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Abstract
The microenvironment plays a crucial role in a multitude of different cellular processes such as

polarisation, cell migration or embryonic development. As cells interact with their surroundings,

they experience a variety of chemical or biophysical cues from the microenvironment. By now,

numerous complexes involved in the mechanoresponse to the cellular microenvironment have

been identified, including focal adhesions and the actomyosin network comprising actin fibres and

non-muscle myosin II (NM II). On the microenvironmental side, substrate stiffness was broadly

discussed in the past. However, biological tissues exhibit a range of material properties such as

auxetic behaviour or viscoelasticity, which are rare or hard to recreate in vitro. Thus, accurately

replicating various aspects of the cellular microenvironment remains a challenge.

Within this work, a novel approach to access rare material properties was explored. For this, a

new material class termed metamaterials was employed, which results from altering mechanical

properties of materials by appropriate microstructuring. Metamaterials with different Poisson’s

ratios and Young’s moduli served as cell culture substrates during live cell imaging. From these

timeseries, cellular forces were determined with unprecedented spatiotemporal resolution. Com-

parison of mesenchymal stem cells and fibroblasts revealed a different sensitivity to metamaterials,

rooted in contractility-dependent stiffness sensing postulated by the molecular clutch model.

In the second part of this thesis, the effect of substrate micropatterning on cell morphology and

polarisation was analysed. For this, aligned and random gelatine nanofibres were fabricated by

electrospinning. To determine the ambiguously reported role of contractility in more detail, cells

possessing a knock-out of NM IIA or NM IIB were subjected to these nanofibre substrates. In agree-

ment with the inherently different dynamic properties of these isoforms, NM IIA was identified as

the main driver of morphological adaptation whereas NM IIB regulated NM IIA activity to prevent

overshooting responses. The effect on polarisation was assessed by Golgi apparatus localisation

and morphology. Either knock-out led to altered Golgi apparatus morphology but only marginally

affected localisation. Thus, while being dispensible for initiating polarisation, the interplay of both

isoforms is needed to prevent dispersion or compaction of the Golgi apparatus. Additionally, the

same analysis was conducted within commercially available parallel and orthogonal 3D collagen

fibres. Here, the morphological effects of NM IIB KO appeared dampened and thus were partially

compensated by the collagen fibre arrangement. On the other hand, polarisation was more sen-

sitive to fibre orientation for both knock-outs, while wt cells behaved the same on either fibre

substrate. These results imply a central role of NM IIA and NM IIB in regulating polarisation in

2D and 3D which goes beyond facilitating contractility.

In the last section, an experimental setup is presented to study the transition from mesenchymal

to amoeboid migration under increasing confinement during live cell imaging.

Together, this thesis explored different approaches to analyse the cellular mechanoresponse to dif-

ferent aspects of the microenvironment, including the development of a novel metamaterial-based

analysis of cellular force fields. Further, beyond providing contractility, NM II was characterised

as a mediator of Golgi apparatus morphology and sensitivity to 3D environment organisation.
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Zusammenfassung
Die Mikroumgebung beeinflusst maßgeblich zelluläre Prozesse wie Polarisation, Migration oder

Embryonalentwicklung durch chemische und biophysikalische Reize. An der zellulären Mecha-

noantwort sind zahlreiche Komplexe beteiligt. Hierzu zählen Fokalkontakte oder das Aktomyo-

sinnetzwerk, bestehend aus Aktinfasern sowie nicht-muskulärem Myosin II (NM II). Während der

Einfluss von Substratsteifigkeit ausgiebig untersucht wurde, bleiben andere Materialeigenschaf-

ten biologischer Gewebe wie Auxetizität oder Viskoelastizität in vitro schwer nachzubilden. Die

Modellierung solcher Aspekte stellt demnach bis heute eine Herausforderung dar.

In dieser Arbeit wurde ein neuartiger Ansatz zum Einbringen von seltenen Materialeigenschaften

untersucht. Dieser nutzt sogenannte Metamaterialien, welche durch das Anpassen von Materialei-

genschaften mittels Mikrostrukturierung gebildet werden. Metamaterialien mit unterschiedlichen

Poissonzahlen oder Elastizitätsmoduli wurden als Kultursubstrate für Lebendzellmikroskopie ver-

wendet. Zelluläre Kräfte wurden aus diesen Zeitreihen mit bisher unerreichter räumlich-zeitlicher

Auflösung bestimmt. Der Vergleich von mesenchymalen Stammzellen mit Fibroblasten ergab eine

unterschiedliche Sensitivität für Metamaterialien. Diese entsteht durch die kontraktilitätsabhän-

gige Wahrnehmung der Substratsteifigkeit, wie vom "molecular clutch model" postuliert.

Im zweiten Teil dieser Thesis wurde der Einfluss von Substratmikrostrukturierung auf Zellmor-

phologie und -polarisation untersucht. Hierfür wurden ausgerichtete und zufällig verteilte Gela-

tine-Nanofasern mittels Elektrospinnen hergestellt. Um die umstrittene Rolle von Kontraktilität

genauer zu bestimmen, wurden Zelllinien mit einem Knockout für NM IIA oder NM IIB auf diesen

Substraten kultiviert. NM IIA wurde als Hauptregulator der morphologischen Adaptation identifi-

ziert, während NM IIB vorwiegend dessen Aktivität reguliert. Der Einfluss auf die Zellpolarisation

wurde anhand der Morphologie und Lokalisation des Golgi-Apparats bestimmt. Beide Knockouts

führten zu einer veränderten Morphologie, beinflussten die Lokalisation allerdings nur margi-

nal. Demnach ist das Zusammenspiel beider NM II-Isoformen essentiell, um Kompaktion oder

Verteilung des Golgi-Apparats zu unterbinden, jedoch ist dieses nicht notwendig, um Polarisa-

tion zu initiieren. In kommerziellen parallelen und orthogonalen 3D-Kollagenfasernetzwerken

zeigten sich die Effekte des NM IIB Knockouts nur abgeschwächt, welches auf eine Kompensa-

tion durch die Fasernetzwerke hindeutet. Die Zellpolarisation beider Knockout-Zelllinien war

durch die unterschiedlichen Faserausrichtungen stärker betroffen, während Wildtypzellen keine

Reaktion zeigten. Diese Ergebnisse implizieren eine zentrale Rolle von NM IIA und NM IIB in der

Polarisationsregulation in 2D- und 3D-Umgebungen, die über Kontraktilität hinaus geht.

Im letzten Abschnitt wird ein Experimentsetup beschrieben, welches zur Untersuchung des Über-

gangs von mesenchymaler zu amoeboider Migration unter steigender räumlicher Begrenzung mit-

tels Lebendzellmikroskopie eingesetzt werden kann.

Zusammenfassend werden in dieser Thesis unterschiedliche Ansätze zur Untersuchung der zel-

lulären Mechanoantwort auf verschiedene Aspekte der Mikroumgebung präsentiert. Diese bein-

halten die Entwicklung einer neuartigen Metamaterial-basierten Analyse zellulärer Kraftfelder.

Weiterhin wurde für NM II eine zusätzliche Rolle als Mediator der Golgi-Morphologie sowie in

der Regulation der Sensitivität für die Organisation von 3D-Umgebungen bestimmt.
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Chapter 1

Introduction

In 1971, the psychologist B.F. Skinner described the influence of the environment on human nature

as follows: ‘A person does not act upon the world, the world acts upon him’ (Skinner, 1971). While

it is debatable whether this holds true to its full extent, one certainly can not deny that mankind

is influenced by all kind of environmental factors. Indeed, even our cells are influenced by their

environment as early as during embryonic development and continuously need to adapt to their

microenvironment.

The cellular microenvironment comprises a mutitude of factors of biochemical and biophysical

nature. On the biochemical side are a variety of small molecules, such as growth factors and pro-

teins, which are part of the extracellular matrix (ECM). The ECM itself is a network of proteins

like collagens or fibronectin, which provide binding sites for the attachment of cells. Apart from

providing biochemical cues, the ECM can adopt different stiffnesses depending on the composition

and density of the matrix, thus also modulating the biophysical environment. Both the biochem-

ical and biophysical microenvironment were shown to affect the fate of stem cells, highlighting

the importance of microenvironmental control in embryonic development (Engler et al., 2006; Lu-

tolf et al., 2009). While the determination of stem cell fate is an impressive example of how the

microenvironment can affect cells, microenvironmental factors also play a role in a multitude of

other processes like cell polarisation and migration, proliferation or even remodelling of the ECM

(Faurobert et al., 2015; Mierke, 2021; Rehfeldt et al., 2007). Although today it is widely accepted

that not only biochemical but also biophysical factors can influence cell behaviour, the field of

mechanobiology is still considered an emerging discipline. First clues on the biophysical control

of cells were already published in 1917, but due to the lack of the technical methods only gained

more attention towards the end of the 1900s (T. J. Kim, 2021). With the development of powerful

techniques like atomic force microscopy or traction force microscopy, we now can characterise

biophysical cues like matrix stiffness and measure cellular forces in response to them. While the

role of matrix stiffness was and still is thoroughly investigated, the influence of other parameters,

such as substrate geometry, dimensionality (2D and 3D culture) or other mechanical characteris-

tics, only gained more attention in the recent years. This is partly due to technical advancements

in manufacturing of structured substrates for cell culture and the availability of new materials to

shape material properties to the desired needs.

With the rise of more flexible and advanced substrate designs, the experimental approaches be-

came more diverse. Thus, quite a few mechanisms and models of cellular mechanosensing have
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1 Introduction

been discovered. In the following, a brief overview of the current understanding of how cells

sense and react to their mechanical microenvironment is given, together with an introduction to

fabrication techniques for substrates manipulating the cellular microenvironment.

1.1 Cellular Components

A variety of different proteins and complexes are involved in the cellular mechanoresponse.

Amongst those are the actin cytoskeleton, providing a scaffold for contractile units; the motor

protein non-muscle myosin II (NM II), which generates forces; and focal adhesions, anchoring the

cell to a substrate and connecting the ECM to the cytoskeleton. As these components play central

roles in the sensing, relaying and adaptation to mechanical stimuli, they are briefly introduced in

the following.

1.1.1 Actin Cytoskeleton

The cytoskeleton comprises three different types of filamentous structures: microtubules, inter-

mediate filaments and actin fibres. Of these three, actin fibres form the smallest filaments with a

diameter of 7 nm, while being one of the most abundant proteins in eukaryotic cells (Desroches

& Harris, 2023; Dominguez & Holmes, 2011). Globular actin monomers, so-called G-actin, poly-

merise in a non-covalent manner to form filamentous actin or F-actin. Such actin fibres exhibit

a structural polarity, due to preferential polymerisation of adenosine triphosphate (ATP)-G-actin

at the plus (or barbed) end. Simultaneously, bound actin monomers dissociate from the opposite

end, referred to as minus (or pointed) end. This leads to a process called treadmilling, in which

actin fibres grow fast at the plus-end while slowly depolymerising at the minus-end, resulting in

overall growth of actin filaments (Dominguez & Holmes, 2011; Pollard, 1986). F-actin assembly

is controlled by a variety of proteins like the actin-related protein (Arp)2/3 complex, acting as a

nucleation site, or formins, enhancing polymerisation at the plus-end (Lappalainen et al., 2022).

Contrary to that, capping proteins compete with G-actin polymerisation, thus efficiently blocking

filament growth upon binding (Edwards et al., 2014). One of the key regulators of actin polymeri-

sation and depolymerisation is the Rho-signalling pathway. By activation of downstream effectors

via Rho-associated coil kinase (ROCK), actin-binding proteins associated with depolymerisation,

such as cofilin, are inhibited, thus blocking actin depolymerisation and stabilising the formed actin

network (T. Lin et al., 2003; Maekawa et al., 1999).

Over time, the individual actin filaments are connected by crosslinking proteins like α-actinin

or NM II, forming a defined network rather than branched actin filaments. The latter are found

in regions of high actin turnover such as the lamellipodium at the cell periphery, whereas the

lamellum exhibits more defined actin bundles (Tojkander et al., 2012). Thick bundles of α-actinin-

crosslinked actin filaments are referred to as stress fibres, which can be divided in dorsal or ventral

stress fibres and transverse arcs, depending on their location (Pellegrin & Mellor, 2007). Actin fil-

aments contribute to intracellular forces in two ways: they either directly push outward against

the cell membrane during controlled polymerisation, leading to protrusion of the membrane, or

2



1 Introduction

enable contractility in the form of stress fibres due to the associated NM II units. Thus, especially

the actomyosin network plays a central role in the cellular mechanoresponse.

1.1.2 Non-Muscle Myosin II

The motorprotein NM II can exert forces on actin fibres which generates the necessary contractil-

ity for a variety of cellular processes. Amongst those are the stabilisation of leading edge protru-

sions and retraction of the cell rear in cell migration, mediation of contractility in cytokinesis and

influencing cell morphology by regulating actin organisation (Cai et al., 2010; Conti & Adelstein,

2008; Sato et al., 2020; Shutova et al., 2017; Yamamoto et al., 2019). Furthermore, it plays a central

role in embryogenesis, during which NM II mediates proliferation and supports spatial organisa-

tion of cells (Ladoux & Mège, 2017; Vogel & Sheetz, 2006; Zenker et al., 2018). Due to its crucial

role in establishing cellular forces, defects in NM II are associated with a vast number of diseases,

such as Alzheimer’s disease, atherosclerosis or cancer (Newell-Litwa et al., 2015).

Structure and Organisation

The functional units of NM II proteins are hexamers and comprise two heavy chains (HCs), two

essential light chains (ELCs) and two regulatory light chains (RLCs) as depicted in Figure 1.1.

In mammals, three isoforms exist, namely non-muscle myosin IIA (NM IIA), non-muscle myosin

IIB (NM IIB) and non-muscle myosin IIC (NM IIC). Whereas the light chains are similar, the heavy

chains are different for each isoform but follow the same structure. The heavy chains possess a

conserved N-terminal motor-domain with ATPase-activity divided into a globular head region,

which binds to F-actin, and a hinge or neck region, associated with both light chains. The C-

terminalα-helical rod domain provides a dimerisation site for the second HC, forming a coiled-coil

structure (Vicente-Manzanares et al., 2009). The coiled-coil structure is followed by a non-helical

tailpiece (NHT), which exhibits a high divergence between isoforms, and together with the as-

sembly competent domains (ACDs) along the rod domain plays a regulatory role in the formation

of higher order NM II units (Dulyaninova & Bresnick, 2013; Nakasawa et al., 2005; Shutova &

Svitkina, 2018; Vicente-Manzanares et al., 2009).

Such higher order units are formed from stacks of NM II hexamers and are called minifilaments.

These stacks are formed by parallel and anti-parallel interactions of the rod domains, leading to the

formation of bipolar filaments with head groups located on either side. Minifilaments can either

comprise one isoform, thus being homotypic, or different isoforms, referred to as heterotypic.

Homotypic NM IIA and NM IIB minifilaments can contain up to 30 molecules, whereas NM IIC

minifilaments do not exceed 14 molecules (Billington et al., 2013; Niederman & Pollard, 1975). All

three isoforms additionally assemble into heterotypic minifilaments, which are less well charac-

terised and their potential combinations are not yet fully determined (Beach et al., 2014; Shutova

et al., 2014). As NM IIC still remains largely uncharacterised, in the following only the two main

isoforms NM IIA and NM IIB are discussed. From here on, the term NM II refers only to these two

isoforms.

3



1 Introduction

Figure 1.1: Structure of NM II hexamers and minifilaments.
The NM II hexamer comprises two HCs, two ELCs and two RLCs. The N-termini of the two HCs
form globular head domains with ATPase activity, followed by flexible neck regions onto which the
four light chains can bind. The complex of head and neck domain together with the light chains is
commonly referred to as the motor domain. The rod domain is formed by both HCs which dimerise
into a coiled-coil helical structure. The rod domain acts as an interaction site for other rod domains and
possesses two ACDs and a NHT, which take on regulatory functions in minifimalent formation. The
three NM II isoforms can polymerise into homotypic minifilaments, containing only hexamers of one
isoform, or heterotypic minifilaments, comprising different isoforms. Created with BioRender.com.

The Myosin Cross-Bridge Cycle

In order to generate forces, NM II molecules hydrolyse ATP which provides the driving force for

conformational changes and the so called powerstroke, during which force is exerted on the actin

filament. This cross-bridge cycle is schematically depicted in Figure 1.2.

In the initial nucleotide-free rigor conformation, the head domain is tightly bound to F-actin. Once

ATP binds to the corresponding binding site, the affinity for F-actin is lowered leading to release

of the filament. After release of the filament, ATP is hydrolised into adenosine diphosphate (ADP)

and Pi and a conformational change moves the head domain to a position further down the actin

filament. In the ADP-bound state, the affinity for F-actin is increased, resulting in binding to actin

fibres. During the powerstroke, the motor domain reverts to the initial rigor conformation. In

doing so, the myosin pulls on the bound actin fibre, pushing it backward (Hwang & Lang, 2009;

Vale & Milligan, 2000). Thus, myosins can exert forces on actin fibres. Repeated execution of

this cycle results in the so called retrograde actin flow, which is directed towards the cell center,

opposite to the polymerisation of actin directed against the cell membrane (C. H. Lin et al., 1996).

Kinetics and Intracellular Distribution of NM IIA and NM IIB

The kinetic properties of NM II can be described by the duty ratio and ATPase rate. The former

describes the proportional time NM II stays attached to F-actin, whereas the ATPase rate deter-

4



1 Introduction

Figure 1.2: Myosin cross-bridge cycle.
In the nucleotide-free rigor state, the head domain is bound to actin. Upon ATP-binding, the head
detaches and undergoes a conformational change, moving the head further up the actin fibre. In this
process, ATP is hydrolised, resulting in an ADP-bound state. In this state, binding to actin is facilitated
by an increased affinity for F-actin. This is followed by the powerstroke, during which forces are
exerted on the actin fibre and ADP and Pi are released. For better visualisation, the binding position
on actin is highlighted in blue. Created with BioRender.com.

mines the ATP turnover and thus motor activity. Although the heavy chain sequences of the three

isoforms exhibit over 80% similarity, they differ in these kinetic properties (Golomb et al., 2004).

NM IIA is characterised by its high ATPase rate and low duty ratio, resulting in fast initiation of

the powerstroke cycle and high turnover rates (Kovács et al., 2003; F. Wang et al., 2000). NM IIB

on the other hand exhibits a high affinity for ADP and thus a high duty ratio. Together with the

low ATPase rate, this allows NM IIB molecules to maintain mechanical forces on longlived actin

fibres (Rosenfeld et al., 2003; F. Wang et al., 2003).

Regarding the formation of minifilaments, both isoforms exhibit the same integration rates as

these are determined by the highly conserved ACDs. Yet, in fluorescence recovery after photo-

bleaching (FRAP) experiments, NM IIA molecules show faster recovery rates and higher mobile

fractions than NM IIB (Weißenbruch et al., 2022). In addition to the individual dynamics, this dif-

ference in turnover was attributed to altered dissociation rates from minifilaments, facilitated by

the highly divergent C-terminal NHT domains of the isoforms (Breckenridge et al., 2009).

These differences in overall dynamics result in isoform-specific distributions of NM IIA and NM IIB.

While they are equally distributed within de novo assembled actomyosin networks, over time

NM IIB gets enriched in the central or posterior region of the cell, depending on its polarisation

state. For NM IIA, a uniform distribution within the cell is found (Kolega, 2003; Maupin et al., 1994).

In 2017, Shutova and colleagues postulated a self-sorting mechanism based on monomer avail-

ability and turnover rates, which leads to this distinct distribution (Shutova et al., 2017). In newly

assembled minifilaments, both isoforms are incorporated at the same rates. Due to the longer re-

tention period of NM IIB within minifilaments, over time the minifilaments are enriched in NM IIB,

which simultaneously depletes the pool of available NM IIB hexamers. Thus, together with the in-

herently higher turnover of NM IIA, newly formed minifilaments are enriched in NM IIA due to

its higher availability. This leads to the distinctly different distribution of the isoforms, following

the retrograde actin flow.

1.1.3 Focal Adhesions

Focal adhesions are protein complexes which comprise a multitude of components. They do not

only mechanically anchor the cell to the substrate, but act as signalling platforms which relay

extracellular stimuli to the cell interior. Over 150 different proteins were reported to associate
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1 Introduction

with focal adhesions, stressing their function as signalling platforms (Kuo et al., 2011). The bridg-

ing of extracellular and intracellular space is mainly facilitated by a class of heterodimeric trans-

membrane proteins called integrins. Within focal adhesions, the extracellular domain of integrins

binds to the ECM via different binding motifs such as RGD or LDV, found along many ECM com-

ponents like fibronectin or collagen (Pang et al., 2023). On the intracellular side, they exhibit

binding sites for scaffolding and signalling proteins. In the context of mechanobiology, especially

the scaffold proteins talin, vinculin and paxillin are often mentioned. Talin possesses a protein

4.1, ezrin, radixin and moesin (FERM) domain for binding to integrins and connects them to the

actin cytoskeleton. Upon application of tensile forces, up to 13 binding sites for vinculin are ex-

posed with increasing forces (Hytönen & Wehrle-Haller, 2016). This characteristic renders talin

a mechanosensitive protein, taking a role in sensing of mechanical aspects of the cellular envi-

ronment, such as substrate stiffness. Vinculin itself can bind to F-actin and is tightly associated

with focal adhesion stabilisation and maturation (Humphries et al., 2007). Other binding partners

include cyotskeletal components like α-actinin and Arp2/3 or focal adhesion components like

paxillin (Carisey & Ballestrem, 2011). Despite its relatively small size of 68 kDa, paxillin contains a

variety of binding sites for other proteins. It is subject to phosphorylation by tyrosine kinases acti-

vated upon integrin signalling, such as focal adhesion kinase (FAK). This phosphorylation creates

SH2-binding sites for SH2-SH3 adaptor proteins or the non-receptor tyrosine kinase Csk, to name

a few of the interacting partners. Further phosphorylations of serine and threonine residues were

associated with mitogen-activated protein kinase (MAPK) activation. Together with its linkage to

Rho-signalling via PKL, paxillin demonstrates the important role of focal adhesion components in

intracellular signalling (Turner, 2000).

1.2 Cellular Mechanotransduction

The term mechanotransduction refers to the translation of mechanical stimuli into intracellular

signals. In general, the signal transduction can be divided into reception of the extracellular signal,

its transduction via intracellular signalling, which induces an according cellular response, and

ending the signalling. In the case of mechanotransduction, the extracellular signal takes the form

of a mechanical stimulus, rather than a biochemical signalling molecule. Within the past decades,

the role of the mechanical microenvironment in processes like cell migration, remodelling of the

ECM or even differentiation of stem cells was brought to attention and remains a focus of current

research. The following section provides a brief insight into mechanisms involved in sensing,

adapting and reacting to such mechanical stimuli.

1.2.1 Mechanosensing and Signal Transduction at Focal Adhesions

The high complexity of focal adhesion complexes is reflected in the multitude of signalling events

in which they play a role. One of the most prominent and earliest identified signalling proteins is

FAK, which is activated upon binding to focal adhesion complexes. In its active form, FAK can bind

to other kinases like Src. This complex facilitates phosphorylation of p130Cas or paxillin, both as-

sociated with the regulation of cell migration via their downstream effectors (Turner, 2000; X.
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Zhao & Guan, 2011).

In addition to activation of signalling pathways, focal adhesions can transfer mechanical stimuli

to the cell interior. This is facilitated by mechanosensitive proteins like talin. In 2014, Yao and col-

leagues identified a positive feedback mechanism based on their characterisation of talin-vinculin-

interactions which is described in the following (Yao et al., 2014). Talin binds to the intracellular

domain of integrins via its FERM domain and connects them to the actin cytoskeleton. Due to the

actin retrograde flow, the integrin is brought into an active form by tensile forces which leads to

binding to the ECM. This anchoring to the ECM in turn increases the tensional forces, strengthen-

ing the integrin-ECM binding in a catch-bond manner and unfolding mechanosensitive domains

of talin revealing binding sites for other adhesion proteins such as vinculin. Vinculin itself can

bind to a variety of other proteins, such as actin and paxillin. In this scaffolding function, vinculin

is involved in force transmission and clustering of integrins. This positive feedback, e.g. further

unfolding of talin which leads to increased recruitment of scaffolding proteins and thus cluster-

ing of integrins, leads to maturation of focal adhesions in a force-dependent manner. Above a

force threshold of roughly 25 pN at the adhesion site, this positive feedback is terminated by a

helix-to-coil transition of talin, leading to displacement of vinculin. Beyond this point, no further

maturation of the adhesion is observed. The mechanism is schematically depicted in Figure 1.3.

From these mechanisms it is apparent that the tensile forces needed for focal adhesion maturation

and signalling are influenced mainly by two factors: the resistance of the ECM in the extracellular

lumen and the contractility of the actomyosin network within the cell (Hytönen & Wehrle-Haller,

2016). The generation and regulation of the latter is addressed in the next section.

Figure 1.3: Mechanosensing at focal adhesions (Yao et al., 2014).
Talin connects integrins to the actin cytoskeleton, leading to activation of the integrin by forces gener-
ated by the retrograde actin flow. This facilitates binding of the integrin to the ECM, further increasing
tensile forces. This leads to unfolding of mechanosensitive domains of talin, allowing for recruitment
of vinculin to the focal adhesion complex. Vinculin itself possesses binding sites for actin and other
focal adhesion proteins, further stabilising the focal adhesion until fully matured. Above a tensional
threshold of 25 pN, talin undergoes a helix-to-coil transition, resulting in displacement of vinculin,
thus terminating the positive feedback of increasing force.

1.2.2 Generation of Cellular Contractility

Following the sensing of the mechanical microenvironment, cells can generate intracellular forces

to counteract these stimuli or even reshape their environment. While focal adhesions anchor a cell
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to a substrate to withstand for example stretch or shear flow, cells can actively contract to coun-

teract or overcome such stimuli. This cellular contractility is mainly exerted by the actomyosin

network, with NM II minifilaments as active contractile units. Their regulation and the dedicated

roles of NM IIA and NM IIB are described in the following.

Activation of NM II-Mediated Contractiliy

Within the cell, NM II hexamers undergo a continuous circle of activation and inactivation, as de-

picted in Figure 1.4. In general, the hexamers can switch between an autoinhibitory 10S state and

an assembly-competent 6S state. In the latter, hexamers can be incorporated into bipolar minifila-

ments, acting as contractile units of the actin cytoskeleton. By phosphorylation, this incorporation

and activation can be reversed, leading to a return to the 10S conformation. Switching between

the activated and inactivated state, as well as the turnover of minifilaments, is regulated by various

phosphorylations, which are briefly described in the following.

Figure 1.4: NM II activation and turnover.
Initially, NM II hexamers take a 10S autoinhibitory conformation. Upon phosphorylation of the RLCs,
the rod domain is released, resulting in a transition to the 6S assembly-competent conformation. In
this state, different NM II hexamers can polymerise into bipolar minifilaments. Minifilaments act as
contractile units within the actin network, bundling F-actin into stress fibres and exerting forces on
these fibres. Upon phosphorylation of isoform-specific residues on the HC, hexamers dissociate from
the minifilament. This phosphorylation additionally inhibits incorporation into minifilaments. Upon
dephosphorylation of the pRLC, the hexamer returns to the folded, autoinhibitory 10S conformation.
Created with BioRender.com.

As indicated by their name, RLCs are regulators of NM II hexamers. When unphosporylated, they

force the hexamer into a folded, inactive 10S conformation. This autoinhibition is resolved by

Ser19 phosphorylation of the RLCs, leading to release of the rod domain and transition to the 6S

conformation (Matsumura, 2005; Vicente-Manzanares et al., 2009). Additional phosphorylation of

Thr18 leads to increased ATPase activity (Ikebe et al., 1988). As RLCs are conserved between the
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individual NM II isoforms, this activation occurs in a isoform-independent manner. As solely the

phosphorylation of Ser19 is sufficient for transition from 10S to 6S, this phosphorylation of RLCs is

referred to as pRLC. Apart from activity regulation, pRLC formation plays a role in efficient NM II

turnover and recycling. The two main kinases involved in the formation of pRLC are myosin light

chain kinase (MLCK) and ROCK, which specifically phosphorylate the Ser19 residue (Amano et

al., 1996; Heissler & Sellers, 2016; Ikebe & Hartshorne, 1985). Additionally, ROCK inhibits myosin

light chain phosphatase (MLCP), thus preventing dephosphorylation of pRLC and hence inacti-

vation of NM II by this phosphatase. Further, as ROCK is a central kinase in Rho-signalling, it is

involved in cytoskelal remodelling events like stabilisation of the actin cytoskeleton. Thus, ROCK

directly and passively enhances NM II activity, rendering it a potential key regulator of actomyosin

derived contractility (Hwang & Lang, 2009; Totsukawa et al., 2000).

Following transition to the 6S conformation, hexamers can assemble into minifilaments which

act as the contractile units in the actomyosin network. The incorporation and dissociation of

individual hexamers is regulated by a variety of C-terminal phosphorylation sites and kinases.

For NM IIA, phosphorylation of Ser1916 or Ser1943 by protein kinase C (PKC)β and casein ki-

nase II (CKII), respectively, leads to disassembly of minifilaments or inhibition of their formation

(Dulyaninova & Bresnick, 2013; Vicente-Manzanares et al., 2009). In case of NM IIB, phosphory-

lation of Ser1937 by PKCζ slows filament assembly (Even-Faitelson & Ravid, 2006). The different

sites stem from differences in the HCs, thus, together with the aforementioned NHT domains,

these phosphorylation sites facilitate isoform-specific regulation of activity and localisation.

NM IIA and NM IIB Mediate Different Aspects of Contractility

In 2021, Weißenbruch and colleagues further characterised the roles of NM IIA and NM IIB in gen-

eration of cellular forces in structured environments (Weißenbruch et al., 2021). They applied a

dynamic tension-elasticity model to cells seeded on cross shaped pattern, from which they con-

cluded the roles of NM IIA and NM IIB in maintaining tension. In their model, NM IIA acts as a

highly dynamic regulator of tension, in agreement with its high turnover rate and low duty ratio,

whereas NM IIB is necessary to elastically stabilise the generated tension.

Further, using a 3D microscaffold-based approach published by Hippler and colleagues, initial

contractile forces of NM II knock-out (KO) cell lines were determined and their response to a me-

chanical stretch analysed (Hippler et al., 2020). The initial forces of NM IIA KO cells were close

to zero, while NM IIB KO cells exhibited forces equal to the wildtype (wt). Even after repeated

mechanical stretch, NM IIA KO cells failed to counteract the stretch by contraction, as observed

for wt cells. As before, NM IIB KO showed a response similar to the wt. However, when cellu-

lar forces were calculated from these experiments and compared to initial forces, the increase in

forces of NM IIB KO cells was significantly lower than for wt cells. As for the tension-elasticity

models, these results highlight the role of NM IIA in initiating contractility, while NM IIB acts as a

elastic stabiliser of forces on a longer time scale (Weißenbruch et al., 2021). This initiating role of

NM IIA was further confirmed by dynamics studies published the year thereafter (Weißenbruch

et al., 2022).

These different roles in generating and maintaining cellular forces are also reflected on the cellular
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level. NM IIA knock-out leads to a drastic reduction of stress fibres and focal adhesions as well

as an irregular morphology. Thus, this phenotype emphasizes the role of NM IIA in focal adhe-

sion maturation, stress fibre formation and stabilisation of the cell shape (Sandquist et al., 2006;

Vicente-Manzanares et al., 2007; Vicente-Manzanares et al., 2011). However, the phenotype can

be partly rescued in a structured environment which provides guidance cues. For NM IIB knock

out, only a slight disturbances of stress fibre and focal adhesion formation as well as cell shape

are observed (Weißenbruch et al., 2021).

1.2.3 Control of Gene Expression via YAP/TAZ

In order to adapt to the altered microenvironment, gene expression can be altered upon sensing

and relaying mechanical cues to the cellular interior. Two key effectors of this trancriptional

regulation are the transcriptional co-activators Yes-associated protein (YAP) and transcriptional

co-activator with PDZ-binding motif (TAZ). Despite being structurally different, both can bind

to and accordingly activate transcriptional enhanced associated domain (TEAD) proteins which

act as transcription factors for a multitude of genes. This is reflected in the numerous processes

affected by TEAD-regulated gene expression, such as embryonic development, loss of contact

inhibition or cell death (Fu et al., 2022; Panciera et al., 2017). In the past decade it has become

clear that YAP and TAZ take on distinct roles in addition to their shared functions, summarised

in detail in a review by Reggiani and colleagues (Reggiani et al., 2021). However, in the field of

mechanobiology they are regarded as paralogs with congruent functions and thus will be used

interchangeably in this work.

Corresponding to the key role of YAP/TAZ in a multitude of processes, they are targets of many

different signalling pathways, but can also be activated solely through mechanical cues. Both the

biochemical and mechanical activation are briefly described in the following.

Biochemical Regulation of YAP/TAZ

Probably the most prominent molecular regulator of YAP/TAZ activity is the Hippo pathway. This

pathway is a known modulator of organ growth, proliferation, differentiation and cell survival, re-

flected in a variety of diseases associated with dysregulation of Hippo signalling (Kodaka & Hata,

2015; Panciera et al., 2017; Zanconato et al., 2015). The Hippo pathway inactivates YAP/TAZ by

phosphorylation, leading to cytoplasmic retention of the transcriptional co-activators and thus

inhibiting expression of associated target genes. In mammals, the phosphorylation is facilitated

directly by large tumor suppressor (LATS) kinase, which in turn is activated by mammalian Ste20-

like kinase (MST), the ortholog of the namegiving Hippo protein found in Drosophila (Dasgupta

& McCollum, 2019). A simplified signalling cascade is depicted in Figure 1.5. Canonical signalling

is induced by many different receptors and protein complexes located at the cell membrane, such

as G-protein coupled receptors (GPCRs), E-cadherins or tight and adherens junctions (Low et al.,

2014).
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Figure 1.5: Schematic depiction of canonical Hippo signalling in mammalian cells.
When Hippo signalling is inactive, YAP/TAZ can freely translocate to the nucleus. There they bind
to TEAD, which induces transcription of associated genes. Upon Hippo signalling activation, the
mammalian Hippo ortholog MST is activated and in turn activates LATS. This kinase phosphorylates
YAP/TAZ, which results in cytoplasmic retention and thus inhibition of gene expression.

Reflected in the variety of receptors and protein complexes associated with Hippo signalling, many

different cues affect this pathway. A detailed overview of Hippo pathway activation was published

in a review by Fu and colleagues in 2022 (Fu et al., 2022). Mechanical cues affecting the Hippo

pathway and subsequently YAP/TAZ are as diverse as ECM stiffness, cell geometry, shear forces

or cytoskeletal tension (Panciera et al., 2017). Especially the latter is known to be mediated by

Rho-signalling, which plays a key role in NM II regulation, stressing the complex interplay of

pathways in the cellular mechanoresponse. Unsurprisingly, the detailed molecular mechanism by

which mechanical cues affect the Hippo pathway are yet to be fully understood.

Mechanoregulation of YAP/TAZ Localisation

In addition to regulation of YAP/TAZ by different signalling pathways, translocation of these tran-

scriptional co-activators is regulated by mechanical cues. Within confluent cell layers, Hippo

signalling is activated to regulate contact inhibition. Yet, Pathak and colleagues could demon-

strate that YAP/TAZ localised to the nucleus upon stretch of the cell layer, indicating a Hippo-

independent regulation of the transcriptional co-activators (Pathak et al., 2014). In 2017, Elosegui-

Artola and colleagues investigated a force-based mechanism of YAP/TAZ nuclear translocation via
nuclear pores (Elosegui-Artola et al., 2017). They again demonstrated that mere force application

is sufficient for the transcriptional co-activators to enter the nucleus. Due to the coupling of extra-

and intracellular space through focal adhesions, for example substrate stiffness can be translated

into cellular tension via F-actin. More precisely, above a stiffness threshold of 5 kPa, unfolding

of talin by contractile forces of the actomyosin network leads to reinforcement of the actin cy-

toskeleton with stress fibres and subsequent nuclear localisation of YAP. However, lack of stress

fibres upon deletion of talin or blockage of the linker of nucleoskeleton and cytoskeleton (LINC)

complex, anchoring the cytoskeleton to the nuclear laminar, abrogated this effect. They proposed

that this is due to the increase in cellular tension and thus flattening of the nucleus, resulting in

the mechanical opening of nuclear pores. This allows the otherwise too large YAP/TAZ to enter
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the nucleus and activate expression of target genes.

Due to this mechanoregulation of YAP/TAZ, their localisation emerged as an indicator for me-

chanical activation of cells. Further, this purely mechanical based mechanism of trancriptional

regulation demonstrates how the interplay of the mechanical microenvironment affects cells on a

molecular level.

1.2.4 Durotaxis and Cell Migration

Just like signalling molecules secreted by infected cells can guide immune cells to regions of infec-

tion, also the mechanical microenvironment can help cells navigate. This guidance of migration

by mechanical cues is referred to as durotaxis and was first discovered in the year 2000: by using

polyacrylamide sheets with discontinuing concentration of crosslinker and thus softer regions,

Lo and colleagues found that fibroblast cells preferentially migrate towards stiffer regions and are

susceptible to strains applied to the sheets (Lo et al., 2000). Since then, this durotactic behaviour

was determined in many different cell types, including mesenchymal stem cells (MSCs), cancer

cells or immune cells (Sunyer & Trepat, 2020). In some cases, even negative durotaxis, the pref-

erential migration towards softer substrates, was observed (Huang et al., 2022; Isomursu et al.,

2022). However, the precise mechanisms in which cells establish durotaxis is not fully understood

to date, but some of the regulating influencers have been identified.

Due to their close proximity to the substrate and the function as mechanosensitive signalling

platforms, different focal adhesion-associated proteins have been identified as key regulators of

durotaxis (Ji & Huang, 2023; Plotnikov et al., 2012; Rens & Merks, 2020). This linkage was termed

molecular clutch by Mitchison and Kirschner in 1988, analogous to shafts in a mechanical engine

(Mitchison & Kirschner, 1988). The molecular clutch model proposes a model rooted in cell-ECM

adhesion, NM II-based force generation and its transmission across the cytoskeleton and was com-

prehensively reviewed by several articles (Elosegui-Artola et al., 2018; Fortunato & Sunyer, 2022;

Sunyer & Trepat, 2020). Due to the retrograde actin flow and the connection of the actin cytoskele-

ton to focal adhesions, cells experience inward facing forces on each adhesion site. Analogous to

a skater holding onto an immobilised stiff and soft spring in either hand, when pulling on each

of them with the same force, the skater will move towards the stiffer spring (Sunyer & Trepat,

2020). The same imbalance of forces occurs when cells migrate along a stiffness gradient: due to

the higher resistance of the stiff surface at the leading edge and the larger retraction of the cell

rear on the soft substrate, it experiences a net forward movement towards the stiffer region.

However, NM IIA and NM IIB exhibit different kinetic properties and intracellular distributions

and thus affect migration and durotaxis in different ways. To name one example, durotaxis of

MSCs was more sensitive to knock-down of NM IIB compared to NM IIA (Raab et al., 2012). The

roles of both isforms in stiffness-dependent migration was addressed in several studies, which all

observed distinct functions. To this end, NM IIA is believed to be an initiator of cell migration, in-

volved in stabilisation of protrusions and initiation of minifilaments, while NM IIB takes on a role

in establishing front-rear polarity and contributes to maintainance of traction forces (Kuragano

et al., 2018; Peng et al., 2022; Shutova et al., 2017).
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1.3 Adaptation to Substrate Organisation

Cells are not only susceptible to the mechanical properties of their microenvironment, but also

react to the organisation of their surroundings. Already in 1997, Curtis and Wilkinson reviewed

the effect of substrate topography on adaptation mechanisms like cell orientation or migration,

adding to the discussion whether topography or the chemical environment guides cells (Curtis &

Wilkinson, 1997). Roughly 10 years later in 2006, Théry and colleagues demonstrated an effect of

substrate geometry on cell shape, polarisation and organisation of the actin cytoskeleton (Théry,

Pépin, et al., 2006; Théry, Racine, et al., 2006). Again 10 years later, Fee and colleagues connected

the orientation of fibroblast cells on gelatine nanofibres to expression of focal adhesion and actin-

related genes (Fee et al., 2016). Only a few years ago, Leclech and colleagues demonstrated a

topographical guidance of cortical neurons using a PDMS-pillar array (Leclech & Villard, 2020).

While those are just a few examples, today various different publications on the interplay of cell

orientation and substrate geometry are available. In general, the orientation of cells along topo-

logical features is referred to as contact guidance. When characterising topographic features, one

can distinguish between isotropic (random) orientation and anisotropic (unequally distributed)

orientation. In vivo, such anisotropic cues are provided for example by ordered fibre networks

in the ECM or other cells, such as radial glia which guide cortical neurons (Casingal et al., 2022;

Diller & Tabor, 2022; Teixeira et al., 2003). While individual cellular components affected by or

involved in the adaptation to such networks have been identified, the detailed processes are not

yet understood.

1.3.1 Underlying Mechanisms of Contact Guidance

A comprehensive review of how contact guidance is facilitated was published by Leclech and

Barakat in 2021, which served as a guideline for this section (Leclech & Barakat, 2021).

One model, which aims at explaining alignment of cells to topological features, was published by

Ray and colleagues in 2017 and is centred around focal adhesions (Ray et al., 2017). Essentially, the

geometry of the substrate guides protrusions and spatially restricts focal adhesion formation. In

the case of aligned fibres, focal adhesions and protrusions are formed along the fibres, restricting

both in the orthogonal direction. This geometry-based sorting of focal adhesions results in in-

creased formation of parallel actin stress fibres. The correlation between stress fibre organisation

and substrate topography was experimentally demonstrated by culturing cells on substrates with

switchable orientation, leading to re-orientation of their actin cytoskeleton once the substrate ori-

entation was altered (Linke et al., 2019). The formation of highly parallel stress fibres leads to

anisotropic cellular forces and tension, with contractility being directed along these stress fibres.

This in turn generates compressive forces perpendicular to the fibre direction. Together with the

spatial restriction of focal adhesions, this leads to orientation and elongation of the cell along the

substrate. Whether focal adhesion formation or stress fibre alignment induce the cell orientation

is yet to be determined. In any case, the importance of focal adhesion formation and their direc-

tional restriction was demonstrated by limiting focal adhesion size and culturing cells in grooves

of varying width, respectively (Ray et al., 2017).
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Despite these strong implications of focal adhesions as central sensors of substrate geometry, con-

tact guidance is also present in cells with reduced focal adhesions, like neurons or amoeboid cells.

As such, amoeboid-like T-cells, followed the direction of nanogrooves when apically confined,

while also being able to exert adhesion based guidance (Kwon et al., 2012; Wolf et al., 2003). In

case of leukocytes, the actin retrograde flow was shown to direct cell migration (Reversat et al.,

2020). This implies the presence of further adhesion-independent mechanisms of contact guid-

ance, between which cells can switch according to their needs.

Although NM II-mediated contractility is strongly intertwined with actin stress fibres, its role in

contact guidance was ambiguously reported. While in some cases perturbation of actomyosin

contractility affected cell orientation, other studies reported no such effects (Kubow et al., 2017;

Lee et al., 2016; J. Wang & Schneider, 2017; Zhovmer et al., 2019). To date, if and how actomyosin

contractility modulates cell orientation remains a topic of scientific discourse.

1.3.2 Excursus: Golgi Apparatus Localisation and Cell Polarisation

The guided orientation of cells is often accompanied by polarisation of the cell which is a key re-

quirement for directional migration. In mesenchymally migrating cells, not only is the cytoskele-

ton polarised to create protusions at the leading edge and retract the cell body at the trailing edge,

but also the Golgi apparatus was shown to take a distinct position towards the leading edge within

migrating cells as depicted in Figure 1.6 (Ridley et al., 2003).

Figure 1.6: Localisation of Golgi apparatus in migrating cells. (adapted from Ridley et al.,
2003)
Mesenchymally migrating cells establish a front-rear polarity in the direction of migration (red arrow).
The leading edge exhibits enhanced actin polymerisation, leading to the formation of a branched net-
work which pushes the cell membrane outward. Newly formed focal adhesions stabilise these mem-
brane protrusions and act as anchoring points to pull the cell forward. The Golgi apparatus is located
in front of the microtubule organising centre (MTOC) and nucleus, further helping with maintaining
polarisation by delivering necessary components towards the leading edge by directed vesicle trans-
port. At the trailing edge, matured focal adhesions and strong actin stress fibre bundles are present.
The latter provide the contractility necessary to pull the cell rear forward once the focal adhesions are
dissolved.

Interestingly, this positioning is affected by the substrate geometry. For example, cells on teardrop

shapes localised their Golgi apparatus towards the blunt end which also acted as the preferred mi-

gratory direction (Jiang et al., 2005). Furthermore, cells cultured on fibronectin stripes showed a

preferential localisation of the Golgi apparatus towards the trailing edge in dependency of stripe
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width (Pouthas et al., 2008). In 2013, Chen and colleagues demonstrated that cell shape and spread-

ing area dictate Golgi orientation as well as directionality of migration, which do not necessarily

correspond. While Golgi orientation in front of the nucleas was true for prolonged migration, it

does not determine front-rear polarity. Rather, the Golgi positioning is adapted to the migratory

direction over time, resulting in the textbook orientation in front of the nucleus in direction of

migration (Chen et al., 2013).

As the Golgi apparatus is a hub for vesicular transport, its positioning might play a role in main-

taining and/or establishing polarisation by directing delivery of compounds to the respective cell

end, thus providing spatial control (Yadav et al., 2009). The Golgi apparatus itself is linked to the

cytoskeleton by adaptor proteins which connect the Golgi membrane to microtubules and actin

filaments (Gurel et al., 2014; Ravichandran et al., 2020). Microtubules were shown to play a crucial

role in assembling and orienting the Golgi apparatus. Further, in addition to the centrosome as

main organiser of microtubules, the Golgi apparatus can act as a nucleation site for microtubules

providing a network for directed vesicular transport (Rivero et al., 2009; Zhu & Kaverina, 2013).

Indeed, this transportation network proved crucial for cell polarisation and polarised migration

(Miller et al., 2009; Rivero et al., 2009). But also the actin cytoskeleton plays a role in Golgi appa-

ratus organisation and vice versa. Perturbation of the actin network is associated with defects in

Golgi apparatus localisation and morphology as well as retrograde Golgi-to-endoplasmatic retic-

ulum vesicular transport (Di Campli et al., 1999; Valderrama et al., 1998; Valderrama et al., 2001).

On the other hand, the presence of actin crosslinkers and Rho-GTPases at the Golgi apparatus

implicate a close coupling of actin polymerisation and organisation as well as actomyosin con-

tractility with the Golgi apparatus (Egea et al., 2013). Further, NM II was shown to play a role in

actin-associated vesicular transport (Durán et al., 2003; Müsch et al., 1997; Valderrama et al., 2001).

1.3.3 Confinement in 3D

In addition to 2D substrate topography, the available overall space in 3D influences cellular be-

haviour. When migrating through dense fibre networks, cells may need to squeeze through tight

pores. When confined in such a way, cells switch their mode of migration as demonstrated by

Liu and colleagues in 2015 (Y. J. Liu et al., 2015). Upon confinement up to a degree where the

nucleus appeared deformed and additional passivation of the surface, typically mesenchymal der-

mal fibroblasts adapted a mostly rounded morphology with continuous blebbing of the mem-

brane. Further, a fraction of the hence confined cells started to migrate fast while exhibiting an

amoeboid-like morphology. Following this observation, they subjected a total of 20 cell types

to these conditions and found that nearly all of them were able to undergo such a transition to

amoeboid-like migration. From this, they concluded that confinement and low adhesion are suf-

ficient to induce a mesenchymal-to-amoeboid transition (MAT), leading to the observed change

in migratory behaviour. A few years later in 2019, Holle and colleagues demonstrated that cancer

cells entering narrow microchannels switch from mesenchymal, adhesion-dependent migration

to a fast migration mode, exhibiting increased membrane-blebbing and a simultaneous reduction

in focal adhesion and stress fibre formation (Holle et al., 2019). Their results indicate that in some
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cases confinement alone can be enough to self-induce MAT.

Both experimental approaches impose conditions under which the cell nucleus is deformed. As

the largest intracellular compartment, the nucleus limits the migration in dense spaces. In 2020,

Lomakin and colleagues found that the nucleus not simply serves as a limiting factor in navigating

dense networks but rather acts as an active mechanosensor of confinement (Lomakin et al., 2020).

Depending on the tension along the nuclear envelope, for example increased due to confinement,

stretch-sensitive proteins are activated, which in turn increase actomyosin contractility. They

concluded that the nucleus serves as a ‘ruler’ for available space, inducing downstream effects

upon reaching a certain threshold.

In all of these experiments, blebbing of the cell membrane was observed, which in terms of cell

migration is associated with a certain type of amoeboid-like migration. The switch between mem-

brane blebbing and formation of lamellipodia, as observed in mesenchymal migration, depends on

the degree of NM II activation (Ghosh et al., 2021). Regarding the role of the individual isoforms

in this, NM IIA was described to play a role in formation as well as retraction of blebbs, whereas

overexpression of NM IIC favours formation of lamellipodia (Dey et al., 2017; Taneja & Burnette,

2019). Despite the overall role of NM II activity in adapting cell migration to environmental re-

strains like confinement being largely clear, specific functions of the individual isoforms in these

processes are implicated but not yet fully understood.

1.4 Controlling the Cellular Environment

The majority of the findings described here were obtained by manipulation of the mechanical

microenvironment of cells. Overall cell culture substrate properties like stiffness can be altered

by varying the degree of crosslinking of hydrogels, to name one example (Giuseppe et al., 2018;

Ishihara et al., 2023; Tirella et al., 2012). Using specialised fabrication methods, hydrogels with

stiffness gradients can be fabricated to allow for a step-wise change of stiffness (Hakeem et al.,

2023; Lavrentieva et al., 2020; Sunyer et al., 2012). Other approaches to alter stiffness take advan-

tage of the correlation of bendability of columns and the effective stiffness. Shorter columns are

harder to bend and thus exhibit a higher effective stiffness as experienced by cells. Thus, by fabri-

cating column arrays of different height, gradients in stiffness can be obtained which additionally

allow for precise control of adhesion geometry (Doss et al., 2020; Q. Li et al., 2015; Schoen et al.,

2010). Such column arrays can be cast from moulds fabricated by techniques like UV lithography

or reactive ion etching. Both offer the advantage of geometric control of the substrate and can also

be employed to manufacture stamps for microcontact printing (Doss et al., 2020; Handrea-Dragan

et al., 2022). This allows creation of 2D adhesive or passivating patterns by controlled applica-

tion of surface coatings via microcontact printing and is used in studies focussing on geometric

influences or impact of adhesive proteins on the cellular response (Bachmann et al., 2020; Lehnert

et al., 2004).

Although all of these techniques allow generation of defined 2D or 2.5D substrates, generation of

true 3D environments is harder to realise. With the development of 3D laser microprinting, an-

other technique for fabrication of arbitrary 3D structures became available. This technique can be
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employed to generate so-called bio-metamaterial scaffolds for cell culture, which exhibit altered

material properties due to their microstructure (Flamourakis et al., 2020; Munding et al., 2023; C.

Wang et al., 2022; W. Zhang et al., 2013). In the following, the underlying concepts of 3D laser

microprinting and metamaterials are briefly introduced.

1.4.1 3D Laser Microprinting for Fabrication of 3D Environments

Modern 3D laser microprinting is based on the absorption of photons by a photosensitive resist,

which subsequently induces polymerisation in a confined space, the voxel (Fischer & Wegener,

2013; Yang et al., 2019). Typically, femtosecond-pulsed lasers are used as a source of photons

(LaFratta et al., 2007). By tightly focusing the laser beam into a liquid photoresist and moving the

laser focus in 3D space, almost arbitrary 3D structures can be fabricated (Barner-Kowollik et al.,

2017; Maruo et al., 1997). While the process of absorbing photons to initiate polymerisation ap-

pears simple, a fully 3D spatial control of the reaction is only possible due to the requirement of

the simultaneous or step-wise absorption of two (or more) photons by the photoresist (Fischer &

Wegener, 2013; Hahn et al., 2021). Early attempts of this two-photon polymerisation were already

made in 1965, but only proved sucessful by the end of the 1900s due to the availability of powerful

lasers and sensitive photoresists (Maruo et al., 1997; Pao & Rentzepis, 1965). Today, commercial

setups together with a variety of photoresists are available, allowing for the fabrication of 3D scaf-

folds with geometries and material properties specifically tailored to the respective requirements.

Radical Polymerisation and Two-Photon Absorption

Although many different photoresists have been developed, they all contain a monomer and a

photoinitiator, which creates radicals upon absorption of photons (Bagheri & Jin, 2019; J. Zhang

& Xiao, 2018). In common photoresists, these radicals induce a chain reaction called radical poly-

merisation, which propagates until chain termination occurs (Decker & Jenkins, 1985; O’Halloran

et al., 2023). Depending on the length of the obtained polymer chain, its solubility is decreased

and it eventually solidifies. While the individual chains can form weak interactions with each

other, they do not necessarily form a mechanically stable network. This can be solved by using

monomers with more than one reactive group or the introduction of crosslinkers, which both lead

to crosslinks between the individual polymer chains and thus a stable three-dimensional polymer

network (Baldacchini, 2015).

One might wonder why two photons need to be absorbed to initiate the polymerisation, when

radicals can also be formed by one-photon absorption (1PA). Two-photon absorption (2PA) is an

unlikely process, which exhibits a probability proportional to the squared light intensity (Fischer

& Wegener, 2013). This allows for precise spatial control of the polymerisation reaction, as poly-

merisation is restricted to the focal region of the laser, which exhibits the highest probability for

2PA. While the latter is also true for the way more common 1PA, here the probability of absorption

is linearly proportional to the light intensity and thus still high outside of the focal point (Fischer

& Wegener, 2013). The different absorption probabilities are depicted in a simplified scheme in

Figure 1.7A.
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Figure 1.7: Schematic polymerisation behaviour 1PA and 2PA.
A Difference in photon absorption probability for 1PA and 2PA. For 1PA, the probability of photon
absorption is high in the whole lightpath of the laser, with the highest probability at the focal region.
Due to the nonlinearity of 2PA, the absorption probability is drastically decreased outside of the focal
region. B Exposure dose and polymerisation. Below the threshold dose, the photoresist is not stably
polymerised and crosslinked. When the exposure dose exceeds the threshold, the resulting polymeri-
sation and crosslinking are sufficient to create a stable polymer network. C Schematic dose profiles of
2PA (black) and 1PA (grey). Due to its narrower profile, 2PA can achieve smaller polymerised features
than 1PA for the same dose.

As the radical polymerisation is induced by light, the power and scan speed of the laser play a cru-

cial role in regulating polymerisation and crosslinking density. Their respective proportionality

to the dose, reflecting the amount of photons, is given in Equation 1.1 (Kiefer et al., 2020).

D ∝ PN

v
(1.1)

with D = dose, P = laser power, N = nonlinearity and v = scan speed.

According to the threshold model, a certain threshold dose is needed in order to obtain a stable

polymer, which persists after removal of unpolymerised resist during development, visualised in

Figure 1.7B (Kiefer et al., 2020). The dose profile for 1PA is comparably broader than the one for

2PA. Thus, while limiting polymerisation only to the focal area is also possible for 1PA when

choosing a sufficiently small dose, 2PA can achieve smaller polymerised features for the same

dose. The difference is schematically depicted in Figure 1.7C.

Feature Size and Resolution

Now that the basic principle of 3D laser microprinting is understood, the question arises what

structures can be realised. Two characteristics indicating this are feature size and resolution. While

feature size describes the smallest volume of structure that can be fabricated, resolution determines

the smallest distance at which two features can be distinguished (or resolved) from each other. The

feature size directly correlates with the voxel size, which is related to the exposure dose. In theory,

the feature size can become infinitesimally small once an exposure dose is chosen whose maximum

lies infinitesimally close to the polymerisation threshold. Resolution on the other hand is limited

due to optical constraints. The resolution limit in lateral direction as formulated by Ernst Abbe

and the adaptation to the axial direction are given in Equation 1.2 and Equation 1.3, respectively

(Abbe, 1873; Fischer & Wegener, 2013).
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dx,y =
λ

2n sin(α)
=

λ

2NA
(1.2)

dz =
λ

n−
√
n2 − NA2

(1.3)

with d = resolution limit, λ = wavelength, n = refractive index of medium, α = opening half

angle and NA = numerical aperture.

From these equations it is apparent, that the axial resolution limit is at least doubled compared to

the lateral one. Thus, the voxel takes an ellipsoid shape, elongated along the axial direction.

Another approach to describe resolution is the Sparrow’s criterion. Here, two points are consid-

ered resolvable if they exhibit a local minimum. In case of 3D laser microprinting, this translates to

a local minimum below the threshold dose. As mentioned above, the probability of 2PA is propor-

tional to the squared light intensity, rendering it a non-linear process. This results in a narrower

shape of dose profiles compared to the linear 1PA and hence an increase in resolution in the sense

of Sparrow’s criterion. To reflect this, the previously given Abbe’s formulas need to be modified

as given in Equation 1.4 and Equation 1.5 (Baldacchini, 2015).

dx,y =
1√
N

× λ

2NA
(1.4)

dz =
1√
N

× λ

n−
√
n2 − NA2

(1.5)

with N = nonlinearity.

For linear processes with N = 1, the original Abbe’s formula is obtained. However, the 2PA in 3D

laser microprinting leads to a factor 1/
√
2 smaller resolution limit, as N = 2 for this process. In

this work, all 3D laser microprinting was performed using a set up with an excitation wavelength

λ = 780 nm equipped with an objective with a NA = 1.4 and photoresists exhibiting a refractive

index around 1.5. According to the modified formulas, this results in lateral and axial resolutions

of roughly 200 nm and 600 nm, respectively.

All of these considerations apply to 2PA as well as 1PA, which leads to the question why 2PA

is considered superior in the context of 3D laser microprinting. When exposing points in close

spatial proximity, their dose profiles overlap due to a phenomenon termed dose accumulation.

According to the accumulation model, the total dose equals the sum of individual dose profiles, as

the photoresist ‘memorises’ each exposure (Kiefer et al., 2020). Thus, even doses below the poly-

merisation threshold contribute to polymerisation. The consequence is schematically depicted in

Figure 1.8. While the orange dose alone is not sufficient to cross the polymerisation threshold, the

overlap with the blue dose results in a larger polymerisation area (green).

With this in mind, let’s take a look at the implications for 1PA and 2PA, schematically depicted in

Figure 1.8B and C, respectively. For 1PA, due to the linear correlation of dose with light intensity,

the resulting dose profile is relatively broad. Thus, the effect of dose accumulation persists over

a larger spatial distance than for 2PA with its smaller dose profiles. This results in polymerisa-

tion further away from the focal point, effectively reducing resolution by reducing minima below
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Figure 1.8: Dose accumulation during 1PA and 2PA.
A Exemplary dose accumulation for two spatially close doses. While the blue dose is sufficient to
cross the polymerisation threshold, exposure with the orange dose alone does not yield a polymerised
feature. However, due to the overlap of both doses, their combined doses lead to an increased poly-
merisation areal (green) according to the accumulation model. B -C Dosis accumulation for 1PA and
2PA, respectively. Although both doses are equally spatially separated, the dose profiles for 1PA over-
lap. This leads to accumulation of doses and a hence enlarged polymerisation areal (green). Due to the
narrower dose profile of 2PA, both doses remain separated. Thus, 2PA enables higher spatial control
compared to 1PA.

the polymerisation threshold. For 2PA, the overlap of dose profiles is comparably reduced, thus

preserving the local minimum and achieving higher resolution.

1.4.2 Metamaterials Provide Access to Rare Material Properties

Apart from providing a detailed 3D architecture, 3D laser microprinted structures can also pro-

vide different mechanical properties. By using different photoresists and varying the degree of

crosslinking, the stiffness of the obtained polymer can be influenced. However, the majority of

photoresists produce rather stiff polymers. Due to the increased interest in 3D cell culture and

mimicking the in vivo microenvironment, in the recent years more efforts have been made to de-

velop softer photoresists for applications in tissue culture. By now, a few commercial and custom

resists with lower stiffness are available (De Bellis et al., 2021; Ovsianikov et al., 2011; Vazquez-

Martel et al., 2024).

Despite the multitude of available resists, the printed scaffolds are mostly stiffer than natural tis-

sue and often exhibit swelling when transferred into aqueous environments, which interferes with

the precise control of geometry. Further, to change the stiffness of the scaffold one needs to screen

for other suitable photoresists and adapt the printing process to the new material which can turn

into a tedious and time-consuming task. Only recently, a new material class which enables mod-

ifying material properties without actually changing the material itself became available. These

so-called metamaterials exhibit an additional set of material properties based on their microstruc-

ture. While the above mentioned column arrays of different height in a sense can be considered

metamaterials, another way to achieve metamaterial behaviour is to rationally design periodic

patterns of unit cells and introduce this microstructuring to bulk materials, for example by 3D

laser microprinting. Metamaterials find application in a variety of fields, as they can aim at dif-

ferent properties such as optical or acoustical behaviour. In the following, more insight into the

field of mechanical metamaterials is provided, as the focus of this thesis is set on the mechanical

microenvironment of cells.
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K = − ∆P
∆V/V0

G = τ
γ = F/A

∆x/l E = σ
ϵ = F/A

∆L/L0
v = − ϵtrans

ϵaxial
= − ∆d/d0

∆L/L0

τ = shear stress σ = tensile stress ϵtrans = transverse strain
γ = shear strain ϵ = extensional strain ϵaxial = axial strain

Figure 1.9: Schematical depiction of different descriptors of material properties.
Applied forces and initial geometries are indicated by red arrows and dotted lines, respectively. The
bulk modulus acts as an indicator for compressibility, whereas the shear modulus describes deformabil-
ity. Young’s modulus and Poisson’s ratio focus on the response to uniaxial stress. While the Young’s
modulus characterises the resistance to deformation in the axis of applied force, the Poisson’s ratio
gives a measure of the deformation perpendicular to the axis of stress. The corresponding mathemat-
ical descriptions are given below each visual representation, with ∆P = change in pressure, ∆V =
change in volume, V0 = initial volume, F = force, A = area parallel to applied force, ∆L = L−L0 and
∆d = d− d0.

For the ease of understanding, basic descriptors of mechanical material characteristics are given

in Figure 1.9. The bulk and shear moduli serve as indicators of compressibility and deformability,

respectively. The latter is calculated by the ratio of shear stress to shear strain, thus considering

the force acting on a certain area and its lateral shearing. In case of the bulk modulus, the amount

of pressure required to obtain a certain change in volume is calculated. Both descriptors are mea-

sured in Pascal. The Young’s modulus is probably the most commonly cited material characteristic

and describes the material’s resistance along the axis of applied force. In biology, it is often used

as an indicator of material stiffness. The Poisson’s ratio on the other hand focuses on the relative

deformation of the material perpendicular to the axis of applied force. Most materials exhibit a

positive Poisson’s ratio, resulting in thinning of the material under uniaxial stretch. However, a

few biological tissues, like skin or tendons, were characterised to exhibit negative Poisson’s ratio

behaviour (Gatt et al., 2015; Lees et al., 1991).

Such so-called auxetic materials are relatively rare and thus harder to access for biological studies.

Nonetheless, in the recent years attempts have been made to fabricate auxetic materials. In the

context of cell culture, these materials were shown to affect processes like stem cell differentia-

tion or cell alignment (Flamourakis et al., 2020; Yan et al., 2017). On a macroscopic scale, auxetic

materials have been explored for medical applications, comprehensively reviewed by Lvov and

colleagues (Lvov et al., 2022), and just recently were identified as candidates for more durable car-

diac patches (Dong et al., 2024). All of these materials rely on a certain microstructure to obtain

this auxetic behaviour and thus can be considered as metamaterials. How microstructuring can

be applied to achieve e.g. auxetic behaviour by rational material design is schematically depicted

in Figure 1.10.
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Figure 1.10: Schematic depiction of mechanics of an auxetic bowtie metamaterial.
When a bowtie unit cell is stretched along the x-axis as indicated by the red arrows, sides a (red) are
pulled outwards. This leads to straightening of the angled sides b (blue), which in the process push
out sides c (blue). This results in expansion of the material along the axis of stretch as well as the
perpendicular direction. For better visualisation, the initial size of the material is indicated by dotted
lines in the stretched version.

Granted that the bulk material, from which the metamaterial is fabricated, can be deformed by the

applied force, the sides a are moved outwards. This leads to straightening of the sides b, which in

turn push out side c. Thus, the individual unit cell expands perpendicular to the axis of stretch.

As the metamaterial comprises a periodic pattern of these unit cells, the expansion is propagated

throughout the material, leading to overall expansion and thus alters the bulk materials initial

mechanical material characteristics. However, the metamaterial properties do not override the

ones of the bulk material but rather are combined in the effective material properties.

In the last decade, a few publications explored such bowtie geometries for mechanobiological cell

studies. They confirmed auxetic behaviour of their metamaterials and found that fibroblasts as well

as MSCs were able to deform the structures, even in case of hard and stiff resists (Flamourakis et

al., 2020; C. Wang et al., 2022; W. Zhang et al., 2013). This demonstrates, that metamaterials can be

applied as powerful tools to access rare material properties, thus providing a new and interesting

material class for shaping the cellular microenvironment.
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Chapter 2

Aim of the Thesis

The influence of the cellular environment on many intracellular processes is a continuous topic of

scientific discourse. The composition and organisation of the microenvironment influences a mul-

titude of processes ranging from cellular contractility to embryonic environment (Rehfeldt et al.,

2007; Tenney & Discher, 2009). Thus, alterations of the microenvironment have been associated

with a wide range of diseases like cancer or fibrosis (de Visser & Joyce, 2023; Faurobert et al., 2015;

Iozzo & Gubbiotti, 2018). To further the understanding on how the microenvironment regulates

cell fate and behaviour, scientists are trying to recreate chemical and physical aspects of it in vitro
to study the impact of individual parameters.

In order to understand the effect of different materials, physical material characteristics like the

Young’s modulus have been discussed broadly in the past (Discher et al., 2005; Janmey et al., 2020;

Mao et al., 2016). Apart from the Young’s modulus, the Poisson’s ratio was identified as a promising

new target for mechanobiological studies. Especially negative Poisson’s ratio (or auxetic) mate-

rials were shown to influence stem cell differentiation (Yan et al., 2017). While some biological

tissues can exhibit such auxetic behaviour, negative Poisson’s ratio materials are relatively rare

and thus harder to access (Gatt et al., 2015; Lees et al., 1991; Pagliara et al., 2014). Only recently,

metamaterial-based approaches emerged to tackle this issue (Flamourakis et al., 2020; C. Wang

et al., 2022; W. Zhang et al., 2013). By the use of such metamaterials, which exhibit an addtional

set of parameters due to microstructuring of the bulk material, unusual mechanical behaviour, like

auxeticity, can be achieved by rational material design. Thus, they pose a promising opportunity

for studying the effect of defined material properties on the cellular mechanoresponse.

Although metamaterials primarily focus on generating new material properties, they may unin-

tentionally influence cells by other means due to their design. As they rely on microstructuring,

the effect of substrate geometry needs to be considered, as it can affect the orientation and polar-

isation of cells (Belay et al., 2023; Callens et al., 2020). How cells sense and adapt to the substrate

geometry is not fully understood in detail, but a multitude of components are already identified.

This encompasses sensory focal adhesion complexes, intracellular signalling cascades that trans-

mit the received cues and ultimately parts of the contractile machinery, which facilitate parts of

the cellular response. Belonging to the latter, the motorprotein NM II, of which three isoforms are

decribed, is known to play a role in polarisation of cells. While inhibition of NM II causes defects

in cell polarisation and migration, the role of individual isoforms in adaptation to different sub-

strate organisations is yet unclear.
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While substrates for studying the effect of geometry are often structured in 2D or comprise fur-

rows or grooves, cells in vivo also need to navigate crowded 3D environments. However, with

the advances in 3D scaffold fabrication and 3D culture techniques it became clear that cells not

necessarily adapt to 3D networks in they same way they do to 2D substrates. This is partially due

to the dense packing of ECM and other cells, both leading to confinement, which is not present in

2D. Confinement of cells was shown to affect cell migration, introducing a migration mode termed

amoeboid migration in various cell types (Y. J. Liu et al., 2015). This migration mode occurs in-

dependent of cell adhesion and the formation of a pronounced actomyosin network, which both

are crucial intracellular structures for adhesion-dependent mesenchymal migration dominating in

non-confined spaces. However, both actin and NM II, which form the actomyosin network, appear

to be necessary for transitioning from mesenchymal to amoeboid migration. As for the sensing

of substrate organisation, whether individual NM II isoforms take on different functions in this

process is not yet understood.

Within this work, the effect of the mechanical microenvironment on the cellular mechanoresponse

is adressed in three approaches, focussing on the arisen research questions:

(i) A metamaterial-based system was developed for the extraction of cellular forces. This

system was used to characterise the cellular mechanoresponse, supported by the analysis

of biological markers.

(ii) To address the cellular response to substrate geometry with respect to NM II, 2D and 3D

substrates with different organisation of gelatine or collagen fibres were employed. By

the use of knock-out cell lines of the isoforms NM IIA and NM IIB, their role in adaptation

to the substrates was analysed.

(iii) For studying the effect of increasing confinement, a microchannel-based approach based

on the work of Holle and colleagues is presented (Holle et al., 2019). By monitoring

migration of different NM II knock-out cell lines within these microchannels, conclusions

on the role of the individual isoforms can be drawn.

Together these approaches allow for a comprehensive study of the effect of the mechanical mi-

croenvironment on the cellular mechanoresponse.
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Chapter 3

Materials and Methods

3.1 Materials

3.1.1 Chemicals and Solutions

All chemicals were stored according to the manufacturer’s recommendation and diluted if neces-

sary. Solutions for tissue cultures were handled under sterile conditions and sterile filtered where

necessary.

Table 3.1: Reagents for 3D laser microprinting.

Substance Supplier Application

Order Nr.

3-(trimethoxysilyl)propyl-

methacrylate

Sigma-Aldrich

M6514-25ML

Silanization of substrates for 3D

printing

Acetone Carl Roth

5025.1

Development of printed scaf-

folds

IP-PDMS Nanoscribe Photoresist for fabrication of

metamaterial scaffolds

IP-S Nanoscribe Photoresist for fabrication of

migration channels

Irgacure819 Ciba AG

024475001PS04

Photoinitiator for 3D printing

Isopropanol Carl Roth

6752.2

Development and washing of

printed scaffolds

Pentaerythritol triacrylate

(PETA)

Sigma-Aldrich

246794-500G

Monomer for 3D printing

Propylene glycol methyl ether

acetate (PGMEA)

Carl Roth

7966.1

Development of migration

channels

Toluene Carl Roth

9558.3

Solvent for silanization agent
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Substance Supplier Application

Order Nr.

Trimethylolpropane ethoxylate

triacrylate (TPETA)

Sigma-Aldrich

412171-250ML

Monomer for 3D printing

Table 3.2: Reagents for electrospinning.

Substance Supplier Application

Order Nr.

N -(3-Dimethylaminopropyl)-

N’-ethylcarbodiimide hydro-

chloride

Sigma-Aldrich

03450-25G

Crosslinking of gelatine nanofi-

bres

N -Hydroxysuccinimide Sigma-Aldrich

130672-25G

Crosslinking of gelatine nanofi-

bres

Acetic acid Nacalai tesque

00212-85

Preparation gelatine nanofibres

Acetone Nacalai tesque

00310-53

Cleaning of cover slips

Ethanol Nacalai tesque

14713-53

Cleaning of cover slips, solvent

for crosslinking agents

Ethylacetate Nacalai tesque

14747-65

Preparation gelatine nanofibres

Gelatine type A Sigma-Aldrich

G1890

Preparation gelatine nanofibres

Methanol Nacalai tesque

21914-03

Cleaning of cover slips

Table 3.3: Tissue culture materials.

Solution Supplier Application

Order-Nr.

Fetal bovine serum (FBS) Hyclone

SH30541.03

Additive for culture medium

DMEM (Dulbecco’s Modified

Eagle’s Medium)

PAN Biotech

P04-03590

Culture medium for tissue cul-

ture
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Solution Supplier Application

Order-Nr.

DMEM with HEPES, without

phenol red

ThermoFisher Scientific

21063029

Culture medium for live cell

imaging

Dimethyl sulfoxide (DMSO) Sigma-Aldrich

D2650

Cryopreservation of cells

Fibronectin Sigma-Aldrich

F1056-2MG

Coating of cell culture sub-

strates

PBS (phosphate buffered saline) PAN Biotech

P04-36500

Washing solution for tissue

cultures without Calcium and

Magnesium

Penicillin/Streptomycin

(Pen/Strep)

Gibco

15140-122

Additive for imaging medium

Trypsin/EDTA Gibco

15400-054

Detaching of cells

Table 3.4: Other materials.

Substance Supplier Application

Order-Nr.

Fluorescein-5(6)-isothiocyanat Sigma-Aldrich

46950-50MG-F

Characterisation of gradi-

ent formation in chemotaxis

chamber

Tris-HCl Carl Roth

9090.3

Solvent for Fluorescein

3.1.2 Reagents for Immunocytochemistry, Dye-Conjugated Affinity Probes and
Antibodies

All antibodies and affinity probes were reconstituted and stored according to the manufacturer’s

protocol.
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Table 3.5: Reagents for immunocytochemistry.

Substance Supplier Application

Order Nr.

Bovine serum albumin (BSA) Sigma-Aldrich

A4509-100G

1% in PBS, blocking agent for

immunocytochemistry

Mowiol 4-88 Merck Millipore

475904

Preservation medium for im-

munostained samples

Para-formaldehyde (PFA) Merck Millipore

30525-89-4

4% in PBS, fixing of cells

PBS Pan Biotech

P04-53100P

Washing solution

Triton X-100 Carl Roth

3051.1

0.1% in PBS, cell permeabilisa-

tion

Table 3.6: Affinity proteins.

Target Probe

Conjugate

Stock concentration

Working dilution

Supplier

Order-Nr.

F-actin Phalloidin

AlexaFluor 488

n.a.

1:200

Molecular Probes

A12379

F-actin Phalloidin

AlexaFluor 568

n.a.

1:200

Molecular Probes

A12380

F-actin Phalloidin

AlexaFluor 647

n.a.

1:100

Molecular Probes

A22287

Nucleic acids DAPI 5 mg/mL

1:500

Roth

Table 3.7: Primary antibodies and specification.

Antigen Organism

Isotype

Stock concentration

Working dilution

Supplier

Order-Nr.

GM130 mouse

monoclonal

250 µg/mL

1:500

BD Biosciences

610822

NM IIA rabbit

polyclonal

1 mg/mL

1:500

Biolegend

909801

NM IIB rabbit

polyclonal

1 mg/mL

1:500

Biolegend

909901
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Antigen Organism

Isotype

Stock concentration

Working dilution

Supplier

Order-Nr.

Paxillin rabbit

polyclonal

200 µg/mL

1:300

Santa Cruz

sc-5574

Vinculin mouse

monoclonal

0.5 mg/mL

1:100

Invitrogen

14-9777-82

YAP mouse

monoclonal

100 µg/mL

1:300

Santa Cruz

sc-101199

Table 3.8: Secondary antibodies and specification.

Antigen Organism

Conjugate

Stock concentration

Working dilution

Supplier

Order-Nr.

Mouse IgG donkey

AlexaFluor 488

n.a.

1:200

Jackson ImmunoResearch

715-545-151

Mouse IgG goat

AlexaFluor 488

2 mg/mL

1:200

Molecular Probes

A11029

Mouse IgG donkey

Cy3

n.a.

1:200

Jackson ImmunoResearch

715-165-151

Mouse IgG goat

Cy3

n.a.

1:500

Jackson ImmunoResearch

115-165-146

Rabbit IgG donkey

AlexaFluor 568

2 mg/mL

1:200

Invitrogen

A10042

Rabbit IgG donkey

Cy5

n.a.

1:200

Jackson ImmunoResearch

711-175-152

3.1.3 Technical Equipment and Microscopes

Table 3.9: Technical equipment and microscopes.

Device Objective Manufacturer Application

AxioObserver Z1 CP-Achromat 10×/0.25 Ph1

Plan Apochromat 20x/0.8

Ph2 M27

Plan Apochromat 40×/1.4

oil DIC (UV) VIS-IR M27

Carl Zeiss Imaging of living cells,

with heated incuabtion

chamber
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Device Objevtive Manufacturer Application

LSM 800

with Airyscan

Plan Apochromat 40×/1.4 oil

DIC (UV) VIS-IR M27

Plan Apochromat 63×/1.4

oil DIC II

Carl Zeiss Confocal laser scan-

ning microscope with

Airyscan-technology

for superresolution

Nanoscribe Photonic

Professional GT

Plan Apochromat 63×/1.4 oil Nanoscribe Printing of 3D scaffolds

NANON-01B - MECC

Nanofiber

Electrospinning of gela-

tine nanofibres

Quantum X LCI Plan-Neofluar 25×/0.8

Imm Korr Ph2 M27

Carl Zeiss Printing of 3D scaffolds

3.2 Substrate Fabrication and Preparation

All substrates for cell culture application were sterilised by UV-light exposure immersed in 70%

ethanol, unless indicated differently, for at least 30 min prior to cell seeding.

3.2.1 3D Scaffolds

All 3D scaffolds were fabricated by 3D laser microprinting in an ISO 7 clean room environment

under yellow light to prevent preliminary polimerisation of the photoresists. Silanised substrates

were used for all printing. For the sake of expediency, used custom resists are referred to by the

name of the monomer.

3.2.1.1 Silanisation

To facilitate strong attachment of printed structures to the glass substrates, 22×22 mm high preci-

sion cover slips with a thickness of 170 µm ± 5 µmwere functionalised with 3-(trimethoxysilyl)pro-

pylmethacrylate. For this, cover slips were cleaned with isopropanol and plasma-treated for 10 min.

Treated cover slips were immediately transferred to a 1.7 mm solution of 3-(trimethoxysilyl)propyl-

methacrylate in toluene for 1 h at room temperature. Functionalised cover slips were rinsed with

water, blow dried with pressurised nitrogen and stored until further use.

3.2.1.2 Metamaterials

Scaffolds with metamaterial characteristics were fabricated using a Photonic Professional GT

equipped with a 63× oil immersion objective (NA = 1.4) in conventional mode. The scaffolds

consisted of stiff supporting beams atop a passivating base plate and nets with metamaterial ge-

ometries. To achieve this, two sequential printing steps using two different resists were performed

as schematically depicted in Figure 3.1.
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Figure 3.1: Schematic depiction of metamaterial printing process.
In the first step, stiff supporting beams are printed from trimethylolpropane ethoxylate triacrylate
(TPETA) together with a passivating baseplate and an alignment marker. After development, the sec-
ond printing step is performed. Before printing, rotations introduced by sample transfer are corrected.
The correct positioning of the nets is ensured by manual alignment of the writing field (blue) with
the printed structure based on the alignment markers and metamaterial nets are printed between the
supporting beams.

First, stiff supporting beams together with a passivating base plate and alignment markers were

printed from trimethylolpropane ethoxylate triacrylate (TPETA) with 2% (w/w) Irgacure819 as

photoinitiator. Printing was performed at a scan speed of 5000-15000 µm/s and a powerscaling of

100%. Printed scaffolds were developed in a 1:1 mixture of acetone and isopropanol at least over

night, rinsed with isopropanol and blow dried with pressurised nitrogen.

Prior to the second writing step, o-rings with an inner diameter of 8 mm and a height of 1 mm were

glued around the printed structure. Nets with metamaterial geometries were printed between the

stiff beams from IP-PDMS or pentaerythritol triacrylate (PETA) with 2% (w/w) Irgacure819 as pho-

toinitiator. Printing was performed using a powerscaling of 65-70% and scan speeds of 1000 µm/s

or 10000 µm/s, respectively. To ensure correct placement of the nets, x- and y-rotations were

corrected via the built in tranformation tool and writing fields were aligned manually using the

previously printed alignment marker. Samples printed using PETA were first developed in a 1:1

mixture of isopropanol and acetone for at least 30 min before being transferred to isopropanol.

IP-PDMS scaffolds were directly developed in isopropanol. Scaffolds were kept in isopropanol for

at least 2 d, exchanging the developer at least once. From this point on, especially the scaffolds

made from IP-PDMS were always kept in solution to avoid collapse of the net. This was ensured

by the o-ring acting as a reservoir, thus preventing drying of the scaffold during later handling

steps.

One day prior to use in cell culture, scaffolds were transferred to water. Remaining organic solvent

was removed by washing three times for 10 min with ddH2O before UV sterilisation.

3.2.1.3 Migration Channels

Migration channels were printed from IP-S using a Quantum X equiped with a 25× immersion cor-

rection objective (NA = 0.8). Printed samples were developed by washing two times with PGMEA

for 10 min and two times with isopropanol for 5 min. Developed samples were rinsed with iso-

propanol and blow dried using pressurised nitrogen.
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3.2.2 Gelatine Nanofibres

Aligned gelatine nanofibres (aGNF) and random gelatine nanofibres (rGNF) were fabricated at

the Center for Integrative Medicine and Physics (Institute for Advanced Study, Kyoto University,

Kyoto) during a research stay at the group of Prof. Dr. Motomu Tanaka. A NANON-01B electro-

spinner was used for preparation of gelatine nanofibres. To ensure reliable fibre distribution and

density, humidity and temperature during electrospinning did not exceed 25% and 23 ◦C, respec-

tively. Before use in cell culture, nanofibres were washed at least three times for 10 min with 70%

ethanol and PBS each.

3.2.2.1 Cleaning of Substrates

Round cover slips with Ø25 mm were cleaned by washing with acetone, followed by ethanol,

methanol and ddH2O in an ultrasonic bath for 3 min each. Washed samples were dried under

vacuum and stored until further use.

3.2.2.2 Gelatine Solution

The gelatine solution for electrospinning consisted of 10% (w/w) gelatine, 42% (w/w) acetic acid,

28% (w/w) ethylacetate and 20% (w/w) ddH2O. The components were dissolved under constant stir-

ring over night at room temperature. Solution was always prepared fresh.

3.2.2.3 Preparation of Aligned Nanofibres

For preparation of aGNF, the electrospinner was equipped with a drum collector onto which the

substrates were fixed with adhesive tape. The gelatine solution was loaded into a syringe with

a 22 gauge blunt end needle which was positioned 10 cm above the drum collector. The drum

collector was accelerated to a speed of 2300 rpm and a voltage of 15 kV was applied to the needle.

aGNF were obtained by dispersing the solution at a flow rate of 0.2-0.3 mL/h for 15 min.

3.2.2.4 Preparation of Random Nanofibres

For preparation of rGNF, substrates were fixed to a flat surface with adhesive tape and gelatine

solution loaded into a syringe with a 22 gauge blunt end needle, positioned 14 cm above the sub-

strates. A voltage of 16 kV was applied to the needle. rGNF were obtained by moving the needle

horizontally across the substrates at a speed of 20 mm/s and dispersing the gelatine solution at a

flow rate of 0.5 mL/h for 1 min.

3.2.2.5 Crosslinking of Fibres

Electrospun fibres were crosslinked in 0.2 mN -(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hy-

drochloride and 0.2 mN -Hydroxysuccinimide in 99.9% ethanol for 4 h at room temperature. Sam-

ples were washed three times for 5 min with 99.9% ethanol and left to dry.
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3.2.3 3D Collagen Fibres

Aligned and orthogonal 3D collagen fibres were purchased from 3D BioFibR Inc. Following the

suppliers instructions, dried fibres were prehydrated in an incubator over night before hydration

with PBS for 30 min at room temperature. Hydrated fibres were checked for defects prior to use

in cell culture.

3.2.4 Chemotaxis Chambers

Chemotaxis chambers were fabricated by Alexandra Moritz and Marc Schneider (Korvink group,

Institute of Microstructure Technology, KIT, Karlsruhe) via hot embossing of cyclic olefin copoly-

mer. Chambers were washed with 70% ethanol for 2 d to remove any soluable residues of the

polymer before use in cell culture.

3.3 Cell Culture

In this work, immortalised cell lines originating from rat embryonic fibroblasts (REF52) or bone

osteosarcoma cells (U2OS) were used (see Table 3.10). Both cell types exhibit an adherent pheno-

type with either fibroblast-like or epithelial morphology, respectively. Different NM II KO cell lines

were previously generated from U2OS wt cells (Weißenbruch et al., 2021). Due to their prominent

actomyosin network and polarised phenotype, U2OS cells were chosen for studies focusing on the

organisation of the actin cytoskeleton and cellular polarisation (Beach et al., 2014; Hotulainen &

Lappalainen, 2006).

Table 3.10: Used cell lines.

Cell line Organism Origin Supplier

REF52 wt rat fibroblast cells from embryonic tissue Olivier Pertz, Basel

U2OS wt human osteosarcoma cells from tibia ATCC, #HTB-96

U2OS NM IIA KO human U2OS cells lacking NM IIA expression Kai Weißenbruch

U2OS NM IIB KO human U2OS cells lacking NM IIB expression Kathrin Stricker

All work with tissue culture was performed under sterile conditions.

3.3.1 Cultivation

Cell cultures were kept in a sterile bactericidal incubator at 37 ◦C, 98% humidity and 5% CO2.

All cell lines were cultivated in DMEM containing 10% FBS, referred to as feeding medium, and

passaged every second to third day once a confluency of 90% was reached to allow for constant

growth.

For passaging, cells were rinsed with 5 mL PBS without Ca2+ and Mg2+ and detached with 150 µL

trypsin/EDTA during 2-3 min incubation at 37 ◦C. The reaction was inhibited by addition of fresh

feeding medium and remaining trypsin/EDTA as well as dead cells removed by centrifugation
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for 5 min at 1000×g. The obtained cell pellet was resuspended in fresh feeding medium and an

appropriate fraction transferred to a new flask. Passaging ratios for REF52 cells usually ranged

from 1:5 to 1:10; U2OS cell lines were passaged at ratios of 1:3 to 1:6.

3.3.2 Cell Revival and Cryopreservation

Cryopreserved cells were thawed as quickly as possible at 37 ◦C using a waterbath and immedi-

ately transferred into a tube containing 4 mL prewarmed feeding medium. Remaining DMSO, a

preservation agent, was removed by centrifugation for 5 min at 1000×g. The obtained cell pel-

let was resuspended in fresh prewarmed feeding medium and the suspension transferred into

a T-25 flask. The following day, medium was exchanged and the cultures were passaged once

90% confluency was reached.

For cryopreservation, cell cultures were expanded to T-75 culture flasks and cells were collected

once confluency was reached as described above. The obtained cell pellet was resuspended in

2 mL feeding medium containing 10% DMSO as a preservation agent and 1 mL transferred to each

cryovial. The cryovials were frozen at -80 ◦C using an isopropanol chamber for controlled freezing

and transferred to a liquid nitrogen tank for long term storage.

3.3.3 Cell Seeding

Where necessary, substrates for cell culture were coated with 10-20 µg/mL fibronectin in PBS for

1 h at room temperature. Coated substrates were rinsed with feeding medium prior to seeding of

cells.

Cell suspensions were obtained as decribed above and their respective concentrations determined

using a Neubauer counting chamber. The amount of cells seeded on the individual substrates are

given in Table 3.11.

Table 3.11: Substrates, coatings and cell seeding amounts.

Substrate Dimension Fibronectin coating Seeding amount

3D collagen fibres Ø10 mm - 30000 cells (orthogonal)

15×15 mm - 35000 cells (parallel)

Metamaterials 8 mm (Øinner O-ring) 20 µg/mL 5000 cells

22×22 mm (cover slip)

Glass cover slip Ø18 mm 10 µg/mL 40000 cells

Gelatine nanofibres Ø25 mm - 80000 cells

Migration channels 22×22 mm 10 µg/mL 40000 cells

3.4 Live Cell Imaging

For live cell imaging, cells were seeded and left to adhere for at least 3 h or over night to ensure full

spreading. Live cell imaging was performed using an AxioObserver Z1 microscope with a heated

34



3 Materials and Methods

incubation chamber. Heating was turned on at least 1 h before imaging.

To minimise phototoxicity during imaging, the feeding medium containing phenol red as pH-

indicator was exchanged against imaging medium, consisting of DMEM without phenol red and

10% FBS. To maintain a constant pH-value, the imaging medium contained 25 mm HEPES as a

CO2-independent buffer substance.

3.4.1 Metamaterials

For analysis of cellular forces on 3D structures with metamaterial properties, cell cultures were

imaged using differential interference contrast (DIC) microscopy. This method was chosen over

phase contrast microscopy to ensure clear visualisation of the metamaterial net which proved

crucial for later analysis. Images were acquired every 30 s for 1 h using a 40× oil immersion

objective (NA = 1.4).

3.4.2 Cell Migration in Migration Channels

Prior to imaging, the inner reservoir of the migration chamber was filled with 100 µL imaging

medium. Square 22×22 mm cover slips with seeded cells were taken out of the culture medium

and the cell-free side dried on a paper towel. On the cell-side, roughly 2 mm from each edge were

dried with a paper towel to ensure tight sealing of the chamber. The hence prepared cover slip

was carefully lowered on the chamber, avoiding formation of air bubbles in the inner reservoir, as

well as spillage of the medium outside of the reservoirs. The cover slip was secured in place with

adhesive tape and roughly 120 µL of imaging medium was added to the outer reservoir via the

drilled openings, again avoiding the formation of air bubbles. Once the chamber was sufficiently

filled, the openings were sealed with adhesive tape and the chamber used for imaging.

Phase contrast microscopy was used to observe migrating cells. Images were acquired in 15 min

intervals for 20 h using a 10× objective (NA = 0.25).

3.5 Immunocytochemistry

Immunocytochemical staining was used to visualise intracellular structures. Cells were left to

adhere for at least 3 h to over night after seeding to ensure complete spreading. All steps were

performed in a darkened humidity chamber to avoid drying of the samples or bleaching of the

flourophors. To reduce unspecific binding of staining agents, all antibodies and affinity probes

were diluted to the appropriate working concentration in 1% BSA in PBS.

Cells were fixed by incubation with 4% PFA for 10 min and permeabilised by washing three times

for 5 min with PBS containing 0.1% Triton-X100 (PBS-T). Subsequently, the samples were incu-

bated with primary antibodies for 1 h at room temperature or 4 ◦C over night. Following the first

staining step, samples were again washed three times for 5 min with PBS-T and incubated with

secondary antibodies as well as affinity probes for 1 h at room temperature or 4 ◦C over night.

Unbound staining agents were removed by washing three times for 5 min with PBS. To avoid the
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formation of salt crytals, remaining PBS was rinsed off with ddH2O and samples were embedded

in 20% (w/v) Mowiol in PBS:glycerine (2:1). The Mowiol was left to harden at room temperature

over night and the samples stored at 4 ◦C until imaging.

3.6 Evaluation and Quantitative Analysis

All data was analysed using Fiji (Schindelin et al., 2012), OriginPro® 2023 and Microsoft Excel 2019.

Unless indicated differently, significance niveaus were determined using a two-sample t-test. Dif-

ferences in variation were determined using a two-sample test for variance. The significance level

was defined as α = 0.05. All box plots represent the 25-75% range indicated by the box, as well

as the median and mean values, indicated by a solid line and square, respectively. Whiskers cor-

respond to the 5-95 percentile range.

Maximum intensity projections of z-stacks, acquired every 0.5 µm, were used for analysis of im-

munocytochemical stainings.

3.6.1 Metamaterials

To analyse the behaviour of cells cultured on substrates with metamaterial characteristics, cellular

forces, morphology and mechanical activation was evaluated. As the force field analysis forms one

of the key developments of this work, it is described in detail in Section 4.1.

Only cells with minimal contact to the stiff beams, the passivating base plate or other cells were

chosen for analysis to limit the influence of other factors than the metamaterial characteristics.

3.6.1.1 Analysis of Cell Shape

Two descriptors of cellular morphology were chosen for analysis: cell spreading area and aspect

ratio. Immunocytochemical staining of the actin cytoskeleton was used to determine the cell area.

For this, a threshold was applied to obtain a mask following the outline of the cell as visualised in

the top panel of Figure 3.2. From this mask, cell area and aspect ratio were calculated.

3.6.1.2 YAP Distribution

The nuclear to cytoplasmic ratio of the transcriptional co-activator YAP was determined following

the procedure published by Kuroda and colleagues (Kuroda et al., 2017). Here, the nuclear area

is determined by creating a mask based on the DAPI staining and the mean intensity measured

within, whereas the mean cytoplasmic intensity is derived from seven circular areas with a diam-

eter of 10 µm in close proximity to the nucleus. The procedure is depicted in the bottom panel of

Figure 3.2.

3.6.2 Polarisation on Structured Substrates

The effect on cells cultured on structured substrates like aligned nanofibres or 3D orthogonal

collagen fibres was analysed based on cell morphology, as well as Golgi apparatus positioning and

distribution.
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Figure 3.2: Analysis of cell area, aspect ratio and YAP distribution.
Top panel: Cell spreading area and aspect ratio were calculated from a mask (yellow), derived from the
thresholded (red) immunocytochemical staining of the actin cytoskeleton.
Bottom panel: Mean nuclear and cytoplasmic YAP intensities were measured within masks (yellow) en-
circling the nucleus derived from the thresholded (red) DAPI staining and seven circular areas in close
proximity to the nucleus, respectively. For better visibility, the measured areas within the indicated
region are enlarged in the last image. Scale bar: 20 µm, magnification: 5 µm.

To limit other influencing factors, only cells with no contact to other cells were chosen for analysis.

For aligned gelatine nanofibres, preferably regions with denser fibres were chosen.

3.6.2.1 Ordering of Actin Fibres

The relative orientation of actin fibres with respect to gelatine nanofibre orientation was anal-

ysed in collaboration with Danny Egic (Tanaka group, Institute of Physical Chemistry, Heidelberg

University, Heidelberg). For this, a self-written image processing macro by Dr. Philipp Linke,

employed in previous publications, was used (Inoue et al., 2015; Yoshikawa et al., 2013). In brief,

actin fibres were identified, segmented and their orientation relative to the vertical axis of the

image determined. To match this with the orientation of aligned gelatine nanofibres, images were

rotated prior to analysis such that the main fibre direction corresponds to the vertical image axis.

In case of random fibres, no additional image preparation was necessary.

3.6.2.2 Analysis of Cell Shape

As decribed in Section 3.6.1, cell spreading area and aspect ratios were measured by creating a

mask from the immunocytochemical actin staning as depicted in the top panel of Figure 3.3.
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Figure 3.3: Analysis of cell area, aspect ratio and golgi apparatus orientation.
Top panel: Cell spreading area and aspect ratio were calculated from a mask, derived from the im-
munocytochemical staining of the actin cytoskeleton.
Bottom panel: For determination of the orientation of the golgi apparatus, an ellipse was fitted to the
mask encircling the cell shape to identify the main cell axis. For the localisation of the nucleus, a mask
was created from the DAPI staining. Golgi apparatus orientation was then determined with respect to
the main cell axis and nucleus position. If the focus of the golgi apparatus was located parallel to the
main cell axis and within a +/− 45◦ angle originating from the centre of the nucleus as indicated, it
was assumed to be aligned. Scale bar: 20 µm.

3.6.2.3 Alignment of Golgi Apparatus with Main Cell Axis

In analogy to the approach published by Chen and colleagues (Chen et al., 2013), the alignment

of the Golgi apparatus with the main cell axis was determined. Based on the mask encircling

the cell area, an ellipse was fitted to the cell shape to determine the main cell axis for analysis

of the Golgi apparatus orientation (see bottom panel Figure 3.3). Additionally, the nuclear area

was determined based on the DAPI staining. Using these two masks, the orientation of the Golgi

apparatus was determined with respect to the main cell axis and cell nucleus and categorised as

described in Table 3.12.

Table 3.12: Categories for Golgi apparatus orientation.

Category Criteria

aligned centre of Golgi apparatus located parallel to main cell axis and within an angle

of +/- 45◦, originating from the centre of the nucleus. Schematically depicted in

bottom panel of Figure 3.3

not aligned centre of Golgi apparatus located perpendicular to main cell axis and outside of

the +/- 45◦ area, originating from the centre of the nucleus

not defined centre of Golgi apparatus located within nuclear area
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3.6.2.4 Golgi Apparatus Distribution

In addition to the Golgi apparatus localisation, its distribution was analysed in collaboration with

Danny Egic (Tanaka group, Institute of Physical Chemistry, Heidelberg University, Heidelberg).

As before, cell shape, nucleus localisation and Golgi apparatus distribution was determined by

thresholding the image and creating a mask. Images were rotated so the main cell axis was parallel

to the x-axis. Originating from the centre of mass of the nucleus, the image was segmented in 10◦

segments in a radius of 600 px, corresponding to 46.3 µm. The area occupied by the Golgi apparatus

staining in each segment was measured and plotted in a polar diagram.
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Chapter 4

Results

In this chapter, the results of the individual projects are described, beginning with the development

of a metamaterial-based approach to study the cellular mechanoresponse in Section 4.1. Follow-

ing this, Section 4.2 focusses on the influence of structured environments on the morphological

adaptation and polarisation of cells. The chapter concludes with the introduction of a setup to

investigate the effect of confinement, an additional mechanical restriction of 3D environments, in

Section 4.3.

4.1 Development of a Metamaterial-Based Approach to Study the
Cellular Mechanoresponse

One modulating factor of cellular contractility is the stiffness of the cellular environment. Like

most material properties, this factor is largely influenced by the chemical structure of the sub-

strate. Thus, to generate cell culture substrates with a variety of physical properties, screening

for different chemical components was necessary. However, once an appropriate microstructure

is introduced, these properties can be altered despite using the same chemical compound. Addi-

tionally, previously inaccessible or rare parameters like the Poisson’s ratio can be targeted. Such

materials can be referred to as metamaterials which exhibit different effective parameters than the

bulk material due to the added dimension of metamaterial properties. Thus, by eliminating the

need for compound screening and enabeling the manipulation of previously inaccessible material

properties, mechanical metamaterials form an interesting class of materials for the study of the

cellular mechanoresponse. In the course of this work, a 3D microscaffold-based approach was de-

veloped to test the effect of different metamaterials on the cellular mechanoresponse, which was

published as a proof-of-principle in 2023 (Munding et al., 2023).

4.1.1 Scaffold Design and Characterisation

Based on the work of Zhang and colleagues in 2013, Dr. Marc Hippler (previously Zoological Insti-

tute and Institute of Applied Physics, KIT, Karlsruhe) designed and developed a fabrication process

for 3D scaffolds with metamaterial properties. While Zhang and colleagues fabricated scaffolds

solely from a polyethylene glycol diacrylate (PEGDA) based resist (W. Zhang et al., 2013), his pro-

cess includes the use of two different resists with different mechanical properties. Figure 4.1A

41



4 Results

schematically depicts the design of the scaffold: a net with metamaterial geometry made from IP-

PDMS is suspended between two stiff beams located atop a baseplate. IP-PDMS, a highly elastic

PDMS-based photoresist, only became commercially available in the last years. When in aque-

ous environment, it exhibits a low Young’s modulus of 700 kPa, which renders it more than three

orders of magnitude softer than other commonly used resists like IP-S or PETA (Munding et al.,

2023). Thus, together with its good optical properties and low cytotoxicity, this resist is a promis-

ing material for mechanobiological studies. Beams as well as the baseplate below are fabricated

from protein-repellent TPETA, which helps to restrict seeded cells mainly to the metamaterial net.

With a Young’s modulus of 12.7 × 103 kPa in aqueous environment, it is considered a stiff and

non-deformable material, suitable as a support structure (Hippler et al., 2020). The metamaterial

net is freely hanging between the beams, as visible in the 3D reconstruction in Figure 4.1B. For

the initial tests, three different metamaterial geometries were chosen as depicted in Figure 4.1D-F,

termed bowtie, brickstone and honeycomb, respectively.

In order for the biological cell to experience the effective metamaterial properties rather than the

local microstructure, unit cell sizes were set to be 3-5 times smaller than the biological cell. As the

cellular contractility is influenced by the available adhesion area, filling fractions of the individual

geometries were kept as close as possible.

The different geometries aim at achieving different behaviour under x-axial compression or stretch,

as visualised in Figure 4.1C. When bowtie geometries are pulled along the x-axis, they expand per-

pendicular to the axis of stretch; an effect associated with negative Poisson’s ratio also known as

auxeticity. Honeycomb geometries, on the other hand, contract perpendicular to the axis of ex-

pansion, thus exhibiting positive Poisson’s ratio behaviour common in many materials. For brick-

stone geometries, neither expansion nor contraction is observed, thus exhibiting a Poisson’s ratio

of zero. However, as cells do not only concentrate their contractility on a singular axis, the indi-

vidual Poisson’s ratios and Young’s moduli were calculated in dependency of the angle of applied

force by Dr. Yi Chen (Wegener group, Institute of Applied Physics, KIT, Karlsruhe). The results are

visualised in Figure 4.1G-I. While the Poisson’s ratios for bowtie geometries are as expected for an

angle of 0 ◦ and 180 ◦, equaling compression or stretch along the x-axis, they differ for other angles,

some even reaching into positive values for the Poisson’s ratio. For brickstone geometries, a value

of 0 is only achieved for applying force along the y-axis and remains in the positive regime for all

other angles. Solely honeycomb geometries show a mainly constant Poisson’s ratio of 0.8-1 for all

angles. For the Young’s modulus, an angle-dependency can be observed for all three geometries.

With a maximum value below 25 kPa, bowtie structures exhibit the smallest Young’s moduli of the

three geometries, with the highest values along the x- and y-axis. On the other hand, brickstone

geometries exhibit the largest Young’s modulus of up to 160 kPa along the x-axis. Unlike before,

also honeycomb geometries exhibit an uneven distribution with the largest Young’s moduli for

diagonal stretch or compression, indicated by the highest values lying just below 50 kPa for 45 ◦,

135 ◦, 225 ◦ and 315 ◦.

This uneven distribution of Young’s moduli and Poisson’s ratios renders all three geometries

anisotropic. Thus, the angle-dependency should be considered when analysing potential effects

observed over the whole biological cell.
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Figure 4.1: Design and physical characterisation of 3D scaffolds with metamaterial proper-
ties. (adapted from Munding et al., 2023)
A Schematical depiction of the scaffold design. Structures comprise two stiff supporting beams and a
baseplate, fabricated from the passivating resist TPETA. Free hanging nets with metamaterial geome-
try are printed between the stiff supports. Unit cell sizes smaller than the biological cell were chosen
together with the soft photoresist IP-PDMS, to allow for experiencing of effective metamaterial prop-
erties by a biological cell. B 3D reconstruction of a metamaterial scaffold based on its autofluorescence.
The net is suspended between the supporting beams and free hanging. C Schematical depiction of the
behaviour of metamaterial geometries under uniaxial stretch or compression along the x-axis. While
bowtie geometries expand perpendicular to the axis of stretch, honeycomb geometries contract. Brick-
stone geometries remain unaffected in the axis perpendicular to the stretch. D-F ESID images of three
different metamaterial scaffolds. Filling fractions of the three designs are Continues on next page.
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Figure 4.1: Continued from previous page. roughly the same to minimise the effect of available cell
adhesion area. G-I Calculated Young’s moduli (red) and Poisson’s ratios (blue) in dependency of the
angle in which the force is applied. All geometries exhibit an anisotropic distribution of the two
parameters. Merely honeycomb geometries show a nearly isotropic distribution of the Poisson’s ratio.
Poisson-negative and -positive regions are coloured in light blue and medium blue, respectively. Scale
bars: 20 µm.

4.1.2 Workflow for Force Field Analysis

Starting from the scaffold design and 3D laser microprinting process developed by Dr. Marc Hip-

pler, a workflow for cell experiments was established with the aim of analysing the cellular forces

exerted on the metamaterial net. Cells seeded on the scaffolds adhered to the metamaterial nets

as visible in the 3D reconstruction in Figure 4.2A. In order to experience the mechanical proper-

ties of the metamaterials, the cells do not merely need to adhere to the metamaterial nets, but

they need to be able to deform them as well. As depicted in the enlarged time series images in

Figure 4.2BI-BIII, a rat embryonic fibroblast (REF) cell was able to deform the underlying meta-

material net over time. With this basic requirement fulfilled, an experimental and computational

workflow was developed, schematically depicted in Figure 4.2C, which will be described in detail

in the following.

Figure 4.2: Workflow for analysis of forces on metamaterial scaffolds.
A 3D reconstruction of a REF cell on a metamaterial scaffold. Cell body (green) and nucleus (blue)
were reconstructed from actin and DAPI stainings, respectively. The scaffold (blue) was reconstructed
from its autofluorescence. B DIC image of a REF cell on a metamaterial net acquired during live cell
imaging (LCI). The outline of the cell was traced manually and the cell area pseudocoloured for better
visibility. BI-BIII Magnifications of the area marked in B at different time points during live cell imag-
ing (LCI). Over time, the cell deforms the underlying metamaterial net. Scale bars: 10 µm. C Schematic
depiction of the experimental and computational workflow for the determination of exerted cellular
forces (adapted from Munding et al., 2023). After scaffold fabrication, cells are seeded onto the metama-
terial nets and their interaction with the metamaterial observed during LCI. After imaging, the cell is
removed by trypsination to obtain a reference image of the non-deformed metamaterial. Displacement
vectors are extracted from the timeseries images via digital image cross-correlation. The extracted vec-
tors are used to determine the forces necessary for deformation via finite element method (FEM) with
respect to the reference image. A-B Scale bars: 20 µm.
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4.1.2.1 Experimental Data Acquisition

Scaffolds with metamaterial properties were fabricated by 3D laser microprinting in two sequential

writing steps as described in Section 3.2.1.2. Cells were seeded on the metamaterial scaffolds

and the cell-induced deformations imaged using DIC microscopy. This method proved superior

to the commonly used phase contrast microscopy, as it eliminated halos appearing around the

metamaterial net. This proved crucial for later analysis steps, as it allows clear visualisation of the

metamaterial net at any given timepoint. Following LCI, cells were detached from the scaffolds by

trypsination to obtain a reference image of the non-deformed nets. Acquiring the reference image

after LCI greatly reduces the need for manual image alignments for later analysis compared to

acquiring the reference image before seeding of cells. However, both methods proved feasible.

4.1.2.2 Computational Analysis

Following the experimental data acquisition, forces were calculated from observed deformations.

For this, the resulting displacement vectors were extracted and subjected to finite element method

(FEM) to determine the exerted force field.

Extraction of Displacement Vectors

The displacement vectors were extracted from the timeseries images using digital image cross-

correlation as schematically depicted in Figure 4.3A. Timeseries images were corrected for drifts

using the Fiji plugin "Linear stack alignment with SIFT" (Lowe, 2004) prior to further analysis.

In collaboration with Dr. Tobias Frenzel (formerly Wegener group, Institute of Applied Physics,

KIT, Karlsruhe), a previously published Matlab-script for image cross-correlation was refined to

match the metamaterial setting (Frenzel et al., 2021). In the first frame of the timeseries, prominent

regions were selected for tracking. For the metamaterial geometries, crossing points of the individ-

ual bars forming the net were chosen preferrably (see Figure 4.3C). These markers were tracked

throughout the timeseries images and individual coordinates of each marker at each timepoint

collected. From these coordinates, the displacement vectors for each timepoint were calculated

with respect to the first frame. The obtained vector fields for one timeseries is depicted for differ-

ent timepoints in Figure 4.3B. It is apparent that some regions experienced less deformation than

others, corresponding to the localisation of the cell in the bottom left quarter (not indicated). Fig-

ure 4.3D shows the individual displacements in x- and y-direction for each timepoint. The lack of

abrupt changes in displacement or flat lines, indicating false correlation or lost positions, indicate

a correct tracking of the markers throughout all frames.

Determination of Force Fields via Finite Element Method

From the obtained displacements, force fields were extracted using FEM. The procedure was de-

veloped using the the commercial finite element software COMSOL Multiphysics in collaboration

with Dr. Yi Chen (Wegener group, Institute of Applied Science, KIT, Karlsruhe). Essentially, it

is based on mapping the individual displacements onto the autofluorescence-based non-deformed
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Figure 4.3: Extraction of displacements from LCI images.
A Schematic depiction of displacement vector extraction. Starting with the first frame of the LCI, mark-
ers are manually selected on prominent regions of the metamaterial net. These regions are tracked
throughout the timeseries by digital image cross-correlation and the coordinates for each marker at
each timepoint are collected. From these coordinates, the displacement vectors for each timepoint are
calculated with respect to the first frame. B Timeseries images with the corresponding displacement
vectors (red). As the obtained displacements are quite small, the vectors were scaled by a factor of 10
for better visibility. Top right images are magnifications of the region indicated at t=0 min. C Anno-
tated markers used for displacement vector extraction. A total of 176 markers was selected to track the
deformation of the whole metamaterial net. The image on the top right shows a magnification of the
indicated region. D Extracted displacements in x- and y-direction over time with respect to the initial
marker position. As visible in B, some markers show stronger displacement than others. B-C Scale
bars: 20 µm.

reference image from which the necessary forces for this deformation are calculated. For the anal-

ysis, a binarised reference image was used, which was reduced in pixel size by a factor of two to

reduce computational cost. To ensure correct mapping of the displacements, the reference image

was corrected for rotation by determining the rotation angle via fitting a line to the stiff support

beam of the scaffold. The boundaries of the metamaterial net were determined from the now ac-

cordingly rotated image. These boundaries were assumed to be fixed in the numerical simulations.

After the boundaries were set, three markers were placed on the first image of the timeseries as

well as the reference image. The positions of the markers were adjusted to match the position

on the timeseries and the reference image. By comparison of the obtained coordinates, differ-

ences in scaling as well as rotation were determined and corrected. The individual steps of image

preparation are schematically depicted in Figure 4.4A.
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Figure 4.4: Determination of forces from displacement vectors.
A Prior to analysis of forces, the reference image needs to be adjusted to match the timeseries image.
For this, rotations are corrected and the boundaries of the metamaterial net determined. Addition-
ally, a potential difference in scaling is removed, in case reference images are acquired before LCI
using a different imaging set up. B Once the images are prepared for analysis, the markers used for
displacement tracking are transferred onto the reference image. As the first image of the timeseries
already includes deformations, the markers are manually moved to the corresponding area on the non-
deformed reference image. C The exerted cellular forces are derived from the displacement vectors by
FEM. D Obtained forces in x- and y-direction for a REF cell cultured on a metamaterial net with bowtie
geometry. The scatter plot shows forces exerted by the cell for every marker and each timepoint during
imaging. Mean forces for each marker are depicted in the box plot, revealing no significant difference
in x- and y-direction.

In the next step, the initial markers were mapped on the hence prepared reference image as

schematically depicted in Figure 4.4B. As the first frame of the timeseries is acquired after the

cells were allowed to fully spread on the metamaterial net, it already contains displacements in

comparison to the reference. To account for this initial missplacement of the markers, they were

manually moved onto the corresponding region of the reference image, thus providing an artifi-
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cial t=0 image to which the subsequent displacement vectors were compared. For the numerical

model, each pixel was considered as a square mesh with four finite element nodes resulting in

roughly 105 square meshes for capturing the induced deformations. The Equation 4.1 for static

linear elasticity was solved by using the plain strain Solid Mechanics module in Comsol Multi-

physics.

Ebulk

2(1 + νbulk)(1− 2νbulk
∇(∇ ∗ u(r)) + Ebulk

2(1 + νbulk)
∇2u(r) = 0 (4.1)

with Ebulk = bulk Young’s modulus , νbulk = bulk Poisson’s ratio and u(r) = displacement vector

The Ebulk was assumed to be 700 kPa, derived from preliminary measurements, and the νbulk

was set to 0.49. Each marker corresponded to a pixel in the numerical model. The displacement

vectors obtained from the digital image cross-correlation for each maker were then applied to

the four nodes of the corresponding pixel by using displacement boundary conditions. The force

required at each marker (or pixel) was deduced as the sum of the forces at the corresponding four

nodes. Obtained forces were scaled according to the thickness of the metamaterial nets which was

determined from representative image stacks.

4.1.3 Force Field Analysis of Living Cells

REF cells were used for LCI, as they were able to deflect the metamaterial nets by roughly 1 µm

in x- and y-direction. Albeit the displacements being rather small, force fields were determined.

During the analysis, no difference of mean forces could be observed for individual cells and forces

appeared to be rather evenly distributed as visualised for one cell on bowtie geometry in Fig-

ure 4.4D. To determine whether this was due to the specific cell type or indicated a general issue

of the metamaterial scaffolds, human mesenchymal stem cells (hMSCs) were subjected to the dif-

ferent metamaterial scaffolds in collaboration with Natalie Munding (Tanaka group, Institute of

Physical Chemistry, Heidelberg University, Heidelberg). The results of her experiments, pub-

lished in 2023 (Munding et al., 2023), are visualised in Figure 4.5. For these cells, differences in

mean force distribution were found for all three geometries with forces in x-direction being sig-

nificantly higher than those in y-direction and overall higher forces on bowtie geometries. To

determine whether this increase in forces was due to the stiffening of the net by suspension be-

tween the supporting beams or the anisotropic nature of the metamaterial properties, nets were

rotated by 90◦. For bowtie and brickstone, which are highly anisotropic in x- and y-direction, this

should result in an inversed force distribution. For honeycomb geometries, the rotation should

result in no effect, as the anisotropic axis corresponds to the diagonals of the net. Following the

force field analysis of hMSCs cultured on the rotated geometries, these effects could indeed be

observed. Thus, the difference in force distribution can be attributed to the metamaterial proper-

ties of the nets, confirming the suitability of metamaterials for mechano-regulation of the cellular

response.
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Figure 4.5: Force field calculations for hMSCs cultured on metamaterial nets. (adapted from
Munding et al., 2023)
A Mean forces of hMSCs cultured on metamaterial nets with different geometries. Forces in x-direction
are significantly higher than in y-direction, with overall highest forces on bowtie geometries. B Mean
forces of hMSCs on 90◦ rotated metamaterial geometries. Force distributions changed in agreement
with main axis of anisotropy for each geometry, leading to an inversion for bowtie and brickstone
geometries while honeycomb geometries remained unaffected.

4.1.4 Analysis of Biological Response

In addition to the computational force analysis, the effect on biological mechanosensors was anal-

ysed. In order for cells to exert forces, they need to adapt their actin cytoskeleton. On the cell

level, this often is reflected in a change of cell shape. Thus, spreading areas and aspect ratios were

determined. On the subcellular level, the localisation of the YAP/TAZ complex was analysed. De-

pending on the degree of tension established by the focal adhesions, nuclear pores are opened

allowing translocalisation of cytoplasmic YAP into the nucleus, where it acts as a transcriptional

co-activator. Due to this tension-dependent localisation, the ratio of nuclear to cytoplasmic YAP

can serve as an indicator of the degree of mechanical activation.

Simultaneously to shaping metamaterial properties, the microstructuring of the net introduces a

different shape of adhesive areas. As cells are generally know to adapt to microstructured surfaces

without metamaterial properties (Jeon et al., 2010; Linke et al., 2019), a non-deformable scaffold

in the same geometry than the soft metamaterials was fabricated as a control. These stiff nets

provide the same adhesion geometry, yet they prohibit experiencing of mechanical metamate-

rial properties by the cell as it can not deform the net. Thus, by the comparison of the soft to

the stiff condition, the effect of the metamaterial properties can be separated from the adhesion

geometry-derived ones.

4.1.4.1 Cellular Adaptation to Soft, Deformable Metamaterials

First, soft and deformable metamaterials were fabricated from IP-PDMS. In addition to the bowtie,

brickstone and honeycomb geometries, blocks with the same size of the nets and a height of

12.5 µm were used as a control for a soft, homogenous substrates. The immunocytochemical stain-

ings of REF cells cultured on these substrates are shown in Figure 4.6A.
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Figure 4.6: REF cells cultured on soft, deformable metamaterials.
A Immunocytochemical staining of REF cells cultivated on blocks and metamaterials fabricated from
IP-PDMS. All cells mainly adhered to the printed IP-PDMS structures and formed stress fibres. Neither
cell size or shape seem to be significantly different between the different conditions. Scale bar: 20 µm.
B Mean cell spreading areas for REF cells on metamaterials and IP-PDMS blocks. As visible in the
immunostaining, spreading areas are roughly constant for all conditions. C Mean aspect ratios for
REF cells located on metamaterial geometries and blocks. As for the spreading area, aspect ratios are
nearly the same for all conditions. Merely cells on honeycomb geometries appear significantly more
elongated than on blocks. D Nuclear to cytoplasmic ratios of YAP. REF cells appear to experience the
same degree of mechanical activation independent of the substrate. B-D N≥ 3, n≥ 11.
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Figure 4.7: REF cells cultured on stiff metamaterial geometries.
A Immunocytochemical stainings of REF cells cultured on glass or stiff metamaterial geometries. As
for IP-PDMS, cells adhered to the geometries and formed stress fibres. Scale bar: 20 µm. B Cell spread-
ing areas of REF cells cultivated on stiff substrates. Cells cultured on homogenous stiff substrates
showed significantly larger spreading areas than those on metamaterial geometries. When compar-
ing the different geometries, cells on honeycomb nets were significantly larger than those on bowtie
or brickstone. However, this difference in spreading did not lead to a difference in elongation, as vi-
sualised by the mainly equal aspect ratios in C. Again, only cells on honeycomb geometry appeared
significantly more elongated than those on glass. D Mechanical activation of REF cells as determined
by the ratio of nuclear to cytoplasmatic YAP. Cells cultured on glass experienced a significantly higher
mechanical activation than those on metamaterial geometries, which again show equal levels of acti-
vation. B-D N≥ 3, n≥ 21.
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The cells adhered to all three substrates and formed stress fibres as visible in the actin staining.

From the actin staining, no striking difference in cell morphology can be observed, which is re-

flected in the nearly constant spreading area and aspect ratios in Figure 4.6B and C. Merely on

honeycomb geometry, REF cells appear to be more elongated than on the control blocks with a

weakly significant increase in aspect ratio of 0.6. From the YAP staining, the ratio of nuclear to cy-

toplasmic YAP was determined following the method described by Kuroda and colleagues (Kuroda

et al., 2017). As visible in Figure 4.6D, the ratio is nearly the same for all conditions, indicating no

additional mechanical activation of REF cells by the metamaterials.

4.1.4.2 Cellular Adaptation to Stiff Metamaterial Geometries

To disentangle the effect of altered adhesion geometry by the microstructuring from the experi-

enced effective metamaterial properties of the deformable nets, stiff nets with the same geometry

were fabricated from PETA, which possesses a Young’s modulus of 3×106 kPa (Hippler et al., 2020).

The respective Young’s moduli and Poisson’s ratios in dependy of the applied angle of force are

given in supplemental Figure S1. Figure 4.7A shows representative immunocytochemical stain-

ings of REF cells cultured on a homogenous stiff surface, in this case glass, and stiff metamaterial

geometries. As for the soft metamaterials, REF cells adhered to the net and formed stress fibres.

When analysing the cell spreading area, cells on glass were significantly more spread than those

on the metamaterial geometries as visible in Figure 4.7B. Cells on brickstone geometries appeared

to spread more than those on bowtie or honeycomb geometry. Despite these differences in spread-

ing area, aspect ratios again showed no difference in elongation, except for cells on glass compared

to those on honeycomb geometries. When determining the degree of mechanical activation based

on YAP localisation, no difference between the individual geometries could be found but a strong

increase of activation when cells were cultured on glass, depicted in Figure 4.7D. Interestingly, the

ratio of nuclear to cytoplasmic YAP is around 1.5 for all metamaterial geometries and thus lower

than the obtained value of roughly 1.9 for all conditions on soft materials. As cells were not able

to deform PETA nets (see supplemental Figure S2), this reduced activation can not be traced back

to mechanical metamaterial properties but rather is influenced by other means.

4.1.4.3 hMSCs and Metamaterials

As hMSC exhibited differences in force distribution, they were also analysed for morphological

changes and activation in collaboration with Natalie Munding (Tanaka group, Institute of Physi-

cal Chemistry, Heidelberg University, Heidelberg). The results of the experiments are described in

detail in Munding et al., 2023 and only summarised briefly here. For these cells, significant differ-

ences in spreading area, aspect ratio, as well as YAP distribution were found when cultured on soft

metamaterials. As for the force field analysis, hMSC cultured on bowtie geometries exhibited the

highest mechanical activation, reflected in the highest ratio of nuclear to cytoplasmic YAP which

was in the same region as for culture on glass. When stiff geometries were used, these differences

in activation were abolished and all conditions showed the same mechanical activation as for glass.
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Taken together, the analysis of the biological response of REF cells and hMSC revealed a cell type-

dependent reaction to the metamaterial scaffolds. Whereas REF cells seem to be largely unaffected

by the effective metamaterial properties, hMSCs appear to react differently to the individual ef-

fective properties. When metamaterials geometries are fabricated from stiff PETA, these effects

disappear in the case of hMSCs. On such scaffolds, however, REF cells exhibit reduced activation

levels, indicating an effect of available adhesive area or its organisation. As the observed degree of

activation resided even below those achieved on IP-PDMS scaffolds, an overall stimulating effect

of metamaterials can not be excluded.
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4.2 Influence of Structured Substrates on Cell Shape and Polarisa-
tion

As described above, the microstructuring necessary to generate metamaterials is accompanied

with an alteration of the available adhesive area. While the effect of metamaterial properties on

the cellular mechanoresponse is a relatively new field of study, it is well known that cells adapt

to structured substrates (Coyle et al., 2022; Curtis & Wilkinson, 1997; Flemming et al., 1999; Jeon

et al., 2010; Linke et al., 2019). In 2016, Fee and colleagues demonstrated an influence of aligned

and randomly oriented nanofibres on cell orientation and expression of genes related to focal ad-

hesion formation and actin polymerisation (Fee et al., 2016). Two of the drivers of the cytoskeletal

reorganisation, necessary for orientation along such aligned substrates, are the isoforms NM IIA

and NM IIB, which have been shown to polarise the cytoskeleton in response to substrate stiffness

(Shutova et al., 2017). However, whether these isoforms are also involved in sensing the cellular

microenvironment remains unclear.

To address this topic, U2OS cell lines lacking either NM IIA or NM IIB were cultivated on struc-

tured 2D and 3D substrates. The role of the two isoforms in adaptating to these environments

was analysed via the ordering of the actin cytoskeleton, cell shape and polarisation. Cell seeding

experiments and immunocytochemical stainings in the following sections were performed by su-

pervised students as part of their bachelor or master theses. Where necessary, the acquired data

was complemented with additional experiments.

4.2.1 Aligned and Random Gelatine Nanofibres as Structured 2D Substrates

For the 2D case, aligned and random gelatine nanofibres were chosen. The substrates were fab-

ricated during a research stay at the group of Prof. Dr. Motomu Tanaka (Center for Integrative

Medicine and Physics, Institute for Advanced Study, Kyoto University, Kyoto). Representative im-

ages of aGNF and rGNF together with the obtained surface coverage are given in Figure 4.8A and

Figure 4.8B, respectively. Due to the fabrication process, aligned fibres cover significantly less

surface than random ones.

U2OS wt, NM IIA KO and NM IIB KO cells were cultured on these substrates and stained for the

actin cytoskeleton and the Golgi apparatus. The Golgi apparatus was chosen as a target, as it is

located in front of the nucleus and in line with the leading edge in mesenchymally migrating cells,

thus serving as an indicator of polarisation (Ridley et al., 2003). Figure 4.9 and Figure 4.10 show

immunocytochemical stainings of cells cultured on aGNF and rGNF, respectively. As visible in

Figure 4.9, cells seeded on aGNF exhibit an elongated morphology along the main fibre direction.

The fibre direction is visualised in the binary images next to the immunocytochemical stainings.

U2OS cells cultured on rGNF exhibit no clear orientation or shape of the cells. For both substrates,

U2OS NM IIA KO cells, in contrast to wt and NM IIB KO cells, form only few pronounced stress

fibres as typical for this cell line.
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Figure 4.8: Mean surface coverage of aGNF and rGNF.
A Phase contrast images of aGNF and rGNF. Aligned fibres appear to follow one main direction with
only few fibres facing other directions. Random fibres are oriented in all spatial directions and appear
denser than aligned ones. Scale bar: 100 µm. B Mean surface coverage of aligned and random gelatine
nanofibres. Random fibres cover three times more of the substrate area than aligned fibres. n≥68.

Figure 4.9: Immunocytochemical stainings of U2OS cells cultured on aGNFs.
All cell types exhibit an elongated cell shape, which corresponds to the main fibre direction. The main
fibre direction is visible in the binarised images, which from top to bottom correspond to the stainings
from left to right. Other than wt and NM IIB KO cells, NM IIA KO cells posses only few pronounced
stress fibres. From the Golgi apparatus staining, three different localisations with respect to the nucleus
and main cell body axis can be distinguished: aligned, not aligned and not defined. Scale bars: 20 µm.
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Figure 4.10: Immunocytochemical stainings of U2OS cells cultured on rGNFs.
Cells cultured on rGNF do not show a homogenous cell shape or preferred orientation. The fibre ori-
entation is visible in the binarised images, corresponding from top to bottom to the stainings from left
to right, respectively. Compared to wt and NM IIB KO, NM IIA KO cells exhibit only few stress fibres.
Localisation of the Golgi apparatus with respect to the main cell axis und nucleus can be separated
into three categories: aligned, not aligned and not defined. Scale bars: 20 µm.

When analysing the localisation of the Golgi apparatus with respect to the main cell body axis,

being in line with the main fibre direction on aGNF, and the nucleus, three different categories

can be determined:

(I) outside the nucleus and in line with the main cell body/fibre axis (aligned),

(II) outside the nucleus and not aligned with cell body/fibre axis (not aligned), and

(III) above the nucleus (not defined).

In the following, statistical evaluations of the cell shape, as given by spreading area and aspect

ratio, the ordering of the actin cytoskeleton as well as the Golgi apparatus localisation are pre-

sented.
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4.2.1.1 Cell Spreading Area and Elongation on Gelatine Nanofibres

The differences in cell shape were quantified on the basis of cell spreading area and aspect ratio,

as depicted in Figure 4.11A and B, respectively.

Figure 4.11: Mean cell spreading areas and aspect ratios for U2OS cell cultured on microstruc-
tured 2D substrates.
A Mean cell spreading areas and statistical analysis. On glass and aGNF, cell lines exhibit roughly
the same cell spreading area. On rGNF, wt cells appear significantly more spread than KO cell lines.
Regarding the impact of the substrates on the individual cell lines, wt cells appear significantly larger
on gelatine nanofibres than on glass, whereas NM IIA KO and NM IIB KO cells exhibit no difference
between the substrates. B Mean aspect ratios and statistical analysis. NM IIA KO cells appear less
elongated compared to wt and NM IIB KO, independent of the substrate. Overall, all cells are signif-
icantly more elongated on aGNF, as indicated by the significant increase in aspect ratio. A-B N≥3,
n≥27.

To allow comparison to standard culture conditions, cells were also seeded on glass surfaces. When

comparing the different cell spreading areas between each cell line per substrate, cells cultured on
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glass do not exhibit large differences in size between the different cell types. However, the differ-

ence appears to be weakly significant for wt and NM IIA KO cells on glass. For the case of rGNF,

wt cells appear significantly more spread than both knock-out cell lines. On aGNF, no differences

between the cell lines are visible.

Below the plot, the results of the statistical comparison of the three substrates for each cell line are

given. For wt cells, the spreading area increases significantly for culture on either aGNF or rGNF.

For both knock-out cell lines, the mean spreading area is roughly the same on all substrates.

When analysing the elongation of the cells by their aspect ratio, a few more differences become

apparent. While wt and NM IIB KO cells exhibit equal aspect ratios on glass and rGNF, both are sig-

nificantly more elongated than NM IIA KO cells on all substrates. For culture on aGNF, NM IIB KO

cells appear significanytly larger than wt cells. In general, all cells cultured on aGNF appear to

be more elongated, reflected in the overall significantly higher aspect ratio compared to glass and

rGNF. The aspect ratio increased by a factor of 1.7-1.9 for wt and NM IIA KO cells and slightly

more for NM IIB KO cells with a factor of 2.1-2.4. The comparison of the culture on glass and

rGNF on the other hand revealed no significant difference.

4.2.1.2 Ordering of the Actin Cytoskeleton on Gelatine Nanofibres

Following the analysis of the cell shape, the intracellular organisation was of interest. For this, the

orientation of actin fibres was analysed in collaboration with Danny Egic (Tanaka group, Institute

of Physical Chemistry, Heidelberg University, Heidelberg), following a previously published pro-

cedure (Inoue et al., 2015; Yoshikawa et al., 2013). Essentially, actin fibres are identified and their

angle determined with respect to the vertical image axis. In case of aGNF, the images were rotated

such that the main fibre direction corresponds to the vertical axis. Figure 4.12A shows exemplary

images with identified actin fibres, colour-coded by the respective angle. Gelatine nanofibre ori-

tentation is schematically depicted in the upper left corner of each panel.

The statistical evaluation of actin fibre orientation is given in Figure 4.12B. On rGNF, actin fibres

take a random orientation independent of the cell line. In contrast to this, an increased alignment

of actin fibres with the main fibre direction is found on aGNF for all cell lines. This also holds true

for NM IIA KO cells, which show a less pronounced alignment of fibres than wt and NM IIB KO

cells. For the latter, the strongest alignment of actin fibres with the main fibre direction is found.

4.2.1.3 Polarisation Along aGNF and rGNF

Next, the polarisation of the cells was analysed based on the localisation of the Golgi apparatus

relative to nucleus and the main cell axis. For aGNF, the latter corresponded with the main fibre

direction, thus indicating the alignment along the fibres. The calculated percentages of each cat-

egory are visualised in Figure 4.13A.

On aGNF, nearly the same amount of wt and NM IIA KO cells were aligned, whereas 10% more cells

were aligned for NM IIB KO. In the case of rGNF, the fractions of polarised wt and NM IIB KO cells

were reduced. Interestingly, NM IIA KO cells exhibited an increase of 4% in alignment. The frac-

tion of not defined cells remained nearly the same for wt cells while being reduced for NM IIB KO
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Figure 4.12: Actin fibre orientation with respect to substrate geometry.
A Exemplary images of analysis of actin fibre alignment with substrate geometry. The identified actin
fibres are colour-coded according to the detected angle. The orientation of the fibres is given in the
upper left corner of each panel, with aGNF corresponding to the vertical image axis. Scale bar: 20 µm.
B Statistical distribution of the measured actin fibre angles. While all cell lines show an equal distri-
bution of all angles on rGNF, actin fibres align with aGNF. The alignment is strongest for NM IIB KO
cells and weakest for NM IIA KO cells. N≥3, n≥27.

and more than doubled for NM IIA KO. The statistical significance of the distribution was anal-

ysed by a χ2-test, revealing a significantly different overall distribution on aGNF different than

expected with a p-value ≤ 0.01.
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Figure 4.13: Golgi apparatus localisation of U2OS cells cultured on aGNF and rGNF.
A Percentages of cells with aligned, not aligned and not defined Golgi apparatus localisation. On
aGNF, wt and NM IIA KO cells show the same fraction of aligned cells. For NM IIB KO cells, a 10%
higher fraction of aligned cells was found. While no change in alignment was found for NM IIA KO
cells cultured on rGNF, both wt and NM IIB KO cells exhibited a reduced fraction of aligned cells.
The distribution on aGNF appears significantly different than expected with a p-value ≤ 0.01, as
determined by a χ2-test. B Area of Golgi apparatus per 10◦ radial segment. For aGNF, the main
fibre direction was set to 0◦. The Golgi apparatus is preferentially located along the fibre direction on
aGNF, as visible by the increase in area around 0◦ and 180◦. While this distribution is the clearest for
NM IIB KO cells, they also show the least compact Golgi apparatus. For rGNF, also the Golgi apparatus
is randomly oriented. The occupied area appears slightly larger in wt cells than for both knock-out
cell lines. A-B N≥3, n≥27.

For a more detailed analysis of the Golgi apparatus distribution with respect to the main fibre

direction, corresponding to the main cell axis on aGNF, its occupied area per 10◦ radial segment

was analysed in collaboration with Danny Egic (Tanaka group, Institute of Physical Chemistry,
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Figure 4.14: Mean Golgi apparatus area per cell
Cells cultured on aGNF exhibit no significant difference in mean Golgi apparatus area, although
NM IIA KO and NM IIB KO cells show a broader dsitribution. For rGNF, the Golgi apparatus is sig-
nificantly more compact within NM IIA KO than wt cells. While the mean Golgi apparatus area is not
affected by the choice of substrate for both knockouts, it appears signidicantly more compact within
wt cells cultured on aGNF. N≥3, n≥27.

Heidelberg University, Heidelberg). In case of aGNF substrates, the 0◦/180◦ axis was aligned to

the main fibre direction, whereas for rGNF it was fit to the vertical axis of the image. Originating

from the centre of mass of the nucleus, the occupied area of the Golgi apparatus was measured

per radial segment, depicted in Figure 4.13B. While the Golgi apparatus is preferentially located

along the fibre direction on aGNF, it shows a random distribution on rGNF. For clearer visualisa-

tion, the percentile fractions of the area in line with the fibre directions are given in supplemental

Figure S3. NM IIA KO cells resemble wt cells on aGNF, whereas NM IIB KO cells show a slightly

stronger alignment with the main fibre axis and larger Golgi apparatus areas. On rGNF, no strik-

ing differences in Golgi apparatus distribution is visible. On closer inspection, the Golgi apparutus

of wt cells appears to occupy slightly more area than for both knock-out cell lines, depicted in Fig-

ure 4.14. However, this difference is only significant for NM IIA KO cells. This indicates that overall

NM IIB KO cells are able to compact their Golgi apparatus, but fail to do so on aGNF. Additionally,

wt cells but neither knock-out cell line show a significantly more compacted Golgi apparatus on

aGNF compared to rGNF, emphasising the necessity of both isoforms to maintain Golgi apparatus

morphology.

In conclusion, all cell lines adapt to the nanofibre organisation, as demonstrated by the alignment

of actin fibres with aGNF and their random distribution on rGNF. The choice of substrate seems

to affect the spreading area of wt cells, whereas NM IIA KO and NM IIB KO cells remain largely

unaffected. When comparing the individual cell lines to each other on the different substrates,

weak significant differences can be found for NM IIA KO cells and wt cells on glass, as well as

for wt and both knock-out cell lines on rGNF. However, the choice of substrate seems to affect

the shape of all cell lines in the same way, independent of the NM II KO. All cells appear to be

more elongated on aGNF than the other substrates, with NM IIA KO cells being less elongated
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than wt and NM IIB KO cells. Regarding polarisation, NM IIB KO cells show increased alignment

with aGNF but lower compaction of the Golgi apparatus compared to wt and NM IIA KO cells.

Interestingly, depite an overall random distribution of the Golgi apparatus on rGNF, NM IIA KO

cells exhibited an unimpeded alignment of it with the cell body while both NM IIB KO and wt cells

were negatively affected.

Together these results imply that NM IIA and NM IIB both act as potential regulators of different

aspects of cellular adaptation to substrate organisation. As the knock-out of neither NM II isoform

completely abrogated the cellular adaptation, they likely act in concert in establishing the response

to structured invironments.
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4.2.2 3D Orthogonal and Parallel Collagen Fibre Networks

Following the experiments in 2D, the analysis was extended to the 3D case. For this, aligned and

orthogonal collagen networks were purchased from 3DBioFibR. U2OS cells were cultured in these

networks and analysed as for the 2D case. Figure 4.15 and Figure 4.16 show immunocytochemical

stainings of U2OS cells cultured in parallel and orthogonal collagen fibre networks, respectively.

As for aGNF, the cells showed an elongated morphology along the main fibre direction of parallel

fibres. Fibre directions are visible in the grey scale images on the right hand side. In case of or-

thogonal fibres, cells mostly aligned with one of the two fibre directions. All cells formed stress

fibres, with NM IIA KO exhibiting the least amount of fibres. Again, the Golgi apparatus localisa-

tion was categorised as aligned, not aligned or not defined, with one example each given for both

fibre networks.

Figure 4.15: Immunocytochemical stainings of U2OS cells cultured within 3D parallel colla-
gen fibres.
An elongated morphology along the main fibre axis is visible for all cell lines. The corresponding fibre
directions are visible in the grey scale images corresponding from top to bottom with the stainings
from left to right. All cells show a pronounced actin cytoskeleton, with NM IIA KO cells exhibiting
the least amount of stress fibres. As for 2D substrates, three different categories of Golgi apparatus
localisation were found: aligned, not aligned and not defined. Representative images for each cell line
are given for each category. Scale bars: 20 µm.
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Figure 4.16: Immunocytochemical stainings of U2OS cells cultured on 3D orthogonal fibres.
Cells mostly exhibit an elongated morphology along one of the two main fibre directions. In some
cases, as visible for not defined NM IIB KO cells, cells elongated along both axis. All cells formed
stress fibres, with NM IIA KO cells forming the least amount. The golgi localisation was categorised in
aligned, not aligned and not defined as described before. Representative images for each category are
given for each cell line. Scale bars: 20 µm.

4.2.2.1 Cell Spreading Area and Elongation in Structured 3D Fibre Networks

As for the 2D case, cell spreading areas and aspect ratios were analysed in the x-y-plane. The

results are visualised in Figure 4.17A and B, respectively. Within parallel collagen fibres, all three

cell lines spread equally with a slightly larger distribution of spreading areas for wt cells. Within

orthogonal collagen fibres, the mean spreading area was significantly reduced for all cell lines and

the measured areas show a smaller distribution. Additionally, NM IIA KO cells were significantly

smaller than wt or NM IIB KO cells.

Regarding the aspect ratio within parallel fibre networks, NM IIA KO cells appear significantly less

elongated than wt and NM IIB KO cells, as it was the case for the 2D substrates. For the orthogonal

fibres, this relation changes: while wt and NM IIA KO cells remain largely unaffected, NM IIB KO

cells exhibit a broader distribution and a reduced mean aspect ratio similiar to NM IIA KO cells.
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Figure 4.17: Mean cell spreading areas and aspect ratios for U2OS cells cultured within 3D
collagen fibre networks
A Mean cell spreading areas within parallel and orthogonal fibre networks. Within parallel fibres,
all cell lines exhibit the same spreading area. This area is significantly reduced within orthogonal
fibres, with the highest decrease observed for NM IIA KO cells. Within these networks, the latter are
significantly less spread than wt and NM IIB KO cells. B Mean aspect ratios for cells cultured within
3D fibre networks. NM IIA KO cells appear significantly less elongated than wt and NM IIB KO cells
when cultured in parallel fibres. For wt and NM IIA KO cells, culture in orthogonal fibres appears to
have no effect. On the other hand, NM IIB KO cells exhibit a reduced elongation similiar to NM IIA KO
cells with a broader distribution. However, this effect appears to not be significant. A-B N=3, n=30.

However, this reduced elongation is not statistically significant as determined by a two-sided t-

test.

4.2.2.2 Polarisation Within Defined 3D Fibre Networks

Following the analysis of the cell shape, the Golgi apparatus localisation with respect to the main

cell body axis and the nucleus was quantified. The obtained percentages for each category are

visualised in Figure 4.18A. While wt cells exhibit the same fraction of aligned cells on parallel

and orthogonal fibres, the fraction of not defined Golgi apparatus positioning increased by 7%.

Within parallel fibres, both NM IIA KO and NM IIB KO cells show a roughly 10% higher fraction

of aligned cells than the wt. However, within orthogonal fibre networks both of these cell lines

show a reduction of aligned cells by roughly 20% accompanied by an increase in not aligned and

not defined Golgi apparatus positioning. Within these networks, both knock-out lines appear
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less polarised than wt cells, with a roughly 10% lower fraction of aligned cells. The statistical

significance of the distribution was analysed by a χ2-test, revealing a significantly different overall

distribution than expected within parallel fibres.

Figure 4.18: Golgi apparatus localisation of U2OS cells cultured within 3D collagen fibre net-
works.
Percentages of cells with aligned, not aligned and not defined golgi apparatus localisation. Within
parallel fibre networks, wt cells appear less aligned than NM IIA KO and NM IIB KO cells. While both
of the knock-out cell lines appear less aligned within orthogonal fibre networks, the wt cells remains
unaffected. N=3, n=30. The distribution within parallel fibres appears significantly different than
expected as determined by a χ2-test.

To summarise, wt cells appear unaffected in alignment and elongation by both fibre networks.

Merely the spreading area decreased within orthogonal fibres, as was the case for both knock-

out cell lines. Both knock-out cell lines aligned more with parallel fibre networks than wt cells and

were negatively affected by orthogonal ones. As for the 2D case, this implies that both isoforms

act in concert in wt cells to achieve adaptation to their microenvironment.
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4.3 Confinement in 3D Environments

In contrast to plain 2D surfaces, cells entering fibrous 3D networks, such as the parallel and or-

thogonal fibre arrangements used here, do not only experience the ordering of the fibres but are

also affected by the limited space between the individual fibre layers. This additional constraint

of 3D environments is referred to as confinement and has previously been shown to affect cell

migration (Y. J. Liu et al., 2015). Depending on the degree of confinement, cells can adapt their mi-

gration from a mesenchymal mode to an adhesion-independent amoeboid type, a process deemed

MAT. NM II and actin have been shown to play a central role in this process; however, the role of

the individual NM II isoforms is not yet clear.

While MAT in vivo might occur as a gradual process rather than a switch, most experimental

approaches apply confinement rather apruptly or can not monitor migration at the same time.

Inspired by the work of Holle and colleagues (Holle et al., 2019), who found a self-directed MAT of

cancer cells entering microchannels, an experimental set-up was designed to monitor migration

under gradually increasing confinement. The general concept is depicted in Figure 4.19A.

Figure 4.19: Chemotaxis chamber with confining microchannels.
A Schematic depiction of a chemotaxis chamber design with microchannels for analysis of migration
under increasing confinement. The chemotaxis chamber comprises two reservoirs which are con-
nected by a bridging area. Across this bridge, exchange between the two reservoirs is possible and
hence allows formation of a stable gradient. The chamber is sealed with a cover slip, onto which mi-
gration channels are printed by 3D laser microprinting. In the assembled chamber, these channels
are positioned within the bridge area to facilitate directional migration along a chemotactic gradient
into the gradually confining channels. The confinement increases within two transition zones (TZ),
beginning with a transition from 50 µm to 5 µm in TZ1, followed by 5 µm to 3 µm in TZ2. B Scan-
ning electron microscopy images of microchannels. The channels are free of debris. Scale bar: 50 µm.
C Photos of an unsealed chemotaxis chamber (left) and a fully assembled one after imaging for 30 h
(right). Although some of the medium evaporated during imaging, indicated by the formation of air
bubbles, the two reservoirs are still sufficiently filled.

It comprises microchannels with transition zones and a chemotaxis chamber for application of

chemotactic gradients where necessary. The chemotaxis chamber, based on the Insall-chamber

published by the group of Robert Insall in 2010 (Muinonen-Martin et al., 2010), is formed by two

separated reservoirs, which are connected by two bridge areas with defined height. In a sealed
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chamber, these areas allow for the formation of a stable chemotactic gradient, until an equilibrium

between the two reservoirs is reached. The chemotaxis chamber is sealed with a glass coverslip,

onto which microchannels are printed that are placed directly within the bridge areas. The mi-

crochannels themselves possess two transition zones, which introduce increasing confinement the

further a cell enters the microchannel. The first transition zone starts with a width of 50 µm (and

thus no confinement) and over a distance of 400 µm decreases to a width of 5 µm. The second

transition zone narrows down from 5 µm to 3 µm over a distance of 200 µm. Both transition zones

are followed by 200 µm of straight microchannels.

Migration channels fabricated by 3D laser microprinting were free of debris as visualised in Fig-

ure 4.19B. The scanning electron microscopy images were kindly provided by Jannis Weinacker

(Wegener group, Institute of Applied Physics, KIT, Karlsruhe). Figure 4.19C shows a chemotaxis

chamber before assembly and a fully assembled chamber without migration channels after over

30 h of imaging. As evident by the formation of air bubbles, some of the imaging medium evap-

orated, yet the chamber is still sufficiently filled. Thus, the chamber is suitable for long-term

imaging.

Next, cells were seeded on cover slips with migration channels. The chamber was assembled

without introducing a chemotactic gradient to test whether cells would enter the channels on

their own. Figure 4.20A shows the migration of a cell located away from the channels for com-

parison. Unfortunately, cells within the migration channels did not enter past the first transition

zone, sometimes even turning around as visible in Figure 4.20B. The mean velocity as well as mi-

gration trajectories of cells outside of and within migration channels are given in Figure 4.20C

and D, respectively. As clear from the trajectories, cells within channels were restrained to the

channel dimensions but did not migrate past the end of the first transition zone, with no linear

migration distance being longer than 400 µm. With the velocity being not significantly different,

it appears migration was not affected so far.
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Figure 4.20: Timelapse images of U2OS cells in a chemotaxis chamber without chemoattrac-
tant.
A Migration of a U2OS cell outside of the microchannels. The tracked cell is marked by an arrow in
the individual frames. The last frame depicts the whole migrated path. Scale bar: 100 µm. B Migration
of a U2OS cell within a microchannel. Despite the cell entering the 5 µm wide zone after 10 h, it turned
back and migrated away from the confined region after 12.5 h. Scale bar: 100 µm. C Mean velocity of
cells migrating outside and within microchannels. No significant difference in mean velocities were
found. D Trajectories of tracked cells migration outside (left) and within migration channels (right).
While cells migrating within microchannels are restricted to the channel’s area, no cell migrated past
the initial 5 µm confinement, sometimes even turning back within the channel. C-D N=1, n=10.

69



4 Results

To facilitate entering of the cells into the confined regions, a chemotactic gradient can be ap-

plied. In order to quantify the slope of such a gradient, the outer reservoir was filled with 10 µm

Fluorescein-5(6)-isothiocyanat in 100 mm Tris-HCl. The bridge area was imaged for 22 h to moni-

tor the formation of the gradient. As visible in Figure 4.21A, over time the intensity of flourescein

in the inner reservoir increased. The measured intensities across the reservoirs and the bridge area

are given in Figure 4.21B for several time points. After an increase in slope after 6 h, the gradient

slowly returned to its orginal slope around 18 h from which on it remained constant. The intensity

at the beginning of the gradient is roughly two times greater than at the end of the gradient. A

linear fit for values along the bridge area revealed a slope of -0.129 AU/µm.

Figure 4.21: Characterisation of gradient in chemotaxis chamber.
A Visualisation of gradient formation along bridge area using fluorescein at the beginning of imaging
and after 22 h. As visible by the increased fluorescence in the right reservoir after 22 h, the fluores-
cein was able to diffuse to the previously not-fluorescent reservoir. Scale bar: 200 µm. B Fluorescein
intensities across the bridge area over time. After an increase in slope after 6 h, the gradient slowly
returned to the inital distribution after 18 h and stayed constant after that. The measured intensity at
the end of the bridge was roughly half of the initial intensity.

Upon characterisation of the gradient, different chemoattractants were tested (data not shown).

To this end, no suitable concentrations for the tested chemoattractants were found due to time

restrictions, but is part of ongoing work.
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Discussion

Within this thesis, different aspects of the cellular microenvironment and how they affect the cel-

lular mechanoresponse were analysed by three different approaches. First a metamaterial-based

system was developed to analyse the cellular mechanoresponse in the context of rare material

properties such as a negative Poisson’s ratio. In the second part, the influence of substrate geom-

etry on cellular morphology and polarisation was determined based on 2D and 3D fibre networks.

As NM II-mediated contractility is associated with both processes, the analysis was centred around

NM IIA KO and NM IIB KO cells. The last part focussed on creating an experimental setup to allow

for LCI of cells during the transition from mesenchymal to amoeboid migration within gradually

confining microchannels. In the following, the individual findings of each approach are discussed.

5.1 Metamaterials Provide a Platform for Mechanostimulation of
Cells

With the ongoing work in the field of mechanobiology, today it is clear that the cellular microenvi-

ronment influences cells by more than just stiffness. Following this insight, researchers identified

other material properties such as the Poisson’s ratio as potential influencing factors of the cellular

mechanoresponse. In contrast to modulating stiffness, e.g. by altering crosslinking of hydrogels,

this material parameter is not so easily accessible and adjustable. The vast majority of natural

materials exhibit positive Poisson’s ratios, whereas negative (or auxetic) Poisson’s ratio materials

are rare and thus a limiting resource. Although a rare material property, different biological tis-

sues such as skin, tendons or cancellous bone were characterised as auxetic (Gatt et al., 2015; Lees

et al., 1991; Williams & Lewis, 1982). Despite its occurence in vivo, the lack of applicable materials

or experimental approaches to recreate auxetic behaviour in vitro thus far restricted research of

the Poisson’s ratio’s effect on cells.

In the past decade, a few attempts have been made to fabricate auxetic materials for cell studies,

taking advantage of so-called metamaterial properties (Flamourakis et al., 2020; C. Wang et al.,

2022; W. Zhang et al., 2013), which can be introduced to a bulk material by appropriate microstruc-

turing via two-photon polymerisation. Building on this concept, a workflow for detailed analysis

of the cellular mechanoresponse was developed in this work, including fabrication of metamate-

rial scaffolds, the extraction of forces from timelapse images and the analysis of biological markers

of mechanoactivation.
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5.1.1 Metamaterials Can Induce a Mechanoresponse in Human Mesenchymal
Stem Cells

In Section 4.1, the development and detailed procedure of the aforementioned workflow is de-

scribed. In brief, free-hanging metamaterial nets are fabricated from a highly elastic photoresist

called IP-PDMS by 3D laser microprinting. Cells cultured on these scaffolds interact with the

metamaterial and the resulting dynamic deformations of the metamaterial net by individual cells

are monitored during LCI. From these timelapse images, displacement vectors of distinct features

of the net can be extracted, which serve as the basis for force field extraction by FEM under con-

sideration of the bulk materials properties. The obtained force field vectors provide the exerted

force components in x- and y-direction for each timepoint and selected feature of the analysed

timelapse series.

One drawback of the used scaffold design is the necessity for supporting beam structures to create

free-hanging metamaterial nets. When hMSCs were seeded on the scaffolds, they exhibited sig-

nificantly increased forces along the x-axis for all tested geometries (Munding et al., 2023). Due

to the suspension of the metamaterial nets between the non-deformable beams, a stiffening is

introduced in the x-axis which limits the deformability of the metamaterial. Further, the tested

geometries exhibit anisotropic distributions of the metamaterial properties. To verify that the

difference in force distribution originates from the effective material properties rather than the

support structure, nets with 90◦ rotated geometry were fabricated, resulting in a change of orien-

tation of metamaterial properties in case of bowtie and brickstone geometries. As hMSCs cultured

on the latter two exhibited inverted force distributions, the supporting beams appear to present

only a minor influence on the cellular mechanoresponse. Thus, the fabricated metamaterials were

able to introduce different responses in hMSCs as demonstrated by the overall increased forces on

bowtie geometries and the impact on other components of the mechanosensory machinery like

actin fibres, focal adhesions and cytoplasmic YAP. This was further confirmed by an equal YAP

distribution across all conditions when seeding cells on stiff metamaterial geometries (Munding

et al., 2023). Similar to the results on free-hanging nets, Wang and colleagues observed an effect of

bowtie metamaterials on cells in form of large deformations of their 3D bowtie scaffolds and more

compact colonies of hMSCs derived from human induced pluripotent stem cells (C. Wang et al.,

2022). Although this confirms the potential of metamaterials to influence cell behaviour, whether

the cells react to the different effective properties or sensed the anisotropic distribution of those

remains a subject to further research.

To conclude, while previously reported results on the effect of auxetic metamaterials on different

cell lines focussed on visual inspection of cell morphology, the workflow presented here allows

for spatial and temporal analysis of cellular forces. The fabricated soft metamaterials were able to

induce a mechanoresponse in hMSCs, which could be demonstrated both by (physical) force field

analysis and biological indicators. Thus, the presented workflow paves the way for comprehen-

sive studies, considering both physical and biological perspectives. The hence obtainable insights

into cellular contractility add a new dimension to the biological observations made so far and thus

may contribute to disentangling effective material properties and cellular mechanoresponse.

72



5 Discussion

5.1.2 Rat Embryonic Fibroblast Cells Do Not Differentiate Between Soft Meta-
material Geometries

In addition to the results on hMSC published in Munding et al., 2023, the mechanoresponse of REF

cells was analysed in the course of this work. In contrast to hMSCs, these cells were able to achieve

only minor deformations of the metamaterial nets and an initial force field analysis yielded no dif-

ference in force distribution. To nonetheless verify that metamaterial substrates do not influence

the cells’ mechanoresponse, morphological descriptors such as cell shape and aspect ratio were

quantified together with the ratio of cytoplasmic YAP, which is a well established indicator of

mechanoactivation. REF cells seeded on blocks and metamaterials made from IP-PDMS exhibited

no difference in spreading area and YAP distribution. Merely cells on honeycomb metamaterials

appeared significantly more elongated than those on the control blocks.

Overall, the equal levels of YAP activation on all soft conditions reveal no effect of effective meta-

material properties on the mechanoactivation of REF cells, as implied by the initial force field

analysis. In contrast to hMSCs, the cues from the metamaterials seem to be overwritten by the

softness of the substrate. This indicates a different sensitivity for material properties, depending

on the cell type. Before further discussion of this effect, a few descriptors of material properties

need to be defined. In biology, materials are often characterised by their elasticity or stiffness,

which are at times used interchangeably. In general, stiffness refers to the materials resistance to

deformation and thus is not as clearly defined, while elasticity equals the Young’s modulus which

is related to but not identical to stiffness. Both phrases are used according to this definition in the

following.

Turning back to cell type specific responses to the mechanical microenvironment, in case of hMSCs

an impact of matrix elasticity ranging from 0.1-40 kPa on differentiation was found (Engler et al.,

2006). This elasticity-dependent differentiation is precedented by durotactic migration towards

stiffer regions, indicating a regulatory influence of substrate stiffness on MSC behaviour and fate

(Tse & Engler, 2011). This durotaxis was shown to depend on the strength of the stiffness gradient,

with gradients as shallow as 1 Pa/µm up to steep increases of 100 Pa/µm affecting MSCs differently

(Vincent et al., 2013). Fibroblasts on the other hand were shown to be affected by stiffness but not

elasticity of the substrate (Tong et al., 2017). They exhibit increasing actin crosslinking and cel-

lular stiffness for substrates with a shear modulus range of 0.5-20 kPa (Solon et al., 2007). When

cultured in 3D hydrogels with stiffness gradients, fibroblasts align differently depending on the

substrate stiffness and remodel the surrounding matrix to achieve stiffnesses of 3-27 kPa (F. Zhao

et al., 2024). These characterisations imply a relatively high sensitivity of MSCs to their mechani-

cal microenvironment, whereas REF cells appear to react more to the general deformability of the

substrate. During durotaxis, cells sense the mechanical properties of their microenvironment with

the help of focal adhesions and actomyosin contactility, as demonstrated for sensing of different

stiffnesses. More precisely, focal adhesion distribution and strength together with NM II activity

mediate spatiotemporal actin organisation, which in turn affects focal adhesion patterning via
NM II-mediated contractility directed along these actin fibres (Gupton & Waterman-Storer, 2006).

This interplay of focal adhesions and the actomyosin network enables sensing of stiffness differ-
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ences within the ECM, thus facilitating durotaxis (Plotnikov et al., 2012; Yeoman et al., 2021). On

the other hand, the sensed stiffness affects the adhesive and contractile machinery of cells. While

some cell types spread or migrate more on stiffer substrates, others do so on softer ones (Huang

et al., 2022; Isomursu et al., 2022; Sunyer & Trepat, 2020). One framework aiming at describing this

interdepence of cellular contactility and ECM properties is the so-called molecular clutch model,

reviewed in detail by several articles and summarised in the following (Elosegui-Artola et al., 2018;

Fortunato & Sunyer, 2022). Here, focal adhesions are represented by clutches which are connected

to the retrograde actin flow. On soft substrates, these clutches are only weakly engaged, result-

ing in low contractile forces. Opposed to this, clutches are highly engaged on stiff subtrates as

the retrograde actin flow is counteracted by the high resistance of the substrate, resulting in in-

creased tension and ultimately release of the clutch which can only support a certain degree of

force. Following this reasoning, forces increase with substrate stiffness until maximised for an

optimal substrate stiffness. Further increase in substrate stiffness beyond this point results in re-

duced forces as clutches become destabilised. Although this behaviour was observed for some

cell types, others exhibit a continuously positive correlation of cellular forces and substrate rigid-

ity (Bangasser et al., 2017; Califano & Reinhart-King, 2010; Chan & Odde, 2008; Ghibaudo et al.,

2008). The latter can be explained by additional stabilisation of focal adhesions under tension

as described in Section 1.2.1, thus obscuring the effect predicted by the molecular clutch model

(Elosegui-Artola et al., 2016). In addition to substrate stiffness, other factors such as density of

binding sites and NM II-mediated contractility, regulating the actin retrograde flow, influence the

mechanosensitivity of the clutch. As presented in this work, hMSCs but not REF cells cultured on

soft metamaterials were able to deform them, indicating a lower contractility of REF cells. Thus,

they experience more resistance of comparably soft IP-PDMS metamaterials than hMSCs. This

results in a shift of the optimal stiffness towards softer materials compared to hMSCs and renders

them insensitive to the effective material properties. On the other hand, hMSCs can withstand

higher substrate stiffnesses due to their increased contractility, leading to a shift of their stiffness

optimum towards higher stiffnesses. Consequently, the range of stiffnesses they can differentiate

is broader than those of REF cells, allowing hMSCs to differentiate between the different meta-

materials upon their deformation. Due to this increased sensitivity for stiffness, they might also

be more sensitive for different Poisson’s ratio materials. Most natural materials exhibit a positive

Poisson’s ratio and thus expand perpendicular to the axis of compression. Assuming the cell only

contracts along one axis, the expansion of the material in the perpendicular axis counteracts the

inward-facing actin retrograde flow resulting in a local ‘stiffening’ and thus a potentially higher

engagement of the clutches, schematically depicted in Figure 5.1. For lower or negative Poisson’s

ratios this effect is supposedly reduced or even inverted. Due to their high sensitivity, hMSCs may

be able to sense this local difference in material resistance and adapt accordingly.

Taken together, the observations of REF cells and hMSCs on metamaterial geometries point to-

wards a different sensitivity of cell types towards their microenvironment. According to the molec-

ular clutch model, these differences in adaptation to the mechanical microenvironment can be at-

tributed to differences in contractility and thus different optima for stiffness. This emphasizes the

critical role of cellular contractility in sensing aspects of the mechanical microenvironment.
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Figure 5.1: Clutch engagement in reponse to material deformation.
Upon cellular contraction along the horizontal axis, clutches in this direction become more engaged
(red) due to the resistance they experience by the substrate. The direction of cellular contraction and
thus compression of the material is indicated by red arrows. For positive Poisson’s ratio materials
(left), compression of the material results in simultaneous expansion in the perpendicular direction
(blue arrows). This leads to a local increase in clutch engagement, as the expansion acts in the oppo-
site direction to the retrograde actin flow (grey arrows). In contrast to this, compression of negative
Poisson’s ratio materials (right) along the horizontal axis results in compression in the perpendicular
axis (blue arrows). Thus, clutches become less engaged (green) as the material moves in the same
direction as the retrograde actin flow, resulting in a lowered material resistance.

5.1.3 Microstructuring Overrides Other Mechanostimulation of Rat Embryonic
Fibroblast Cells

In addition to the soft metamaterials, cells were seeded on stiff metamaterial geometries to deter-

mine the effect of microstructuring and allow its decoupling of effective metamaterial properties.

Interestingly, while hMSCs are equally mechanically activated on glass and stiff metamaterial

geometries, REF cells exhibit reduced nuclear YAP localisation and cell spreading areas on the

metamaterial geometries. Even more so, the activation appears to be lower than on the soft meta-

material conditions, indicating an enhanced effect of substrate patterning over general stiffness.

For better visualisation, the relative change on soft and stiff conditions is given in Figure 5.2. While

the control cells show a higher spreading and nuclear YAP localisation on the stiff condition, cells

on metamaterial geometries overall appear more spread and mechanically activated on the soft

conditions. Merely cells on brickstone geometry show no difference in spreading area.

In general, REF cells react to the different material stiffnesses of IP-PDMS and glass as visible in the

control condition, where REF cells spread more on stiff than on soft materials. Consequently, cells

cultured on metamaterial geometries made from PETA, which with a Young’s modulus of 3 GPa

is four orders of magnitude stiffer than IP-PDMS (Hippler et al., 2020), should spread more than

on IP-PDMS. Yet, cells on stiff brickstone geometries exhibit the same spreading areas. Moreover,

cells cultured on bowtie and honeycomb geometries show a reduction in spreading area compared

to soft metamaterials. Thus, another parameter seems to influence cell spreading in addition to

stiffness. Although the spreading area was not comparatively analysed in detail in previous works,

an impact of stiff metamaterials on cell spreading was reported (W. Zhang et al., 2013). One factor

introduced with the microstructuring to achieve metamaterial properties is the patterning of the

substrate. As cells on IP-PDMS blocks and metamaterials exhibit the same behaviour, it appears

like REF cells on one hand react the same to all soft substrates and on the other are affected by the

patterning in case of the stiff substrates. This implies a stiffness-dependent sensing of substrate

patterning, which is enhanced for stiffer substrates and absent on softer ones.
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Figure 5.2: Relative change in spreading area, aspect ratio and YAP localisation on soft and
stiff metamaterial geometries.
Control cells cultured on glass or blocks of IP-PDMS exhibit significantly increased spreading and more
nuclear YAP for the stiff condition. For all conditions, cells exhibit no significant change in elongation.
On metamaterial geometries, cells on brickstone geometry remain unaffected, whereas cells on bowtie
and honeycomb geometries appear significantly more spread on the softer condition. Regarding the
mechanical activation, cells cultured on stiff bowtie and brickstone geometries exhibit significantly
higher fractions of nuclear YAP.

Indeed, cell spreading is controlled by the micropatterning of the substrate, affecting stress fibre

localisation in reponse to the initial adhesion site (Kassianidou et al., 2019). On patterns of 1.2 µm

squares, cells adapt their shape for spacings of 2-25 µm. Additionally, cell size increases with

the surface coverage of adhesive area, with 15% coverage as the lower limit for cell spreading

(Lehnert et al., 2004). All these different effectors are also present in the substrates used here:

microstructuring is introduced to achieve metamaterial properties, non-adhesive areas in form of

gaps lead to spacings of adhesive areas in the range of 5-15 µm and the adhesive area covers 22-33%

of the metamaterial nets’ areas. While this might serve as an explanation for altered spreading on

stiff metamaterial geometries, the question remains why cells on soft materials remain unaffected

by the micropatterning. Again for this case, the molecular clutch model provides a good starting

point: beyond the optimal stiffness, cellular forces are drastically reduced, which can be obscured

by stabilisation of focal adhesions, e.g. by talin unfolding. Consequently, when this stabilisation

of focal adhesions is reduced, cellular forces and thus mechanical activation are reduced as well.

For better visualisation, the correlation between substrate stiffness and cellular forces according

to the molecular clutch model is given in Figure 5.3.

For the metamaterial geometries presented here, such a destabilisation of focal adhesions might be

due to altered actin fibre organisation as a result of the micropatterning. As described above, focal

adhesion strength and distribution affect actin fibre organisation, which in turn regulates focal

adhesion patterning (Gupton & Waterman-Storer, 2006). Thus, the altered focal adhesion geom-

etry and actin stress fibre organisation might lead to a destabilisation of focal contacts compared

to continuous substrates. In case of soft metamaterials, the destabilising impact of the substrate

patterning might be reduced as their stiffness is close to or within the stiffness optimum. For stiff

materials on the other hand, this impact is increased as increased breakage of clutches can not be

counteracted, resulting in forces even below those exerted on soft materials. Both cases are exem-
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Figure 5.3: Effects of focal adhesion destabilisation based on the molecular clutch model.
(adapted from Fortunato and Sunyer, 2022)
According to the molecular clutch model, the destabilisation of clutches beyond the optimal stiffness
can be obscured by adhesion reinforcement (orange line). If this reinforcement is impaired due to
destabilisation of adhesion complexes by e.g. microstructuring, otherwise stabilised clutches again can
not resist increased substrate stiffness. Thus, for stiff metamaterial geometries made from PETA this
results in an overall reduction in forces. In case of soft metamaterials made from IP-PDMS, this effect
is not present as clutches are less dependent on adhesion reinforcement and thus are unaffected by the
micropatterning. Thus, the cells react mainly to the substrate stiffness resulting in equal behaviour on
continuous and patterned substrates.

plarily marked in Figure 5.3. This results in a stiffness-dependent sensing of the microstructuring,

ultimately leading to both reduced mechanical activation and altered spreading behaviour.

The altered spreading behaviour might also serve as an additional reason for reduced nuclear lo-

calisation of YAP on stiff bowtie and brickstone geometries. When cells are restricted to smaller

adhesive areas, YAP was found to be cytoplasmic rather than nuclear (Dupont et al., 2011; Nar-

done et al., 2017; Wada et al., 2011). While YAP localisation is regulated by a variety of different

mechanical cues, it is also a target of Hippo signalling which facilitates cytoplasmic retention of

YAP upon activation (Dasgupta & McCollum, 2019; Low et al., 2014). Although Hippo signalling is

commonly known to regulate contact inhibition in highly confluent cell cultures, it was shown to

be activated depending on cell spreading and polarity (Fu et al., 2022; Wada et al., 2011). Despite

the expected increase of nuclear YAP on stiff materials, the reduction in spreading area on stiff

metamaterial geometries might be sufficient to overcome the stiffness cue. This results in cyto-

plasmic retention of YAP, which leads to a ratio of nuclear to cytoplasmic YAP even below the

levels achieved on soft substrates.

In conclusion, despite REF cells not reacting to the effective material properties of the presented

soft metamaterials, they appear strongly affected by the micropatterning of stiff substrates. On

these substrates, the cell spreading and nuclear YAP localisation is reduced even beyond the de-

gree observed on soft materials. This stronger mechanoresponse of cells on soft metamaterials is

potentially due to a stiffness-dependent sensing of substrate patterning. As soft materials prob-

ably do not provide enough mechanical resistance to move past the optimal stiffness range, the

effect of micropatterning remains absent with cells solely reacting to substrate stiffness. The stiff

micropatterns on the other hand provide such resistance, thus allowing the micropatterning to
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induce a cellular response. In case of the metamaterial geometries presented here, a potentially

unfavourable adhesion geometry leads to a reduction in cellular forces and cell spreading, which

in turn leads to cytoplasmic retention of YAP. Albeit the REF cells do not react to the effective ma-

terial properties targeted by the experimental approach, they still are affected by micropatterning

in an unforeseen stiffness-dependent way. This stresses the multitude of factors which influence

the cell’s response to its microenvironment, which require careful analysis of the observed effects.
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5.2 NM II-Mediated Contractility in Contact Guidance and Polar-
isation

As demonstrated by the altered behaviour of REF cells in dependency of substrate patterning and

stiffness discussed in the previous section, cells can sense and adapt to the organisation of their

microenvironment. This influence of substrate geometry or topography on cellular behaviour is

referred to as contact guidance. While this phenomenon was already described in the last century,

it is still not fully understood today (Curtis & Clark, 1990; Harrison, 1912; Weiss, 1934). A mech-

anism proposed by Ray and colleagues in 2017 identified the spatial restriction of focal adhesions

by the substrate as a key factor in aligning the actin cytoskeleton with the underlying geometry,

ultimately resulting in anisotropic cellular contractility and thus guided elongation of the cell (Ray

et al., 2017). While focal adhesion orientation and actin fibre alignment are commonly accepted to

regulate contact guidance, the role of cellular contractility is discussed ambiguously. To contribute

to this discussion, fibrous 2D and 3D networks were employed to determine the roles of NM IIA

and NM IIB in contact guidance. The according results described in section Section 4.2, obtained

by culturing knock-out cell lines on structured substrates, are discussed in the following.

5.2.1 NM IIA and NM IIB Regulate Different Aspects of Cellular Adaptation to
Substrate Geometry Based on Their Dynamic Behaviour

Actin organisation is closely linked to the cell morphology (Pollard & Cooper, 2009). Thus, acto-

myosin contractility, generating intracellular forces and bundling actin filaments into stress fibres,

is a key driver of stabilising cell morphology. Especially knock-out of NM IIA was shown to drasti-

cally affect cell shape and actin fibre formation, resulting in irregular morphology with numerous

thin protrusions and only few remaining actin stress fibres (Weißenbruch et al., 2021). Despite this

strong association with actin, there is no common consensus on whether NM II-mediated contrac-

tility plays a role in contact guidance (Kubow et al., 2017; Lee et al., 2016; J. Wang & Schneider,

2017; Zhovmer et al., 2019). To determine the effect of NM IIA and NM IIB on the cellular adapta-

tion to aGNF and rGNF, first the morphology was analysed by means of cell spreading and aspect

ratio, and the ordering of the actin fibre network determined.

When analysing the cell spreading area and aspect ratio of cells cultured on aGNF and rGNF, a re-

duced response was found for NM IIA KO cells. In contrast to wt and NM IIB KO cells, NM IIA KO

cells spread the same on either fibre network or glass. Additionally, they appear less elongated

than both other cell lines, despite an overall increase of elongation on aGNF. This difference in

spreading and elongation is most likely due to the lack of contractility upon knock-out of NM IIA.

In wt cells, NM IIA acts as an initiator of minifilament formation, thus contributing to the forma-

tion of stress fibres (Weißenbruch et al., 2021). Although NM IIB can form minifilaments in absence

of NM IIA, only few pronounced stress fibres are present upon NM IIA KO. Considering the model

of contact guidance of Ray and colleagues, cell spreading and elongation along a pattern occurs

due to the alignment of stress fibres and resulting anisotropy of cellular tension induced by spatial

control of focal adhesions (Ray et al., 2017). In case of NM IIA KO, not only the amount of stress
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fibres is reduced but they also appear to be less well aligned with the nanofibre geometry. Without

the highly dynamic NM IIA, few stress fibres can be formed to generate the necessary tension and

the spatial orientation of focal adhesions can not be translated into stress fibre alignment. This

function is even more evident for the case of NM IIB KO: here, actin fibres are even more aligned

with the nanofibre direction than for the wt. Furthermore, the cells appear strongly elongated on

aGNF, surpassing the increase of elongation observed for wt cells. This overshooting response

can be attributed to the loss of NM IIB’s regulating influence on NM IIA. While NM IIA initiates

minifilament formation, allowing step-wise incorporation of NM IIB, the enrichment in NM IIB in

turn hinders further incorporation of NM IIA. This dampens the fast contractility generation of

NM IIA, preventing overshoots and instead stabilising contractility, and leads to the characteristic

distribution of the two isoforms in polarised cells (Shutova et al., 2017; Weißenbruch et al., 2021;

Weißenbruch et al., 2022).

Together, this stresses the importance of the interplay between NM IIA and NM IIB in creating and

maintaning contractility, which appears crucial for sensing and adapting to substrate geometry.

In general, the roles of NM IIA and NM IIB in contact guidance appear to follow those already

known from migration analysis and force studies. The fast NM IIA-mediated contractility is crucial

to translate geometric cues into contractile responses. NM IIB on the other hand is required to

stabilise this response and prevent overshooting reactions. Without this interplay, cells either do

not respond to geometric guidance cues or exhibit too high susceptibility.

5.2.2 3D Substrates Lead to a Reduced Effect of NM IIB Knock-Out on Cell Elon-
gation

As contact guidance was shown to be present in 3D fibre networks (J. Kim et al., 2021; Provenzano

et al., 2008), the question arises whether NM IIA and NM IIB modulate the cellular response to

substrate cues in the same way as on 2D substrates. Thus, in addition to 2D gelatine nanofibre

substrates, 3D collagen fibre networks with parallel and orthogonal orientation were used to anal-

yse the cell morphology.

As described in the previous section, NM IIB KO leads to a stronger elongation of cells along aGNF

compared to wt cells. Interestingly, this overshooting response of NM IIB KO cells is not present for

cells cultured in 3D networks. Here, they behave no different than wt cells regarding cell spreading

and elongation within parallel fibre networks. In orthogonal networks, however, NM IIB KO cells

appear less elongated, albeit the difference being not significant probably due to the high variation

in the data points. For this case, NM IIB KO cells exhibit the same mean aspect ratio as NM IIA KO

cells, which are again less elongated than wt cells. The dampening of the NM IIA-mediated con-

tractility overshoot of NM IIB KO cells in 3D fibre networks might be due to an increased fibre

thickness (see supplemental Figure S4) providing more adhesive area, as well as the added third

dimension. In contrast to the 2D aGNF, cells experience resistance from the collagen fibres not

only basally, but also apically and sideways. Together, this distributes the short-lived NM IIA-

mediated contractility to more directions and area, thus reducing the output in the individual

directions. In parallel fibre networks, this results in equal elongations as wt cells. In orthogonal
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networks, again introducing more directional cues and adhesive area in form of perpendicular col-

lagen fibres, elongation is further reduced to levels of NM IIA KO cells. As before, the latter show

reduced elongation compared to the wt, with no difference between parallel or orthogonal fibre

arangement. One might reason that also in the case of parallel vs. orthogonal fibres the stronger

directional cue of the parallel fibres should enhance elongation as visible for the 2D case; yet no

difference is visible. This is probably due to the same effect that dampens the contractile overshoot

upon NM IIB KO, namely the added spatial directions and increase in adhesive area which dilute

the effects observed for 2D. However, other than for the 2D case, NM IIA KO cells exhibited an in-

crease in spreading within parallel fibre networks, reaching the same levels as wt and NM IIB KO

cells. While the added third dimension reduces anisotropic effects, the added parallel adhesion

sites help with stabilisation of focal contacts and thus spreading. In the case of orthogonal fibres,

this parallelisation is interrupted by perpendicular fibres, resulting in overall less spread cells. Due

to the nearly abolished contractility of NM IIA KO cells, they are more susceptible to the loss of

stabilising factors and thus spread less than wt and NM IIB KO cells.

In summary, compared to the 2D case, the effects appear dampened in 3D, indicating a partial

rescue of the knock-out induced spreading defect by the added dimension. Despite the reduced

effects of the knock-outs, both isoforms appear to modulate cell spreading and elongation similarly

to the 2D case. This again emphasizes the central role of NM II in contact guidance.

5.2.3 NM II Influences Golgi Apparatus Morphology via Actin Ordering

In addition to aligning with substrate geometry, cells were also shown to polarise and migrate in

the direction of geometric cues (Leclech & Villard, 2020; Théry, Pépin, et al., 2006; Théry, Racine,

et al., 2006). One indicator of such a polarisation is the positioning of the Golgi apparatus, which

is positioned in front of the nucleus and towards the leading edge in mesenchymally migrating

cells. This orientation in turn is postulated to stabilise cell polarisation and migration by direct-

ing vesicular transport towards the migratory direction, granting spatial control of polarisation

by delivering compounds to the respective cell end (Yadav et al., 2009). In this context, a strong

interdependency of microtubules and the Golgi apparatus was found. While microtubules were

identified as key regulators of Golgi apparatus organisation, the Golgi apparatus itself acts as a

nucleation site for microtubules which provide a network for directed vesicular transport (Rivero

et al., 2009; Zhu & Kaverina, 2013). However, microtubules are not the sole regulators of Golgi ap-

paratus localisation. The presence of actin adaptor proteins, actin crosslinkers and Rho-GTPases

at the Golgi membrane, as well as defects in actin organisation additionally affecting Golgi appara-

tus positioning and morphology, imply a potential interdependence of actin organisation together

with actomyosin contractility and the Golgi apparatus as observed for micotubules (Egea et al.,

2013; Lázaro-Diéguez et al., 2006; Valderrama et al., 2001).

To shed light on whether NM IIA and NM IIB interfere differently with Golgi apparatus position-

ing, its relative orientation to the main direction of the cell body as well as gelatine nanofibre

orientation was analysed. In agreement with the observed higher alignment of actin fibres and

the increased elongation of NM IIB KO cells cultured on aGNF, both the alignment with the cell
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body and fibre direction was stronger than for NM IIA KO or wt cells. The same reasoning as be-

fore can be applied here: the fast and highly dynamic properties of NM IIA translate the geometric

cues, potentially relayed to the cell interior by focal adhesion ordering, into anisotropic contrac-

tility. This results in high actin ordering and consequently affects the orientation of the Golgi

apparatus, effectively aligning it with the provided geometrical cue. Upon knock-out of NM IIA,

cells become less susceptible to such cues, resulting in equal fractions of cells with a Golgi appa-

ratus positioning in front of the nucleus on aGNF and rGNF.

Remarkably, NM IIA KO cells exhibit the same Golgi apparatus orientation as wt cells on aGNF

despite the overall reduction in actin stress fibres as well as their ordering. While the high contrac-

tility and actin fibre ordering of NM IIB KO cells appears to enhance Golgi apparatus alignment,

it is not necessary for establishing it. Furthermore, NM IIB KO cells show a less compact Golgi

apparatus morphology as indicated by an increase in overall occupied area. Thus, despite in the

first instance reducing alignment by dampening the activity of NM IIA, NM IIB appears to influ-

ence the Golgi morphology. However, this effect is only visible for aGNF. Cultured on rGNF, both

NM IIA KO and NM IIB KO cells exhibit more compact Golgi apparatus distributions than wt cells,

linking it to substrate geometry. This difference might be explained by the difference in actin or-

dering. Cells cultured on rGNF appear less polarised and exhibit a reduced ordering of actin fibres.

Upon polarisation, the Golgi apparatus is shifted towards the direction of elongation, resulting in

a positioning perpendicular to the actin fibre orientation. The high parallelisation of actin fibres

results in an increase in anisotropic intracellular forces, stabilising the orientation of the Golgi

apparatus in line with the nanofibre direction. Although high contractility is not necessary for

Golgi apparatus positioning, as clear from the alignment present in NM IIA KO cells, it supports

stretching of the Golgi apparatus along the fibre direction, enforcing its localisation. This effect

is apparent for NM IIB KO cells: the overshooting NM IIA activity, due to the lack of dampening

NM IIB, results in a less compact Golgi apparatus morphology elongated along the fibre direction.

On the other hand, NM IIA KO cells exhibiting nearly no contractility show a more compact Golgi

apparatus morphology and a slight decrease in Golgi apparatus alignment.

Such effects on Golgi morphology were previously observed for treatment of cells with inhibitors

of actin and associated regulators. Disruption of actin stress fibre formation and organisation, as

well as inhibition of actin regulators such as Arp2/3 or cortactin result in compact Golgi appa-

ratus morphologies (Campellone et al., 2008; Kirkbride et al., 2012; Lázaro-Diéguez et al., 2006).

However, inhibition or overexpression of formin-like 1γ (FMNL1γ) leads to dispersion rather than

compaction of the Golgi apparatus (Colón-Franco et al., 2011). Further, interaction of actin with the

Golgi apparatus was shown to regulate dispersion of Golgi apparatus during colletive migration

of epithelial cells (Khuntia et al., 2022). These observations are in agreement with the observed

effects of NM IIA KO or NM IIB KO cultured on aGNF, both affecting actin ordering and contrac-

tility. Additionally, the significantly reduced area occupied by the Golgi apparatus of NM IIA KO

cells compared to wt cells further emphasizes the influence of actin stress fibres on Golgi appara-

tus morphology.
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In conclusion, while the guidance cue of aGNF can compensate for NM IIA-mediated contractility

in initiating polarisation, both NM IIA and NM IIB control Golgi apparatus morphology via their

regulatory role in actin organisation. While NM IIA intensifies Golgi apparatus alignment and

elongation, NM IIB counteracts this effect by dampening NM IIA-activity. Thus, the interplay of

NM IIA and NM IIB indirectly regulates Golgi apparatus morphology due to its dependency on

stress fibre organisation.

5.2.4 The Interplay of NM IIA and NM IIB is Required for Decision Making in
3D Fibre Networks with Opposing Guidance Cues

To determine whether not only cellular morphology but also polarisation is affected differently

in 2D and 3D networks, the alignment of the Golgi apparatus with respect to the main cell axis

was analysed. Surprisingly, in the 2D scenario previously unaffected NM IIA KO cells as well as

NM IIB KO cells reacted with an increased or decreased alignment within parallel and orthogonal

networks, respectively, while wt cells remained unaffected. Within parallel collagen fibres, the

added third dimension provides more pre-patterned anchoring points for focal adhesions. This

in turn enhances elongation of cells, as visible by the increase of aspect ratio compared to 2D

observed for all cell lines. Due to these stabilising effects of the thicker 3D parallel fibres, even

NM IIA KO cells are now able to align their Golgi apparatus with their cell shape in an actin stress

fibre-independent way as established for the 2D case. For both knock-out cell lines, this results

in a comparatively increased alignment, either due to the lack of actin stress fibres or the missing

dampening effect of NM IIB on NM IIA activity. In contrast to this, the additional perpendicular

direction in orthogonal fibre networks adds complementary guidance cues to those present in

parallel fibres. Despite the cells still being able to elongate properly, the lack of controlled NM II-

mediated contractility leads to a reduced alignment of the Golgi apparatus with the cell body.

Interestingly, wt cells align their Golgi apparatus similarly within parallel and orthogonal fibre

networks, indicating a role of the interplay of NM IIA and NM IIB in directional decision making.

While wt cells are still perfectly capable of deciding between the two spatial directions provided

by the orthogonal fibre arrangement, both knock-out lines are unable to do so. As this also affects

NM IIB KO cells, which exhibit nearly undisturbed stress fibre formation and high contractility,

it appears the interplay of NM IIA and NM IIB in wt cells is necessary to overcome contradictory

guidance cues. Such complementary functions of NM IIA and NM IIB were already demonstrated

for 3D migration. Here, NM IIB was shown to regulate nuclear translocation in confined spaces,

whereas NM IIA provides the necessary forces to propel the cell forward (Thomas et al., 2015).

Further, Raab and colleagues studied the influence of NM IIA and NM IIB in 2D and 3D durotaxis

of MSCs. They demonstrated an increased sensitivity to relative expressed NM IIB levels, with

both knock-down and overexpression of NM IIB resulting in more isotropic NM IIB distribution

and reduced durotaxis. While more tolerant to NM IIA expression levels, phosphorylation levels

at S1943 proved critical for durotaxis and polarisation of NM IIB, indicating that durotaxis is more

dependent on other factors than contractility (Raab et al., 2012). Additionally, cancer cells rely on

Rho/ROCK-mediated contractility to reorganise the ECM to provide guidance cues for migration,

but this contractility was not required in aligned collagen gels (Provenzano et al., 2008). Together
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with the findings on 3D migration, this emphasizes the necessity of proper NM II interplay to nav-

igate 3D environments. While the results presented here do not provide further insight into the

underlying mechanism of how exactly NM IIA and NM IIB act together to achieve such control,

one might speculate that the inherently polarised distribution of NM II provides the basis for it.

In contact guidance, the pre-patterning of focal adhesions can affect actin ordering. Due to the

coupling of self-sorting of NM IIA and NM IIB to the retrograde actin flow (Shutova et al., 2017)

together with the complementary contributions to contractility (Weißenbruch et al., 2021), both

isoforms are necessary to establish anisotropic tension to translate geometric cues into cellular

responses to achieve polarisation. While in less complex 2D geometries this contribution is not

necessarily required to achieve polarisation, it becomes crucial within more complex 3D environ-

ments.

Together, the observed increase in sensitivity for 3D fibre network organisation of both NM IIA KO

and NM IIB KO cells opposed to the insensitivity of wt cells implies that both NM II isoforms act

in concert to achieve correct localisation of the Golgi apparatus. While it can be compensated by

other means in 2D, the complexity of 3D networks requires both isoforms. However, how exactly

the interplay of NM II isoforms regulates this process requires further investigation.
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5.3 U2OS Cells Do Not Self-Invade into Microchannels with Grad-
ually Increasing Confinement

In vivo cells need to navigate dense 3D environments. This leads to confinement of cells, once they

need to pass through tight spaces. In order to do so, various cell types can adapt their migration

to an amoeboid mode (Y. J. Liu et al., 2015). In the last part of this thesis, an experimental setup

for the analysis of cells undergoing MAT was presented. It comprises an Insall-chamber which

was modified with gradually confining microchannels (Muinonen-Martin et al., 2010). The chan-

nel widths were chosen to match degrees of confinement previously shown to induce amoeboid

migration (Holle et al., 2019; Y. J. Liu et al., 2015). In these previously used settings, confinement

was applied rather abruptly, hindering the analysis of the transition between migration modes.

In the setup presented here, the addition of gradually confining regions, termed transition zones,

adds the possibility to monitor the previously inaccessible transition process.

Although Holle and colleagues observed a self-invasion of cancer cells into their confining mi-

crochannels (Holle et al., 2019), the U2OS cells used in this work did not display such behaviour.

Thus, this far the transition from mesenchymal to amoeboid migration could not be analysed. To

nonetheless facilitate migration into the confining regions of the microchannels, the underlying

Insall-chamber allows application of chemotactic gradients as confirmed by imaging fluorescein

distribution over time. After an initial high slope of the gradient, it was reduced over time and

remained stable after 18 h. This decrease in gradient strength is probably due to the initially high

concentration difference, as only one reservoir contains fluorescein. Over time, this difference be-

comes lesser due to the continuous diffusion of fluorescein along this gradient, resulting in gradual

increase of concentration in the other reservoir and stabilisation of the gradient.

Next, monocyte chemoattractant protein-1 (MCP-1) and stromal cell-derived factor 1 (SDF-1) were

identified as suitable chemoattractors for U2OS cells (Dillenburg-Pilla et al., 2015; B. Li et al., 2018;

J. F. Liu et al., 2020). As the difference in fluorescein intensity was roughly doubled at the begin-

ning of the gradient compared to the end, double the concentration of MCP-1 or SDF-1 shown

to be chemotactic was added to the outer reservoir of the chamber. However, neither condition

proved sufficient to induce directional migration. This might be explained by the different size of

fluorescein and the chemoattractants. While the latter possess molecular masses above 8 kDa, flu-

orescein is a comparatively small molecule with only 332 Da. As such, fluorescein diffuses faster

than MCP-1 and SDF-1, resulting in different gradient formation of the latter two. Thus, the chosen

concentrations might be too low to establish a chemotactic gradient or may have needed more time

to form a stable one. Unfortunately, due to time restrictions, further testing of conditions could

not be performed in the course of this thesis.

85



86



Chapter 6

Conclusion and Outlook

The work presented here aimed at elucidating how different aspects of the cellular microenvi-

ronment affect cellular behaviour and how especially NM II is involved in the adaptation process.

These aspects, namely the influence of material parameters on the mechanoresponse as well as

the role of NM II in sensing and adapting to substrate geometry and confinement were analysed

by three different approaches. The individual approaches together with the obtained findings and

insights as well as future perspectives are given in the following.

Soft Elastic Metamaterials Allow for Mechanoregulation of Cells

First, a metamaterial-based workflow centered around soft and deformable metamaterials was de-

veloped in collaboration with Dr. Yi Chen (Wegener group, Institute for Applied Physics, KIT,

Karlsruhe), which allows spatial and temporal analysis of cellular forces in unprecedented detail.

The analysis includes determining cell-induced displacements of metamaterials during LCI and

their conversion into force fields via FEM under consideration of material properties. In collab-

oration with Natalie Munding (Tanaka group, Institute of Physical Chemistry, Heidelberg Uni-

versity, Heidelberg), hMSCs were subjected to this workflow, providing a proof-of-concept of

mechanoregulation of cells by effective material properties (Munding et al., 2023). To the best

of my knowledge, this collaborative effort provided the currently most detailed analysis of the

influence of metamaterial properties on the cellular mechanoresponse, going beyond previously

published morphological descriptions.

In the course of this work, said workflow was applied to analyse REF cells and their respective

mechanoresponse. In contrast to hMSCs, these cells remain unaffected by effective metamate-

rial properties. While the main observable difference appears to be the capability to deform the

metamaterials to a larger degree, it is not clear whether this insensibility is due to a difference

in contractile forces or another cell type-specific effect. To test these hypotheses, other cell lines

should be subjected to the metamaterial geometries used here and their response evaluated. Addi-

tionally, other material properties as well as isotropic and anisotropic distributions of those could

be analysed to determine which factors influence the cellular mechanoresponse.

Furthermore, the direct comparison of REF cells cultured on soft and stiff metamaterials revealed

that REF cells sense the induced micropatterning in a stiffness-dependent manner rather than the

effective metamaterial properties. Although the effect of micropatterns on mechanosensing was

demonstrated previously (Kassianidou et al., 2019; Lehnert et al., 2004), further experimental evi-
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dence is needed to understand in detail how exactly this stiffness-dependent geometry sensing is

achieved. For this, soft and stiff micropatterns with varying adhesion angles and distance could

be fabricated by 3D laser microprinting. The direct comparison of focal adhesion geometry with

respect to material stiffness would provide a comprehensive approach from which this potential

mechanism could be elucidated.

NM IIA and NM IIB Contribute to Contact Guidance Based on Their Respective
Dynamic Properties and Role in Actin Ordering

In the second part of this thesis, differently oriented nanofibre substrates were employed to anal-

yse the ambiguously reported role of NM II in contact guidance in 2D and 3D. By using knock-out

cell lines of either NM IIA or NM IIB, an altered morphological adaptation and polarisation within

fibrous networks was characterised. The observed altered cell spreading, elongation and polarisa-

tion can be attributed to the different dynamics of both isoforms and their specific contributions

to actin ordering and contractiliy. According to its fast turnover and initiation of minifilament for-

mation, NM IIA facilitates highly parallel actin fibres in aligned fibre networks, whereas NM IIB

counteracts this by dampening NM IIA activity and stabilising actin stress fibres. Although Golgi

apparatus positioning could still be achieved in absence of NM IIA or NM IIB, it appeared more

dispersed for NM IIA KO. As the knock-out of NM IIA results in a drastic reduction of actin stress

fibres and contractility, this confirms previous reports of a regulatory role of actin on Golgi ap-

paratus morphology. Furthermore, the increased responsiveness of either knock-out cell line to

3D fibre network organisation compared to wt cells, implies a previously unidentified role of the

interplay of NM IIA and NM IIB on polarisation decision making in 3D.

To further determine this regulatory role, the alignment analysis conducted in this work should

be complemented by an analysis of actin ordering and Golgi apparatus alignment with fibres as

performed for the 2D case, as well as one of focal adhesion distribution and size. This would allow

determining the effect of the 3D environment on adhesion formation and actin ordering. Thus,

this might further help to distinguish between the effects of actin and NM II-mediated contractil-

ity. Furthermore, analysis of cell migration might provide further insights how NM IIA and NM IIB

modulate navigation in complex 3D environments.

Development of a Modified Insall-Chamber for Analysis of MAT

The last part of this thesis focussed on providing an experimental setup for imaging cells during

MAT. For this, chemotaxis chambers based on the Insall-chamber (Muinonen-Martin et al., 2010)

were fabricated and combined with gradually confining microchannels. The chambers were tested

for optical properties and the formation of gradients, both proofing sufficient for experimental use.

Unfortunately, due to time restrictions, thus far no suitable condition for facilitating directional

migration into the microchannels by chemotaxis was found.

Once such a condition is determined, knock-out cell lines for NM IIA and NM IIB can be subjected

to the microchannels. While both isoforms were shown to play a role in facilitating migration

through dense 3D networks, their role in transitioning to amoeboid movement remains unknown
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(Dey et al., 2017; Ghosh et al., 2021; Taneja & Burnette, 2019). By visualisation of the gradual

transition process by LCI of knock-out cells migrating in the confining microchannels, conclu-

sions on the individual isoforms’ role could be obtained. This analysis could also be extended to

other intracellular factors associated with MAT such as actin, if respective reporter cell lines or

transfection constructs are available.

In conclusion, within this thesis three approaches were presented to study the effect of the cellular

microenvironment on the cellular mechanoresponse. This includes an unprecedented analysis of

the influence of effective material properties on the cellular mechanoresponse based on metama-

terials. Further, the interplay of NM IIA and NM IIB was characterised as crucial for determining

polarisation directions in 3D and a new experimental setup was developed for analysis of migra-

tion under increasing confinement. Together, the results presented here provide new perspectives

and opportunities for further mechanobiological studies aiming at disentangling the effect of the

microenvironment on cellular behaviour.
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Chapter A

Appendix

A.1 Supplementary Data

Figure S1: Physical characterisation of stiff metamaterial geometries.
Calculated Young’s moduli (red) and Poisson’s ratios (blue) of metamaterials fabricated from PETA in
dependency of the angle in which the force is applied. The distribution of Poisson’s ratios and Young’s
moduli resemble those of soft metamaterials. Whereas soft metamaterials do not exhibit Young’s mod-
uli above 170 kPa, the repective values for the Young’s modulus of PETA geometries range from 800 kPa
to 45 MPa. This renders the individual geometries above 200 times stiffer than their soft pendant.
Poisson-negative and -positive regions are coloured in light blue and medium blue, respectively. Cal-
culations were provided by Yi Chen (Wegener group, Institute of Applied Physics, KIT, Karlsruhe).
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Figure S2: Deformation of stiff PETA metamaterial geometries.
DIC images of REF cells cultured on stiff metamaterial geometries acquired during LCI are given on
the left. The outline of each cell was manually traced (red line). The corresponding extracted displace-
ments in x- and y-direction over time with respect to the initial marker position are given next to each
image. For all geometries, a neglectible deformation below 0.25 µm is present. As these deformations
remain constant over time, they are likely due to alignment errors of the timelapse image series. Thus,
stiff geometries can be considered non-deformable by REF cells. Scale bar: 20 µm.
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Figure S3: Percentile fractions of Golgi apparatus area in line with fibre direction.
The radial distribution of the Golgi apparatus area was divided into the categories ‘in line’ (dark grey)
and ‘not in line’ (light grey) as depicted on the top right. For all cells, significantly more Golgi apparatus
area is categorised as ‘in line’. Both wt and NM IIB KO cells are significantly more polarised on aGNF
than on rGNF (right table). When comparing the cell lines with each other on each substrate, merely
the Golgi apparatus area of NM IIB KO cells appears significantly more ‘in line’ than for NM IIA KO
cells. N≥3, n≥27.

Figure S4: Thickness of different nanofibres.
Flourescence microscopy images of gelatine nanofibres and collagen networks. The fluorescence pro-
file of the area indicated in red is given below each image. From this, a fibre thickness of 0.6-1 µm and
6-10 µm can be estimated for gelatine nanofibres and collagen networks, respectively. Thus, gelatine
nanofibres are at least 6 times thinner than collagen fibres. Scale bar: 10 µm.
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A.2 Abbreviations

1PA one-photon absorption

2PA two-photon absorption

ACD assembly competent domain

ADP adenosine diphosphate

aGNF aligned gelatine nanofibres

Arp actin-related protein

ATP adenosine triphosphate

BSA bovine serum albumin

CKII casein kinase II

DIC differential interference contrast

DMSO dimethyl sulfoxide

ECM extracellular matrix

ELC essential light chain

FAK focal adhesion kinase

FBS fetal bovine serum

FEM finite element method

FERM protein 4.1, ezrin, radixin and moesin

FMNL1γ formin-like 1γ

FRAP fluorescence recovery after photobleaching

GPCR G-protein coupled receptor

HC heavy chain

hMSC human mesenchymal stem cell

KO knock-out

LATS large tumor suppressor

LCI live cell imaging

LINC linker of nucleoskeleton and cytoskeleton

MAPK mitogen-activated protein kinase

MAT mesenchymal-to-amoeboid transition

MCP-1 monocyte chemoattractant protein-1

MLCK myosin light chain kinase

MLCP myosin light chain phosphatase
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MSC mesenchymal stem cell

MST mammalian Ste20-like kinase

MTOC microtubule organising centre

NHT non-helical tailpiece

NM II non-muscle myosin II

NM IIA non-muscle myosin IIA

NM IIB non-muscle myosin IIB

NM IIC non-muscle myosin IIC

PBS phosphate buffered saline

PBS-T PBS containing 0.1% Triton-X100

PEGDA polyethylene glycol diacrylate

PETA pentaerythritol triacrylate

PFA para-formaldehyde

PGMEA propylene glycol methyl ether acetate

PKC protein kinase C

REF rat embryonic fibroblast

rGNF random gelatine nanofibres

RLC regulatory light chain

ROCK Rho-associated coil kinase

SDF-1 stromal cell-derived factor 1

TAZ transcriptional co-activator with PDZ-binding motif

TEAD transcriptional enhanced associated domain

TPETA trimethylolpropane ethoxylate triacrylate

wt wildtype

YAP Yes-associated protein
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