was performed
using a commercially available transfection reagent, TransIT-BrCa (Mirus), at a
concentration of 1 µg of plasmid DNA (pDNA) per well, with a TransIT-BrCa to
pDNA ratio of 2.0 µl TransIT-BRCa per 1 µg pDNA, following the manufacturer’s
protocol. Briefly, the pDNA was diluted in OptiMEM to a final volume of 200
µl, and TransIT-BrCa was added to the pDNA-OptiMEM solution. The mixture
was incubated for 30 minutes at 3 room temperature before being added dropwise
to the cells in complete growth media. The cells were then incubated with the
TransIT-BRCa reagent:DNA complexes for 24 horus at 37°C in a total transfection
volume of 2.5 ml. Subsequently, the transfected cells were detached and seeded into
hydrogel-based dumbbell structures.

A.4 Time-Lapse Microscopy

Time-lapse measurements were conducted over 40 hours duration using either an
inverted Nikon Eclipse Ti microscope or an inverted Nikon Eclipse Ti2 microscope.
Observations were performed utilizing either 10x or 20x objective. Cells were either
incubated with the Okulab incubation system (cage incubator with active humidity
and temperature control) or the ibidi-incubation system (chamber incubator with
active humidity and temperature control) under physiological conditions.

The samples were maintained within a controlled incubation environment at
37°C, facilitated by either an Okolabs or ibidi incubation chamber. Image acquisi-
tion was employed at 10-minute intervals with either 10x magnification (Nikon ob-
jective, MRH00101) or 20x magnification (Nikon objective, MRH00201). To enable
cell tracking alternating brightfield and fluorescence imaging were taken. Bright-
field illumination was carried out with a 100W warm white LED (MHLED100W),
fluorescence illumination with a LED light source (lumencor, SOLA-SE II). EGFP
fluroescen was captured with the EGFP filterset (Chroma, F46-002), mCherry flu-
orescence with the DsRed filterset (Chroma, F46-005). Images were captured using
a CMOS camera (PCO, pco.edge4.2). Acqusition control was performed with the
NIS-Elements Advanced Research software (Nikon). To enhance data acquistion
efficiency, the setup was configured to capture multiple positions, allowing the mi-
croscope to cycle through them within each 10-minute interval.
For confocal microscopy, a Zeiss LSM9 980 with Airyscan 2 microscope was em-
ployed. Imaging of the samples was conducted using a 20x air objective. The
microscope was equipped with gas incubation and a heating system (Okolab) to
maintain consistent incubation conditions throughout the experiments. Z-Stacks
with a depth of up to 20 µm were acquired to capture images of paxillin-GFP and
nuclear volume, respectively.
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A.5 Stiffness Evaluation via AFM

Atomic force microscopy (AFM) was utilized to evaluate the mechanical properties,
including Young’s modulus, of both the hydrogel matrix and the cell nuclei. Mea-
surements were performed using a JPK NanoWizard II system (JPK instruments)
interfaced with an inverted optical microscope (Zeiss, Axiovert 200M). Cantilevers
with modified beads were employed, with diameters of either 3.5 µm (NanoAnd-
More GmbH; type: CP-PNPL-SiO-B, nominal spring constants of 0.08 N/M) or 3.6
µm (sQUBE, type: CP-CONT-PS-B, nominal force constants ranging between 0.02
and 0.77 N/m). To calibrate the cantilever sensitivity, the slope of the force-distance
curve against a rigid petri dish substrate was recorded. Subsequently, the spring con-
stant of the cantilevers were determined using the thermal noise method provided
by the AFM software (JPK SPM). Young’s modulus of the hydrogel was assessed
by applying substantial forces (> 10 nN) through the bead, resulting in indentation
depths of up to 2 µm. Similarly, the stiffness of cell nuclei was evaluated using the
same AFM-based approach by applying a force of 5 nN of the nuclei. Typically, a
square grid consisting of 64 points with 1 µm spacing between adjacent points was
examined at a single position to ensure statistically robust results. Force-distance
curves were acquired with an extension speed of 2.5 µm/s. The Young’s moduli of
the tested samples were determined by fitting the force-distance curves to a Hertz
contact model.
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B. Image and Data Analysis

B.1 Microscopy and Cell Tracking

Bright-field and fluorescence images of the fibronectin-coated pattern and the co-
expressed labeled histones were captured every 10 minutes. To improve the clarity
of the nuclei images, a bandpass filter was applied. Subsequently, the images were
subjected to binarization, and the positions of the nuclei’s center-of-mass were de-
termined using the Analyze Particles plugin in ImageJ.

B.2 Measurement of the Hydrogel-Hydrogel Gap

Width

The gap between hydrogel strips is visualized using GFP-labeled Dextran (MW 10
kDa), which is hindered from diffusing into the polymerized hydrogel owing to its
molecular size. Subsequently, the intensity profile perpendicular to the hydrogel
clefts is quantified, and a Gaussian fit is applied. The gap width is determined as
the full width at half maximum (FWHM) of these Gaussian fits.

B.3 Cell Exclusion Criteria in 3D Dumbbells

We track the movement of numerous cells to ascertain the statistical transitions of
cell migration through constrictions characterized by different bridge widths. To
mitigate the influence of uncertain or anomalous migration patterns, we implement
the following inclusion criteria during the analysis of migration within our hydrogel
micro-cavities.

1. Only a single cell occupies the micro pattern. Trajectories are cut when the
cell rounds up for division.

2. The cell and its protrusions are entirely confined within the borders of the
microstructure.

3. Throughout the entirety of the experiment, the cell shows no abnormalities
such as the presence of multiple nuclei, cell death, or detachment from the
substrate.
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4. Cell dynamic statistics are included when a protrusion forms and extends to
the second adhesion-site, even if the cell is unable to transmigrate through the
constriction.

Criteria 1-3 establish essential prerequisites for single-cell experiments conducted
within micro-cavities, and these criteria are solely enforced for cells migrating within
cavities devoid of constriction. Criterion 4, conversely, pertains exclusively to our
dumbbell-shaped hydrogel cavities, as the migratory behavior of cells within these
structures is significantly impacted by the width of the constricted region, notably
with regard to physical confinement. Despite the incapacity of cells to traverse
through these narrow constrictions, we include such cells in our analysis, as such
behavior is deemed typical within this experimental framework.

B.4 Bead Displacement Analysis

Fluorescent nano-beads incorporated within the hydrogel matrix and the cell nuclei
were tracked using the TrackPy Python package. To track particle movement, their
displacement relative to a neutral reference position was calculated. For quantitative
analysis of gel deformation, the tracking algorithm was utilized to trace the positions
of a minimum of twenty embedded fluorescent nano-beads in each experiment. The
displacement of these marker beads was visualized by determining the difference
between their positions at each time point and their initial neutral positions. Given
that the marker beads are embedded within the gel and possess a larger diamter
of 200 nm compared to the approximate mesh size of the hydrogel (about 40 nm),
their displacement field reflects the deformation field of the surrounding hydrogel.

B.5 Calcium Level Analysis

Cytosolic calcium concentrations were quantified under different degrees of spatial
confinement employing the calcium indicator Calbryte 520 AM (aat bioquest). Ex-
perimental protocols comprised the fabrication of dumbbell-shaped micro-cavities,
cell seeding, and subsequent administration of Calbryte520 AM at a concentration of
10 µM following a two-hour incubation period. After a 45-minute incubation with
the calcium indicator, dishes were gently rinsed prior to fluorescence microscopy
imaging. Calcium levels within the cytosol were evaluated by integrating the fluo-
rescent signal throughout the entire cytosolic region.

B.6 Nuclear Growth Analysis

To analyze temporal alterations in nuclear volume, z-stakcs were acquired during a
20-hour time-lapse recording of MDA-MB-231 cells transmigrating through a con-
striction using confocal microscopy. For nuclear volume analysis, acquired data
were imported into Arivis Vision 4D software (Zeiss). Subsequently, each dataset
underwent initial bleach correction. Following this correction, individual nuclei were
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segmented and subjected to size-based filtration to eliminate extraneous noise com-
ponents. The segmented objects underwent manual proofreading, with parameters
adjusted as necessary, facilitating the determination of nuclear volume within the
software.

B.7 Collected Cell Statistics
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Cell line Bridge width Cells Transitions Timepoints Replicates
4.6 ± 0.7 144 82 16468 14
6.7 ± 0.7 333 639 41127 16
8.4 ± 0.4 211 434 26256 16
10.1 ± 0.6 164 449 20770 16
12.2 ± 0.6 102 279 13939 6
20.4 ± 1.5 99 206 12351 4

MDA-MB-231
FN

35.1 ± 1.4 249 318 27760 4
7.1 ± 0.6 24 28 3725 4
8.6 ± 0.3 43 37 6324 4
10.0 ± 0.6 46 61 5695 4
12.8 ± 0.8 52 38 6999 4
15.0 ± 0.8 117 131 15957 4

MDA-MB-231

w/o FN

20.8 ± 0.4 13 19 2328 3
8 ± 1 101 450 14262 6
14 ± 2 32 150 4000 6

15.9 ± 0.7 35 161 5273 3

MDA-MB-231

Collagen
24 ± 2 45 99 6123 3
7 ± 2 62 200 9747 6
12 ± 2 61 248 9184 6
16 ± 2 8 35 1282 6

MDA-MB-231

Laminin
19.4 ± 0.8 45 72 6096 2

8 ± 2 50 60 8063 6
13 ± 2 31 56 4796 6
17 ± 2 31 26 4495 6

MDA-MB-231

DN-KASH
22 ± 2 59 103 8121 3

6.8 ± 0.8 41 67 6007 2
8.4 ± 0.3 29 57 3439 4
10.2 ± 0.6 23 75 2672 4
12.1 ± 0.7 12 37 1535 2

MDA-MB-231

Calyculin A
19.2 ± 1.1 41 29 7005 2
4.3 ± 0.9 125 9 18101 10
6.6 ± 0.7 237 85 30516 10
8.5 ± 0.4 142 73 16333 8
10.3 ± 0.7 115 98 14197 6
12.1 ± 0.5 109 104 14144 4
16.0 ± 0.9 153 133 20006 6

MDA-MB-231

Y27632

19.7 ± 0.9 49 55 7005 4

Table B.1: Bridge widths w (in µm) of the micro-cavities and number of statistics
collected. Number of cell trajectories, number of timepoints recorded, and amount
of biological replicates for each bridge width w.
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[203] Heinrich Hertz. Ueber die Berührung fester elastischer Körper. crll,
1882(92):156–171, 1882.

[204] Emi Y. Tokuda, Jennifer L. Leight, and Kristi S. Anseth. Modulation of
matrix elasticity with PEG hydrogels to study melanoma drug responsiveness.
Biomaterials, 35(14):4310–4318, May 2014. Publisher: Elsevier BV.

[205] Samir P. Singh, Michael P. Schwartz, Justin Y. Lee, Benjamin D. Fairbanks,
and Kristi S. Anseth. A peptide functionalized poly(ethylene glycol) (PEG)
hydrogel for investigating the influence of biochemical and biophysical matrix
properties on tumor cell migration. Biomaterials Science, 2(7):1024, 2014.
Publisher: Royal Society of Chemistry (RSC).

[206] Charles\hspace0 25emE Hoyle and Christopher\hspace0 25emN Bowman.
Thiol-Ene Click Chemistry. Angewandte Chemie International Edition,
49(9):1540–1573, February 2010. Publisher: Wiley.

[207] Benjamin D. Fairbanks, Michael P. Schwartz, Christopher N. Bowman, and
Kristi S. Anseth. Photoinitiated polymerization of PEG-diacrylate with
lithium phenyl-2,4,6-trimethylbenzoylphosphinate: polymerization rate and
cytocompatibility. Biomaterials, 30(35):6702–6707, December 2009. Publisher:
Elsevier BV.

[208] Paul J. Flory and John Rehner. Statistical Mechanics of Cross-Linked Poly-
mer Networks II. Swelling. The Journal of Chemical Physics, 11(11):521–526,
November 1943.

[209] Paul J. Flory and John Rehner. Statistical Mechanics of Cross-Linked Poly-
mer Networks II. Swelling. The Journal of Chemical Physics, 11(11):521–526,
November 1943. Publisher: AIP Publishing.

[210] Kurt Thorn. A quick guide to light microscopy in cell biology. Molecular
Biology of the Cell, 27(2):219–222, January 2016.

[211] C R Burch and J P P Stock. Phase-Contrast Microscopy. Journal of Scientific
Instruments, 19(5):71–75, May 1942.

[212] Donna J. Webb and Claire M. Brown. Epi-Fluorescence Microscopy. In Dou-
glas J. Taatjes and Jürgen Roth, editors, Cell Imaging Techniques, volume
931, pages 29–59. Humana Press, Totowa, NJ, 2012. Series Title: Methods in
Molecular Biology.

[213] Gary Wnek and Gary Bowlin, editors. Encyclopedia of Biomaterials and
Biomedical Engineering. CRC Press, 0 edition, May 2008.

[214] G. Binnig, C. F. Quate, and Ch. Gerber. Atomic Force Microscope. Physical
Review Letters, 56(9):930–933, March 1986.



BIBLIOGRAPHY 131

[215] Yang Gan. Atomic and subnanometer resolution in ambient conditions by
atomic force microscopy. Surface Science Reports, 64(3):99–121, March 2009.

[216] Sergey Belikov, John Alexander, Craig Wall, Ivan Yermolenko, Sergei
Magonov, and Ivan Malovichko. Thermal tune method for AFM oscillatory
resonant imaging in air and liquid. In 2014 American Control Conference,
pages 1009–1014, Portland, OR, USA, June 2014. IEEE.

[217] M. Radmacher. Measuring the elastic properties of biological samples with
the AFM. IEEE Engineering in Medicine and Biology Magazine, 16(2):47–57,
March 1997.

[218] Nicola Galvanetto. Single-cell unroofing: probing topology and nanomechanics
of native membranes. Biochimica et Biophysica Acta (BBA) - Biomembranes,
1860(12):2532–2538, December 2018.

[219] Lea Tomasova, Zeno Guttenberg, Bernd Hoffmann, and Rudolf Merkel. Ad-
vanced 2D/3D cell migration assay for faster evaluation of chemotaxis of slow-
moving cells. PLOS ONE, 14(7):e0219708, July 2019.

[220] Verena Biswenger, Nina Baumann, Johannes Jürschick, Martina Häckl,
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