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Zusammenfassung

Die extrazellulire Matrix (ECM) der Zellen in wvivo besteht aus einer komplizierten
Biopolymermischung, die Netzwerke mit unterschiedlicher Steifigkeit und Maschenwei-
te bildet und Signalmolekiile in geloster sowie matrixgebundener Form enthéalt. Auf-
grund dieser Komplexitét ist noch nicht vollstdndig verstanden welche Faktoren die
Zellmigration in solchen Netzwerken beeinflussen. Um die Untersuchung von chemo-
taktischen und durotaktischen Migrationsmechanismen zu erleichtern werden kiinstli-
che ECM Nachbildungen, deren Eigenschaften und Zusammensetzung genau bestimmt
werden konnen, benotigt.

In dieser Doktorarbeit wurden photo-polymerisierbare, synthetische Hydrogelmikro-
strukturen entwickelt um eine auf die wesentlichen Bestandteile reduzierte ECM nach-
zubilden. Vierarmige Polyethylenglykol (PEG) Monomere wurden entweder mit linea-
ren PEG Molekiilen vernetzt, wodurch nicht-migrierbare Netzwerke entstehen, oder
mit einem Vernetzer bestehend aus einem Peptid, welches durch Matrix-Metalloprotei-
nasen (MMPs) gespalten werden kann und so die proteolytische Zellmigration in dem
Gel ermoglicht. Der Zusatz eines kleinen Peptids, welches eine RGD-Sequenze enthélt,
vermittelt die Zelladhésion an das ansonsten bioinerte PEG Netzwerk. Die biokom-
patible Polymerisation, welche durch kurze Belichtung mit UV Licht induziert wird,
erlaubt den Einschluss von lebenden Zellen in das Gel. Durch Photolithographie kénnen
auflerdem kleine Gelstrukturen in Kanalsystemen hergestellt werden.

Um das Hydrogelsystem und seine Quelleigenschaften genau zu charakterisieren wur-
den ”Particle Image Velocimetry” (PIV) Analysen durchgefiihrt. Die Deformationsfel-
der zeigen ein anisotropes Quellen des Gels aufgrund der Begrenzung in einem Kanal.
Im mittleren Bereich der Struktur quillt der diinne Streifen nur in Richtung der Streifen-
breite. Durch Verdnderung des Losungsmittels und Quellmediums, der Art und Menge
des verwendeten Vernetzers, sowie der Kanalhohe und anfanglichen Streifenbreite, kann
die Stédrke des natiirlichen Quellens beeinflusst werden.

Um zu untersuchen wie Zellen affine Deformationen in ihrer Umgebung wahrnehmen
und darauf reagieren, wurden mikrostrukturierte, kiinstliche Hydrogele genutzt um ge-
dehnte, zersetzbare Netzwerke herzustellen. Das zuvor erwahnte anisotrope Quellen
fithrt zu einem monoaxial gedehnten Hydrogelstreifen. Die Untersuchung der Zellmi-
gration von HT-1080 Zellen in solchen Strukturen zeigt eine bevorzugte Migration

entlang der Quellrichtung. Fiir mittlere Dehnungsstérken ist diese Ausrichtung maxi-



Zusammenfassung

mal. Um den Zusammenhang zwischen der Migrationsrichtung und der Dehnung zu
verstehen wurde im Rahmen einer Kooperation ein theoretisches Model realisiert. Die
Simulation einer proteolytischen, durotaktischen Zellmigration auf einem 2D Gitter er-
gab die selbe nicht-monotone Reaktion auf die monoaxialen Dehnung, die auch in den
Experimenten beobachtet wurde. Untersuchungen der Steifigkeit innerhalb des Modells
zeigten eine anisotrope Versteifung der Matrix unter Dehnung, was der Grund fiir das
anisotrope Zellverhalten ist. Durch offenlegen dieses grundlegenden Mechanismus der
Zellorientierung in gedehnten, makroskopisch linear elastischen Netzwerken, wurde ge-
zeigt, dass die Dehnungsversteifung auf der mikroskopischen Ebene entscheidend fiir
das Zellverhalten ist.

Das natiirliche Quellen der Mikrostrukturen wurde desweiteren dafiir genutzt unter
Druck stehende Hydrogel-Hydrogel Grenzflachen, sogenannte “sponge clamps*, herzu-
stellen, um ein System zu etablieren mit dem Proteolyse-unabhéngige Zellmigration
in vordefinierten Spalten untersucht werden kann. Das Quellen paralleler Streifen fiillt
den Raum zwischen den Strukturen und bildet dadurch einen unter Druck stehenden
Spalt in einem passivierten Kanalsystem. Durch Verédnderung des Abstands zwischen
den Streifen und der verwendeten Gelzusammensetzung kann die Gelkompression in
dem System eingestellt werden. Dadurch wird die Eindringeffizienz der Krebszellen
beeinflusst. Der anfingliche Streifenabstand, aber auch die Matrixsteifigkeit sind ent-
scheidende Regulatoren fiir die Zellmigration in den Spalten.

Die Ergebnisse dieser Doktorarbeit zeigen, wie photostrukturierbare artifizielle ECMs
und ihr natiirliches Quellverhalten dazu genutzt werden konnen, fortschrittliche 3D
Systeme zur Migrationsanalyse herzustellen um grundlegende Einflussfaktoren in der

proteolytischen und nicht-proteolytischen Tumorzellmigration aufzudecken.
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Summary

The extracellular matrix (ECM) of cells in vivo is a complex mixture of biopolymers
that form a network of varying stiffness and mesh sizes, containing soluble and matrix
bound signaling molecules. Due to this complexity, it is not fully understood which
cues guide cell migration in such networks. To facilitate the analysis of chemotac-
tic or durotactic migration mechanisms, artificial ECM mimics, whose properties and
composition can be fine-tuned, are needed.

In this thesis photo-polymerizable, synthetic hydrogel micro-structures were developed
to mimic a minimal ECM for cell migration studies. 4-armed polyethylene glycol
(PEG) monomers were cross-linked with either linear PEG molecules, which results
in a non-degradable network, or with a peptide cross-linker which can be cleaved by
matrix-metalloproteinases (MMPs) and allows the proteolytic cell migration within the
gel. Addition of a small RGD-containing peptide sequence mediates cell adhesion to
the otherwise bioinert PEG network. The biocompatible polymerization induced by
short illumination with UV light permits the direct encapsulation of living cells and the
micro-structuring of small gel strips inside channel systems using photo-lithography.
To carefully characterize the hydrogel system and its swelling properties, particle image
velocimetry (PIV) was used. The obtained displacement fields show an anisotropic
swelling of the gel due to the confinement in a channel. In the longitudinal middle
section, the thin strips swell only in the direction of the strip width. The magnitude of
the inherent gel swelling can be tuned by changing the solvent and swelling media, the
type and amount of cross-linker used for the polymerization, as well as the dimensions
of the channel and strip.

To study how cells perceive and react to affine deformations in their surroundings, a
micro-structured artificial hydrogel was used to form a strained, degradable matrix.
The aforementioned anisotropic swelling uniaxially strained the gel strips. Analysis of
HT-1080 cell migration in such structures showed a preferred migration parallel to the
swelling direction, with a maximal alignment at intermediate strain levels. To under-
stand the relationship between cell migration directionality and strain, a theoretical
model was implemented within the framework of a collaboration. With the simulation
of a proteolytic, durotactic cell movement on a 2D lattice, the same non-monotonic
response to uniaxial strain as seen in the experiments was obtained. Stiffness analysis

within the model showed an anisotropic stiffening of the matrix upon strain, which
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Summary

leads to the anisotropic cell migration. The unraveling of this fundamental mechanism
as cell guidance cue in strained networks of macroscopically linear elastic materials
demonstrates that strain stiffening on the microscopic scale is crucial for the cell be-
havior.

The inherent swelling of the gel micro-structures was furthermore used to create pres-
surized hydrogel-hydrogel interfaces, so called sponge clamps, to establish an assay for
analyzing non-proteolytic cell migration into predefined clefts. The swelling of parallel
hydrogel strips fills the space in between the structures and thereby generates pressur-
ized clefts inside a passivated channel system. By varying the gap size as well as the
gel composition, the gel compression in the system can be tuned, which influences the
invasion efficiency of cancer cells. Initial strip distance, but also matrix stiffness are
key regulators of cell migration in the clefts.

The results of this thesis illustrate how photo-structurable artificial ECM mimics and
their inherent swelling enable the generation of advanced 3D migration assays to un-
ravel fundamental guidance cues in proteolytic and non-proteolytic cancer cell migra-

tion.
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1. Introduction

Cancer invasion and metastasis are cellular migration events that are life threatening
for the affected organism [1]. In cancer metastasis cells leave the primary tumor site
and penetrate the neighboring extracellular space. They eventually encounter blood
and lymphatic vessels, which they invade. Thereby they reach distant sites where they
form secondary tumors. In the process, cells encounter a variety of extracellular ma-
trix (ECM) proteins, growth factors, other cells, and higher ordered structures like
nerve bundles that influence and guide cell movement [2, 3]. The extracellular space
is not a static construct, but is constantly remodeled by embedded cells. For exam-
ple, in the vicinity of a tumor the behavior of stromal cells, including fibroblasts and
macrophages, is altered by signals released by the tumor cells. Theses activated stro-
mal cells thereafter remodel the ECM, secrete or release growth factors and thereby
influence the behavior of the cancer cells. This results in a highly dynamic cycle of
guidance mechanisms inducing and facilitating tumor growth and cancer cell invasion
into the ECM [4-6]. Analyzing and understanding how these different factors interact
and which guidance cues are important in cell migration is therefore a crucial task in
cancer research.

Cell migration is also important in non-malignant processes in multicellular organisms,
including leukocyte movement in immune response and the growth of neuronal axons in
embryogenesis [7-10]. Chemotaxis, the directed movement of cells towards a chemical
stimuli, was already observed for leukocytes in the mid 19th century and is a very
well studied cell guidance mechanism [11, 12]. Other guidance cues, including matrix
bound growth factors, aligned fibers in a matrix, or the stiffness of the matrix are
further parameters that influence cell migration, but are less well understood than
chemotaxis. Often, these factors interplay to orchestrate the movement of cells, as was
already demonstrated almost 100 years ago for axon growth in vitro [13].

To analyze such guidance and understand the underlaying mechanisms of cell migra-
tion, suitable model systems have to be established. 2D set-ups on coated glass or
plastic surfaces are often used due to their relatively low complexity. Micro-structuring
of such substrates to examine single cell behavior and thereby increase the statistics
is one important development that not only facilitates the migration analysis but can
also help to unravel migration mechanisms [14-17]. However, most cells in vivo are

embedded in a 3D matrix and do not migrate in a 2D environment. They receive



1. Introduction

signals all around the cell surface, can interact with a substrate to all sites, and en-
counter constrictions or aligned fibers within the matrix. This ultimately influences
cell migration in a way that cannot be reflected in 2D experiments, which explains dis-
crepancies observed between 2D and 3D assays [18]. Fibroblasts in 2D, for example,
show a flat morphology, whereas cultures in 3D have a more rounded or spindle like
phenotype. Furthermore, the conclusion drawn from 2D experiments that cells tend to
move towards stiffer substrates [19] might not hold completely true for 3D scenarios,
where macroscopically stiffer matrices most often also consist of denser networks [20].

A denser substrate, however, hampers migration.

Culturing cells within naturally derived gels, like collagen or Matrigel, increases the
complexity of the model system and is closer to in vivo conditions compared to 2D
experiments, but also complicates the analysis and the interpretation of the results.
Naturally derived matrices are non-linear elastic and have a heterogeneous network
structure with varying mesh sizes and formed fibers [21, 22]. In the case of Matrigel,
they also have an undefined composition, including an unknown multitude of growth
factors, which might alter cell behavior [23]. Therefore, to reduce the complexity of 3D
models and facilitate the interpretation of study results, artificial hydrogels are used

as culture matrices in many 3D experiments [24, 25].

Artificial matrices can be formed from different materials, ranging from self-assembled
peptide gels [26], electrospun fiber networks [27, 28], to highly cross-linked matrices [29].
Often, the backbone of the gels is bioinert, thereby controlling cell-matrix interactions
through the incorporation of small peptide sequences into the matrix. This not only
enables the study of adhesion ligand density on cell behavior independent of the overall
matrix structure, but also the test of peptide libraries to identify the best ligands
for cell adhesion or matrix digestion [30-32]. Especially polyethylen glycol (PEG) is
intensively used as matrix material due to its highly bioinert properties. In comparison
to peptide gels or electronspun fibers, highly cross-linked gels have a very small mesh
size, which impedes the non-proteolytic migration of embedded cells [33, 34]. Thus,
suitable cleavage sites have to be incorporated in these matrices to enable cell migration.
Most often, peptide sequences derived from collagen, which can be cleaved by matrix

metalloproteinases (MMPs) are used as cross-linkers in such gels [35, 36].

A further advantage of artificial gels is that many different mechanisms can be used to
form the networks. Naturally derived matrices mostly gel after changing the tempera-
ture or pH of the solution, whereas covalently cross-linked synthetic gels can addition-
ally be polymerized by illumination or by addition of a cross-linker. The photo-induced
polymerization bears the advantage that the reaction can be controlled temporally as
well as spatially. Hence, the geometry of the formed gel can be varied. Moreover, if the
reaction is very fast, which can be achieved by using a radically induced polymerization

in combination with a suitable light source, embedded cells are evenly distributed in



the gel. In temperature induced gelation, cells might sink to the bottom of the gel due
to the relatively long gelation times. Photo-induced polymerization of artificial ECMs
can be used to form more complex matrix structures compared to other techniques
[37, 38]. Therefore, it provides the opportunity to combine defined matrix properties
with the simulation of advanced migration structures in vitro.

Consequently, this thesis concentrates on two main tasks. As a first step, photo-
polymerizable artificial matrix mimics were established to easily create advanced mi-
gration matrices. The implemented set-ups were subsequently used to systematically
analyze the guided migration and invasion of cancer cells in 3D environments. Hence,
this work is structured as following:

In chapter 2, the fundamental principles of cell migration are described and a short
overview of systems used for migration studies is given, with a special emphasis on
cross-linked artificial matrices. To understand cell migration, the cytoskeleton and the
extracellular matrix (ECM) are described followed by different modes of migration and
cell guidance. Afterwards, 2D and 3D set-ups formed from synthetic and naturally
derived hydrogels are discussed. A closer look at photo-structurable gels and their
inherent swelling behavior completes this chapter.

Chapter 3 introduces the modular hydrogel set-up established in this work. The
monomers used to form the hydrogel are described together with an explanation of the
photo-induced polymerization procedure inside channel slides.

Before using the established system to form advanced migration assays, the hydro-
gel is carefully characterized in chapter 4. The inherent swelling of thin hydrogel
micro-structures inside the channels was characterized by particle image velocimetry
(PIV) analysis to visualize and quantify the magnitude of swelling. Swelling in the
longitudinal middle section of the strip is anisotropic and only deforms the gel in the
direction of the strip width. The swelling magnitude can be tuned by changing the
composition of the gel, the dimensions of the strip and channel, as well as the solvent
and swelling media used when forming the gels. By changing the cross-linker ratio in
the gel also the stiffness of the gels change. To ensure high survival rates of cells in the
gel, live-dead staining of embedded cells was performed and yielded very good results
for low monomer concentrations.

In chapter 5, the guidance mechanism of cell migration in strained synthetic hydrogels
is identified. The anisotropic swelling of thin hydrogel strips in channel slides was used
to form uniaxially strained environments. Cell migration in such gels is anisotropic with
the main migration direction depending non-monotonically on the strain magnitude.
In the framework of a collaboration, a theoretical model of a durotactic, proteolytic
active cell was implemented and validated against experimental data. The simulation
shows very similar migration behavior to the experiments. Within the model, the

cell migration direction only depends on the local matrix stiffness, which increases
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anisotropically with increasing strain.

In chapter 6, the inherent swelling of micro-structured hydrogel strips in channels is
used to analyze cell invasion into pressurized gel clefts. Parallel structuring of strips in
close proximity, together with the swelling of hydrogel strips after polymerization forms
so called sponge clamps, pressurized hydrogel-hydrogel clefts. Depending on the used
cross-linker ratio in the gel and the initial strip to strip distance before swelling, gels
are compressed to different degrees. This set-up was used to perform proof-of-concept
experiments with two cancer cell lines. The invasion of these cells into the pressurized
clefts depends on the gel compression and the cross-linker ratio used to form the gels.
An outlook is given in chapter 7, where variations and future applications of the
modular hydrogel in general and the established set-ups in particular are exemplified.

A detailed description of the methods used in this work is given in appendix A.



2. Basic Concepts

2.1. Cell migration is a highly complex process guided

by the interplay of the cell with its environment

Cell migration plays a pivotal role in many biological processes, starting from embryo-
genesis, where cells move to form higher structural entities, like the nervous system
[10, 39], to daily mechanisms like immune response and wound healing [8, 40], up to
disease states in e.g. malignant tumor environments [1, 41]. Consequently, under-
standing how cells migrate, which components influence migration and how all of this
plays together to guide migration is a crucial task in many scientific disciplines. In the
following, the main components involved in migration in the cell and its surrounding
are presented, followed by a closer look at different modes of cell migration as well as

guidance mechanisms.

2.1.1. Cytoskeleton and adhesion machinery

The cytoskeleton of cells is a highly dynamic network of different polymers and fibers
which in large parts is responsible for the shape and mechanical stability of a cell.
Furthermore, it helps to organize the content of a cell and the ordered transport of
molecules in the cytoplasm, enables the connection of the cell to the surrounding, and
can generate forces necessary to change the cell shape and move the cell [42]. The
cytoskeleton mainly consists of three different polymers: microtubules, actin filaments,
and intermediate filaments (see figure 2.1). Microtubules as well as actin polymers
have a polarized structure, with two distinct ends where a dynamic polymerization and
depolymerization of the structures occurs. This not only enables the directed transport
of small molecules along the fibers by motor proteins like myosins along actin filaments
or kinesins along microtubules, but also helps to coordinate force generation in the cell
by directed extension of the polymers in the migration direction [43, 44].

Microtubules are the stiffest of the three polymers and are important in cell division,
where they form the spindle apparatus, and in cell migration, helping to maintain
the cell polarization and actin assembly [45, 46]. The intermediate filaments are a
group of polymers that can be cross-linked to each other, but also to actin filaments

and microtubules. They are softer than the other cytoskeleton polymers and can be
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substrate

_~ microtubules lamin —— actin l integrin

Figure 2.1.: Schematic of the most important cytoskeletal components. The cy-
toskeleton is mainly composed of microtubules (red fibers), intermediate filaments like lamin
(yellow fibers), and actin (green fibers). The cytoskeleton is linked to the extracellular space
through adhesions mediated by e.g. integrins.

stretched up to several times of their original length [47-49]. Examples are among
others keratins or vimentins. Nuclear lamins are intermediate filaments as well and
are responsible for the structural integrity and stiffness of the nucleus. Therefore, they
are especially relevant for cell migration through small pores and in constrictions, as
there, the nucleus as most rigid cell organelle is the limiting factor for cell movement
[50-53].

Actin structures in the cell are continuously polymerized and depolymerized, making
it a highly dynamic structure. The actin assembly on the leading edge of cells can
lead to rather diverse structures. In lamellipodia the actin fibers are highly branched
forming an actin-rich network. In filopodia actin bundles are formed to increase the
stiffness of the structures [54-56]. With myosin motors acting on actin fibers, the
cell can contract its cytoskeleton [57, 58]. However, to be able to interact with the
cell environment as well as to perceive matrix stiffness and tensions, actin has to be
coupled to the extracellular matrix (ECM) by an adhesion machinery [59-61].

One of the most important groups of molecules that mediate between the cell envi-
ronment and the cytoskeleton are integrins. These transmembrane proteins consist of
two subunits, an o and a {3 chain, which determine the integrin-ligand interactions.
Depending on the combination of different o and 3 chains, ECM proteins can be bound
or even cell-cell interactions can be built. Among others, fibronectin, which contains
a RGD peptide sequence that is important for many integrins, can be bound, as well
as collagen or laminin [59, 62, 63]. A stable binding of multiple integrins to the ECM
and thereafter recruitment of many molecules important for the adhesion machinery,
bigger adhesion clusters, so called focal adhesions, are built that stably connect the
cell environment to the cell cytoskeleton. This not only enables the adhesion of cells,
but also provides a possibility for signaling. Integrins are considered key players in
mechanotransduction, the conversion of mechanical information from the cell environ-

ment into internal cell stimuli [64, 65]. Together with other signaling receptors, which
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e.g. detect soluble growth factor gradients, integrins are crucial in the guidance of

directed cell migration.

2.1.2. Extracellular matrix composition

Cells in the body are not only surrounded by other cells but reside in an ECM composed
of a variety of different polymers and smaller molecules that interact and influence cell
behavior (see figure 2.2). The ECM is not a static mixture but a highly dynamic
composition of mainly two classes of macromolecules: proteoglycans and fibrous pro-
teins [66-68]. They are produced by cells and exocytosed into the extracellular space,
where they can be remodeled, modified or degraded by cells. Therefore, cells are con-
stantly shaping and changing the composition and organization of their own ECM.
Even though the fundamental components of the ECM are mainly the same for differ-
ent organs and tissues, the composition and thereby the properties vary widely from
e.g. very stiff bone tissue to soft brain mass.

I
proteoglycans colages elastin

I ) integrins

)
) 4

‘ cell

Figure 2.2.: Schematic overview of the main components of the extracellular
matrix. The ECM is a mixture of different fiber proteins (e.g. fibronectin, collagens or
elastin) in a hydrogel formed by proteoglycans. The exact composition of the ECM is different
for distinct tissues. Proteins are not homogeneously distributed in the matrix and can be
reorganized by the residing cells, e.g. collagen fibers can be aligned to form bigger bundles.
Furthermore, higher ordered structures like nerve bundles or muscle fibers are part of the
extracellular space and can play an important role in cell migration.

The most abundant proteins in the ECM and the human body in general are the
fiber proteins of the collagen family. Over 25 different collagen types are identified
that can be grouped according to their overall structure, from fibrillar collagens as
collagen I to short chain collagen VIII. Collagens can build higher ordered structures.
Most collagens start from three single chains that form the triple helical tropocollagen,

which aggregates into supramolecular complexes like long collagen micro-fibrils. By
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exerting a force on collagen fibrils, cells are able to further arrange collagen to form
thicker bundles. In the basal membrane, however, other collagens, like collagen IV,
form network structures rather than long fibers [69, 70]. Furthermore, collagens can
be digested by various collagenases and matrix metalloproteinases (MMPs). MMPs
play a pivotal role in proteolytic cell migration by digesting collagens, remodeling the

matrix and opening up space for the cell body displacement [71, 72].

Another macromolecule, elastin, is a very elastic fibrous protein in the ECM. It forms
highly cross-linked networks and associates with collagen fibers. This combination
is crucial for the mechanical integrity of the ECM. Due to elastin, a matrix can be
stretched to a very high extent without breakage and recoils upon release of the tension.
Elastin thereby is responsible for the elastic part, whereas the collagen fibers limit the

extension of the matrix to ensure matrix integrity [73, 74].

Fibronectin, a very important fibrous protein in the ECM, can also be elongated far
beyond its rest length by forces exerted by cells. Thereby, cryptic integrin binding sites
are exposed, which is why fibronectin is assumed to be one key player in extracellular
mechanoregulation [75, 76]. Besides the already mentioned binding site for cellular
interaction via integrins, fibronectin has a variety of binding sites for various other

ECM components.

These and more fibrous polymers are embedded in the ECM in a network of proteogly-
cans, the second major component of the extracellular space. This very heterogeneous
group of molecules all have a highly glycosylated protein structure and are divided
in different groups according to their glycosamyloglycan (GAG) side chains [77]. Due
to the GAG chains, all these macromolecules are negatively charged and highly hy-
drophilic and thus form a hydrogel that yields the embedded cells from strong com-
pressions. Furthermore, the hydrophilic nature of the polymers and distinct binding
sites present in the protein backbone enable the proteoglycan network to store growth
factors secreted by cells. It is therefore a reservoir for small molecules which can be
released upon specific stimuli or matrix degradation and thereby influence cell migra-
tion [78-80]. Thus, a lot of cell secreted growth factors and signaling molecules are not

available to the cells in their soluble form, but rather in a matrix associated construct.

The extracellular space is not completely composed of a homogeneous network of ECM,
but rather consists of networks of pores or fiber bundles which can be used by cells
as migration tracks. Furthermore, higher structures, like vessels or nerve bundles are
embedded in the ECM and provide a quasi 2D surface. On inner body surfaces that
are covered with endothelial or epithelial cells, cell migration depends more on cell-cell
rather than cell-matrix interactions. Along basement membrane interfaces small gaps
and cell tracks are present which can be used for cell movement along nerve tracks or
adipocytes. At these interfaces, no or only very little matrix remodeling is necessary

for cell migration in contrast to a migration through dense fiber networks [81, 82].



2.1 Cell migration is a highly complex process

In summary, the ECM is not just a network of fibers where cells reside, but a highly
complex collection of macromolecules, small growth factors, and higher ordered struc-
tures that interplay and change over time. The interaction between different ECM
components and the cells is crucial for cell function and strongly influences cell behav-
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2.1.3. Different modes of cell migration

The variety of ECM structures encountered by cells strongly affects cell migration.
Depending on the cell and its environment, different migration strategies are possible.
In general, one can distinguish between single and collective cell migration, where a
cell either moves independently and spatially separated from other cells or together, in
contact with neighboring cells [2]. In the following, different modes of migration and
how they are influenced or triggered by the cell environment are described.

Single cell migration on a 2D surface can be divided in five basic steps (see figure 2.3)
[43]. First, the cell has to polarize by establishing spatially asymmetric concentrations
of e.g. signaling receptors, integrins, and cytoskeleton components. The cell develops a
polarized morphology with a distinguishable leading edge and cell rear. Furthermore,
microtubules are polarized towards the front, which further enhances and stabilizes
the cell polarization due to the directed transport of intracellular molecules along the
microtubule fibers. Thereby, new membrane extensions in the form of lamellipodia and
filopodia are formed at the leading edge, as actin polymerization is strongly enhanced
towards the cell front. The newly formed protrusions next start to interact with their
surrounding and couple the cytoskeleton to the ECM. Through the established links,
often formed by integrins that cluster to mature focal adhesions, mechanosensing and
force generation can be established. With the motor protein myosin acting on the actin
skeleton, tension is built in the cell [58]. As a last step, the adhesions at the trailing
edge of the cell are dissociated and the cell body moves towards the cell front, resulting
in a displacement of the whole cell.

If a cell is embedded in a 3D environment rather than on a flat 2D substrate, and the
surrounding ECM network is dense, additional steps are necessary to enable cell dis-
placement. As already mentioned in the previous chapter, cells can remodel the ECM.
If the network pores are to small for the cell to squeeze through, matrix proteolysis by
MMPs or other proteases opens migration tracks by cleaving fiber proteins like collagen
or fibronectin (see figure 2.3 step 3a). This cleavage is located slightly rearward from
the leading edge to ensure a spatial separation from force generation at the cell front
and the matrix breakdown slightly behind [83].

The polarized, adhesion-mediated 3D cell migration, where cells digest the matrix to

move through the ECM is called the mesenchymal migration mode of single cells. Such
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Figure 2.3.: Basic steps of cell migration. The migration process of a cell is generally
divided in five steps. (1) Cells have to polarize by anisotropic distribution of cytoskeleton
components in the cell to (2) form a protrusion in the direction of movement. Upon (3) the
formation of new adhesion sites at the cell front, cells can (4) contract their cytoskeleton and
(5) after deletion of adhesions at the cell rear, the cell body displaces. In a 3D environment,
an additional matrix proteolysis step (step 3a) is necessary if the surrounding is to dense for
the cell to displace.

cells adopt an elongated, spindle shaped morphology and remodel their matrix, leaving
migration tracks behind, which can be used by other following cells. Sometimes cells
cannot digest the matrix because the network itself is non-degradable or because the
cells lack the ability to cleave the network components. If the mesh sizes or gaps in
these matrices are very small, cells get stuck in the matrix. However, if the spacing
in the ECM is big enough for cells to squeeze through the network, an amoeboid
migration can be adapted by some cells [81]. Here cells have a rounded morphology,
but can strongly deform to squeeze through the matrix. If the cells are able to form
weak adhesions and exert small forces, they form small filopodia that interact with the
network. If no adhesions can be formed between the matrix and the cell, blebs and
lateral intercalation mediate the translocation of the cell body, resulting in a blebbing
motion driven by the cortical actomyosin contractility [84]. Depending on the matrix
encountered, a lot of cancer cells are able to switch their mode of migration to ensure an

invasion into distant locations. Furthermore, cells were shown to switch their mirgation
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mode due to changed external stimuli, either secreted from their microenvironment or
induced by e.g. a chemotherapeutic agent [85-88|.

Rather than migrating as single cells, small groups or whole sheets of cells can migrate
as a collective. This is only possible, if cell-cell interactions via adhesion molecules
are established, which couple the cells together. Collective migration is important in
processes like wound healing or morphogenesis and also cancer cells often migrate as
connected cell clusters and streams along matrix structures with leading cells guiding
the collective [89, 90]. As described before for the transition between different single cell
migration modes, cells can also lose their cell-cell contacts and change from collective
migration to single cell migration in cancer metastasis [81, 91]. An invasive cancer will
most probably not only show one distinct migration mode, but the invading cells will
adapt their migration behavior depending on the encountered barriers of the ECM and

the received external stimuli.

2.1.4. Guidance mechanisms in cell migration

The composition of the matrix does not only influence the mode of cell migration, but
can also guide migration in a distinct direction. This is the case in many processes
like embryogenesis or metastasis, cancer cell migration towards vessels, where specific
guidance cues are anisotropically distributed in the cell environment.

One guidance mechanism already indirectly mentioned in the previous section is contact
guidance along topological structures like collagen fibers, nerve bundles, or artificially
structured surfaces in in vitro experiments containing grooves or pillars [82, 92, 93].
Cancer cells in vivo often use preexisting structures to escape from their primary site.
However, this is not pure contact guidance, as often along these structures ECM density
is lower or zero, which further facilitates cell migration in 3D. In in vitro experiments
grooves perpendicular to a wound increase the wound closure without the need for
cell adhesion to the structures and tilted pillars polarized and guided the movement of
normal human dermal fibroblasts [94, 95].

The stiffness of the encountered matrix can guide cell migration as well, a mechanism
called durotaxis. Lo et al. were the first to describe the phenomenon of single cells
migrating from a soft surface towards a stiffer substrate of the same adhesion proper-
ties [19]. Many other followed and describe the behavior of cells on different stiffness
gradients [12]. The steepness of the gradient and the overall stiffness is thereby critical
for effective cell guidance [96, 97]. The exact mechanism of how the stiffness of the
surrounding is processed after the cell couples to the substrate through its mechanosen-
sitive adhesion machinery is still under debate [12]. It is believed that cells pull on their
surrounding and perceive the induced deformation and thereby determine the substrate

rigidity. It is possible that the mechanical information is then processed into chemical
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signaling inside the cell which directs cell migration. In durotaxis, also a direct transfer
of stiffness to directed movement is possible when the cell pulls on the substrate and
the stiffer matrix is deformed less. This can directly result in a net movement from
soft towards stiff regions.

If the concentration of signaling molecules guides cell migration it is called haptotaxis
or chemotaxis, depending on if the molecules are matrix bound or soluble. In hapto-
taxis not only matrix bound growth factors or signaling molecules guide migration but
also the concentration of adhesion linkers provided by e.g. collagen or fibronectin or
receptors presented by neighboring cells are important [98-100]. Major processes in
an organism including embryogenesis, immune response and cancer metastasis are well
studied concerning the role of chemotactic guidance. Many signaling pathways have
been identified that transform the concentration gradient of signaling molecules first
sensed by cell-surface receptors into a polarization of the cells in the direction of higher
chemoattractant concentration [101-103].

When thinking about guidance in cell migration one has to consider that seldom only
one mechanism is likely to act on its own, but rather different guidance cues influence
the cell behavior. In cancer cell migration, soluble chemotactic gradients can guide
the migration direction, however, preexisting structures like nerve bundles or protein
fibers in the ECM will influence the cell movement as well. Another example is the
guidance of axons in embryogenesis. There, the growth cone not only is directed by
chemical signals, both attractive and repulsive, but also by the mechanics of the matrix.
Together these signals orchestrate the directed growth of the axons to their designated
destination [104, 105].

2.2. Systems used for in vitro migration studies

2.2.1. 2D and 3D systems

Many studies analyzing cell migration in vitro are conducted in 2D due to the relatively
simple set-up compared to 3D experiments. Often glass or plastic substrates are coated
with ECM proteins to enable cell adhesion and cells are seeded on top. This surface
coating can also be micro-structured to facilitate migration analysis or applied on
a thin layer of hydrogel, mostly cross-linked polyacrylamide (PA), to analyze cells
on softer substrates [14-16, 19, 96]. Even though a lot has been learned from 2D
experiments about the fundamental signaling cascades and how cell migration can be
influenced [63, 106], 2D cultivation is a highly artificial set-up for most cells. The
majority of cells in the body is embedded in a 3D matrix surrounded from all sides by
matrix proteins, signaling molecules or other cells. Therefore, it is not surprising that

differences between experiments performed in 2D and such performed in 3D set-ups or
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in in vivo experiments have been observed [18, 107, 108].

Adherent cells like fibroblasts seeded on a substrate, especially rigid surfaces like glass
or plastic, are well spread with a lot of membrane protrusions and focal adhesions.
Cells in 3D have less protrusions and focal adhesions but can interact with their sur-
rounding all around the cell surface [108]. As discussed before (see section 2.1.3) cells
in 3D matrices either have to deform the cell body and squeeze through pores in the
matrix or digest matrix components to enable cell displacement. In 2D experiments,
such constrictions are nonexistent, which completely omits a fundamental step in in
vivo cell migration [109]. Glass and plastic substrates are, furthermore, very stiff
compared to the native ECM of cells, which, with the increasing awareness that cells
are mechanosensitive, influences cell responses and hampers the translation of results
obtained on such substrates to in vivo behavior.

However, in 3D approaches the cell environment and thus cues affecting cell behavior
are more complex than in 2D assays, which often impedes the interpretation of the
results and the uncoupling of multiple influences on the cell. It is therefore important
before conducting an experiment to critically think about which format is best suited

for the scientific question that should be investigated.

2.2.2. Synthetic vs. naturally derived hydrogels as 3D matrix

When using a 3D environment to analyze cell migration, either gels formed from nat-
urally derived proteins can be used or synthetic macromolecules can form hydrogels to
embed cells. Both approaches have advantages and drawbacks that will be discussed
in this section.

Naturally derived gels formed from fiber ECM proteins like collagen I or fibrin are
widely used in biological research [110, 111]. Collagen I readily forms a stable fibrilar
gel in which cells can be embedded in. The overall structure, stiffness and pore sizes
achieved with collagen gels can vary widely depending on the collagen extraction pro-
cedure and gelation condition used [22, 70]. The gel can be mixed with other ECM
components, e.g. fibronectin, to closer mimic the ECM. Yet, through the formation of
fibers, the formed matrix is highly heterogeneous, which on the one hand resembles in
vivo conditions and mimics the complexity of the ECM, but, on the other hand, hin-
ders the detection of fundamental guidance mechanisms by presenting many different
cues at once. Moreover, in collagen gels, the amount of adhesion and cell signaling
sites depends on the protein concentration, which determines the stiffness of the gels.
Hence, the concentration of adhesion sites cannot be altered without also changing the
stiffness of the substrate.

Matrigel, a matrix extracted from Engelbreth-Holm-Swarm mouse sarcoma cells, is

another naturally derived matrix used in cell culture [112, 113]. Besides the use in
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angiogenesis assays, cancer invasion assays are often performed with this basement
membrane mimic as many cells grow very well in and on this substrate. A drawback of
this matrix is its very complex composition that is not completely itemized. It contains
a lot of growth factors, signaling molecules, and matrix proteins whose concentration
have a high batch to batch variability [23, 114]. This impedes the widespread use of
Matrigel in many applications due to the lack of reproducibility.

So overall, naturally derived gels can, to a certain extent, capture the complexity of the
ECM of cells in vivo, concerning the fibrous, heterogeneous structure, its stiffness and
pore sizes. However, if controlled and defined conditions are needed to analyze basic
guidance mechanisms in cell migration, the variety of different cues presented at once
by can impede such studies or hamper their interpretation. Therefore, more and more
synthetic materials are used in cell migration studies whose properties are specifically
tailored to the conducted research, reducing the complexity of the matrix encountered

by cells.

Artificial gels can be produced by a variety of different materials. To mimic the fiber
structure of the ECM, electrospun polymer fibers made from polystyren, polyvinylalco-
hol or similiar bioinert materials can be incorporated in a matrix 28, 115, 116]. Their
diameter can vary from a few nm to several ym depending on the material used and
the desired application. Peptide amphiphiles are another group of molecules that can
form a fibrous matrix for cell migration. Small peptide sequences are conjugated to
fatty acid chains which can self-assemble into worm-like micelles. These long micelles

then entangle to form hydrogels [117, 118].
Polyethylene glycol (PEG) is a bioinert material that is widely used as backbone sub-

strate in highly cross-linked synthetic hydrogels. Linear and multi-arm PEG monomers
are cross-linked using different reaction schemes and form a relatively homogeneous
network. Depending on the chemistry used for the polymerization, gelation of the gel
can occur spontaneously (e.g. Michael-type addition of vinylsulfone and thiols) [119],
upon temperature change (e.g. hydrophobic interactions of poly(propyleneoxid)) [120]
or, which is often used in biological applications, upon illumination (radical polymer-
ization including thiol-ene or acrylate reactions) [121-123]. Through the addition of
small peptides, adhesion motifs or cleavage sites can be incorporated in the gel [29, 124].
Different versions of the fibronectin derived RGD peptide sequence are often used as
ligands and bound to the backbone to enable cell migration. By varying the monomer
concentration or the amount of cross-linker used to form the gels, the rigidity of the hy-
drogel can be tuned and tailored to the biological problem analyzed, independent of the
ligand concentration in the gel [125, 126]. A disadvantage of such highly cross-linked
polymer gels is the small mesh size of a few tens of nm, which is considerably smaller
than pores in the natural ECM. This is a relevant difference to in vivo conditions that

can alter the migration behavior [127].
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2.3. Photo-polymerizable artificial hydrogels as

construction kits for 3D cell environments

In this work a radical reaction induced by illumination with UV light was used to
polymerize a PEG-based hydrogel. For this reason, a short overview of applications
and micro-structures that are realized with photo-polymerized synthetic hydrogels are
described in this chapter, followed by an examination of the most important physical

properties of such gels.

2.3.1. Photo-induced polymerization of micro-structured hydrogels

When comparing photo-induced polymerization techniques with spontaneous or tempe-
rature-induced hydrogel formation, two major advantages stand out; temporal and
spatial control of the polymerization. The radical polymerization reaction is very fast,
between a few seconds and a few minutes, which ensures a homogeneous distribution of
embedded cells, without gravitational settling of cells. Furthermore, the reaction only
occurs locally, where the monomer solution is illuminated, which enables the struc-
tured polymerization of hydrogels. However, the illumination time, light intensity and
wavelength used, as well as the cytotoxicity of the monomers and the photo-initiator
have to be taken into consideration, when cells are encapsulated in such hydrogels.
To start the radical polymerization reaction, photo-initiators are necessary. Depend-
ing on the absorption spectrum of the initiator, light of different wavelengths has to
be used for the illumination. Most initiators have their absorption maximum in the
ultraviolet (UV) region, which can be problematic for the survival of cells. 1-[4-(2-
hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-propanone (12959) and lithium phenyl-
2,4,6-trimethylbenzoylphosphinate (LAP) are two widely used initiators, which absorb
light with a wavelength around 300-365nm and are cytocompatible [121, 128, 129].
Upon light absorption, they are both cleaved into two radicals that start the polymer-
ization reaction. If UV light is not desirable in an application, eosin-Y, a photo-initiator
absorbing light around 516nm, can be used to start the reaction [130, 131].

The majority of hydrogels polymerized by a photo-induced reaction in the presence
of cells use poly-acrylates or thiols with ene-components like norbornenes or vinyls
as functional groups [131-133]. The two systems differ in their polymerization mech-
anisms, which influences the structure of the formed hydrogel (see figure 2.4). The
chain-growth mechanism of poly-acrylates forms a more heterogeneous network com-
pared to thiol-ene reactions, where one thiol reacts with one ene [121, 133, 134]. There-
fore, thiol-ene polymerization enables a controlled and homogeneous incorporation of
cross-linker molecules. A further advantage is the very easy incorporation of peptide

sequences using the thiol-ene reactions. The amino acid cysteine has a thiol in its side
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chain, which reacts with ene-groups and thereby peptide sequences with one or two

cysteines can be covalently bound to the network or used as cross-linker, respectively

[30, 35, 135].
PEG-diacrylate PEG-norbornene PEG-dithiol
chain-growth mechanism step-growth mechanism

Figure 2.4.: Idealized comparison between networks formed from chain-growth
and step-growth mechanism. PEG-diacrylates polymerize via a chain-growth radical
reaction that results in an inhomogeneous network with a high variety in mesh sizes. PEG-
norbornenes react with PEG-dithiols in a step-growth mechanism. Here one thiol can only
react with exactly one norbornene group which produces a homogeneous network.

Due to the spatial control in photo-induced polymerization, advanced hydrogel struc-
tures can be achieved by photo-patterning techniques. By polymerizing bulk gels and
consecutive diffusion of adhesion ligands into the gel followed by a structured illumina-
tion of specific hydrogel areas, cell adhesive patterns are generated in an otherwise non-
adhesive surrounding [37, 136, 137]. This can also be done with other small molecules
that ought to be bound to the hydrogel or with cross-linkers, which then alters the
mechanical and diffusive properties of the gel [38, 138]. It is furthermore possible to
directly micro-structure hydrogels to form complex 3D structures or simply to form
small micro-patterns inside channel slides [139-141]. In contrast to spontaneously
polymerizing gels, where micro-structuring is mostly achieved through micro-molding,
photo-polymerizable gels can be directly structured inside channel systems. There,
small hydrogel structures can be exposed to fluid flows, media can be easily exchanged
and a good optical accessesability facilitates experiments. Furthermore, Beebe and
coworkers showed that micro-structured gels in channels together with the inherent

swelling of gels (see next section for detailed description of the swelling properties of
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synthetic hydrogels) can be used to form dynamic structures [142].

2.3.2. Swelling as inherent hydrogel property

Hydrogels are networks of hydrophilic polymer chains which are highly hydrated and
therefore, more than 90% of the gels can be water or other solvent molecules (see
figure 2.5). The amount of water that can be stored in the polymer network depends
strongly on the gel composition and the ambient conditions. Parameters that can
change the amount of water uptake are e.g. the chemical composition and concentration
of polymers in the gel, the cross-linking degree, ionic strength or pH of the solvents
and the temperature [36, 143].

+ solvent

swelling

cross-linked swollen, expanded
polymer network polymer network

Figure 2.5.: Schematic presentation of the swelling process. The coiled cross-linked
polymer network swells upon addition of a solvent, e.g. water. The mesh expands and the
polymer chains become elongated.

To quantify the amount of fluid that can be retained by the gel network and thereby
describe an important property of hydrogels, a mass swelling ratio (), is normally
defined in the literature by comparing the dry mass of the polymer network mq with
the weight of the swollen polymer network mg [144, 145]:

ms

Qm:

(2.1)

mq ’
Another possibility is to use the weighted masses and the known densities of the poly-

mer p, and the solvent ps, normally deionized water, to calculate a volumetric swelling
ratio [146]:

(ms _md) + mq

Qv = psmd PP:1+@(
E Ps Mg

M

—1). (2.2)

The gels used for these characterizations are swollen freely floating in the swelling solu-
tion to reach equilibrium swelling. A restriction of the swelling by physical constrains,
like covalently immobilizing a gel on a surface or between to parallel plates, will alter

the swelling behavior and reduce the overall swelling [147].
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To better grasp how the swelling ratio is influenced by gel composition and solvent
properties, the underlying mechanisms and driving forces for the water uptake have to
be elucidated. Many theoretical approaches have been described in the last decades
concerning hydrogel swelling, e.g. reviewed in [148]. Most of them are based on
the fundamental work of Flory and Rehner [149, 150]. However, these theories have
limitations for non-ideal gels as certain assumptions or simplifications are used in the
calculations. Nonetheless, a short overview of the basic underlying principles of gel
swelling will be presented in the following according to the Flory-Rehner theory with
one extension, the influence of ionic groups localized on the polymer backbone.

In the theory implemented by Flory and Rehner in 1943, the swelling of an uncharged
gel consisting of tetrahedral building units, which results in affine network deforma-
tions, is discussed. Two important processes have to be considered to understand the
swelling process. When solvents enter the polymer network in the swelling process,
polymer and solvent molecules mix and the network expands. For non-cross-linked
polymers, this dilution of the chains can be infinite. For cross-linked gels, the uptake
of solvent molecules results in an expansion of the network. This leads to an elonga-
tion of the polymer chains, which results in a retractive force. At equilibrium, these
two effects (the mixing free energie, AF,,;,, and the elastic retraction energy, AFy;)

counterbalance and the change of the free energy AF is zero.

AF = AF,, + AF, (2.3)

If, as in the case of peptide-functionalized hydrogels, charges are present in the polymer,
the ionic interaction between the network and the solvent has also to be accounted for

and equation 2.3 expands to:

AF = AF iy + AF, + AFj, (2.4)

The first factor, AF,,;., the mixing free energy of polymer and solvent, can be described
by the thermodynamic theory of polymer solutions. The entropy of mixing is always
positive as the mixing of two components increases the number of possible arrangements
in the system. An expression for the entropy of mixing was independently derived by
Huggins and Flory [151-153]. They adapted the mixing entropy of ideal solutions to
systems where one component is a polymer consisting of n sub-molecules which have
the same size as a solvent molecule. Compared to the ideal solutions, in polymer
solutions the distributions of the n sub-molecules in the lattice model (see figure2.6)
are not independent of each other as they form linear chains. This greatly effects the

calculation of the mixing entropy AS,ix

ASpiz = —kpyNyln(l — ¢p) (2.5)
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with k, the Boltzmann’s constant, Ny the number of solvent molecules, ¢, the polymer

volume fraction, which is the reciprocal of the volumetric swelling ratio, Q,.
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Figure 2.6.: Lattice model used as basic concept in the mixing theory by Flory
and Huggins. The lattice is occupied by solvent (blue circles) and polymer (black circles)
molecules of the same size. n polymer molecules form a polymer chain.

To calculate the free energy change of mixing, AF,,;., also the mixing heat, AH,,;.,
has to be included. There, the internal interaction energies of polymer and solvent

molecules, as well as the interaction energies of solvent-polymer pairs are considered.

AHmix = Nsk?bTX@p (26)

with 7' the absolute temperature and y the polymer solvent interaction parameter.
x combines the interaction energies of solvent-solvent, polymer-polymer and polymer-
solvent pairs and describes if a mixing of two components is energetically favorable
compared to an unmixed state (xy < 0) or energetically unfavorable (xy > 0). For
hydrogels, the interaction parameter is negative, thus the change in the mixing free
energy is negative and is a driving force of the swelling process.

Combining equation 2.5 and 2.6, the free energy change of mixing can be calculated:

The second factor of the free energy change, the elastic retraction energy, AF, is
dominated by the entropy change from a system of coiled, entangled polymers in the

unswollen polymer network and the elongated polymer chains in the swollen gel:

3N ky

ASy = (Ina —ao® + 1) (2.8)
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with N, the number of chains in the network and « the linear swelling ratio, which
can be calculated from the volumetric swelling ratio ), in isotropically swollen gels

according to

a=QY? (2.9)

In the unswollen state the chains can have various different conformations by rotat-
ing bonds in the polymer backbone. Upon swelling and expansion of the network,
the polymer chains are elongated, which decreases the possible chain conformations.
The stronger the chain deformation, the bigger the entropy loss and thus, the elastic
retraction energy countervails the swelling process.

The third factor of the free energy change, the ionic interactions of solvent and polymer,
was not accounted for in the theory of Flory and Rehner, however, it plays an important
part in charged gels. Most gels used for biological applications have small peptides or
other charged groups incorporated in the polymer backbone to facilitate cell-network
interactions. Often, the Donnan theory [154] is used to describe the swelling of such
charged polymers [155-157]. As the polymer charges are fixed on the network back-
bone, the interaction between the swelling polymer and the surrounding pure solution
can be described analogous to two solutions separated by a semi-permeable membrane
(see figure 2.7). Ions from the solution A; and CJ can diffuse into the network and
counterbalance the fixed charges ij; in the polymer. This results in uneven concen-
trations of the mobile ions in the polymer ([A7],y and [CT],y) and the ions in the

solution and a Donnan coefficient rp can be calculated:

). _ Al _
(C¥la — [A);

(2.10)

Thus, a difference in the potential, the Donnan potential, is built up between the two
sides. This potential is the reason for the osmotic pressure, A¢, that increases the
swelling of charged polymer networks.

RT

Ap = ?ln(rp) (2.11)

with R the universal gas constant, and F' the Faraday constant. As, within one com-
partment, the ionic charges counterbalance, equation 2.12 and 2.13 together with 2.10
and 2.11 can be used to describe the Donnan potential depending on the concentration
of the fixed charges (see 2.14).

[CT)s—[A7], =0 (2.12)

[C™Nger = [A7Jget + 2[P* iz = 0 (2.13)
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Figure 2.7.: Schematic presentation of the Donnan equilibrium of a cationic poly-
mer network. In charged matrices, the mobile ions of the solvent are unevenly distributed
between the network and the surrounding solution. This system can be described as two
solvent compartments separated by a semi-permeable membrane.

Ap = ——In(1+ i, ) (2.14)

2F

If the ionic strength of the swelling solution is small (small [C]), the osmotic pressure
increases and the gels swell strongly. If the concentration of the ions in the solution
is high (big [CT]), the difference is smaller and the gels swell less. Many immobilized
charges in the polymer (big [P**]f;,) increases the swelling.

To conclude, different mechanism that influence and drive the swelling of hydrogels
were assessed in this section. In this simplified approach it was assumed that the
different contributions to the free energy are independent of each other. However, of
course, this is not the case for real networks. For example, charges in the polymer
not only influence the osmotic pressure, but also change the interaction energies of
the polymer. Nonetheless, the examination of the driving forces for hydrogel swelling
enable the understanding of how and why changing e.g. the cross-linker concentration
or chemical composition in a network or increasing the ionic strength of the swelling
solution influences the swelling behavior.

With the theory of Flory and Rehner as fundamental description of polymer swelling,
further analysis of the polymer network are possible. Mesh size calculations or estimates
of the mechanical properties of the network can be performed [158]. As in this work
mainly non freely swollen gels are used and thus, the swelling theory of Flory and
Rehner cannot be adapted to the system, these aspects will not be further discussed

here.
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3. Photo-Lithographic Structuring of
Synthetic Hydrogels in Channel
Slides

In this work, a synthetic hydrogel system was adapted that has been previously de-
scribed in several publications as being well suited for cancer cell migration studies
[125, 145, 159, 160]. 20kDa 4-armed polyethylene glycol with a norbornene group at
each end of the arms (PEG-NB) is polymerized with linear cross-linkers containing
thiol groups at each end (see figure 3.1 for a schematic overview). As cross-linkers ei-
ther a 1kDa PEG-dithiol is used if the gel should not be digested by cells, or a peptide
sequence that can be degraded by cell secreted matrix-metalloproteinases (MMPs) is
used. This degradability of the network is indispensable if cells should migrate through
the gel, due to the small mesh size of just a few tens of nm [30, 128, 159]. A cystein
containing short RGD-peptide sequence is present in the mixture to enable cell adhe-
sion via integrins. To embed cells in the gel, a cell suspension in PBS is mixed with
the pre-polymer solution. To be able to start the radical polymerization reaction with

UV-light, a photo-initiator, LAP, is supplemented in the pre-polymer solution.

-
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Figure 3.1.: Schematic overview of the gel components used to form the synthetic
hydrogel. PEG-NB is cross-linked with a linear cross-linker containing two thiols. It can
either be a peptide sequence which can be cleaved by MMPs, or a bioinert, linear PEG. An
RGD-peptide sequence is covalently bound to the network to enable cell adhesion. The figure
is adapted from [161] with permission from the Royal Society of Chemistry.

23



3. Photo-Lithographic Structuring of Synthetic Hydrogels in Channel Slides

When illuminated with light of a wavelength around 365nm the photo-initiator absorbs
the light and dissociates into two radicals. The formed molecules are highly reactive
and abstract hydrogen atoms from surrounding molecules, especially hydrogens from
the thiol group of the cross-linker present in the solution (see left panel of figure 3.2).
The now formed thiyl radical enters the radical step-growth polymerization cycle and
reacts with the alkene group of the PEG-NB monomers to form a carbon-centered
radical. Hydrogen abstraction from another thiol group results in a stable thioether
linkage and a new thiyl radical (see right panel of figure 3.2). Through such a step-

growth polymerization uniform polymer networks are created [160].

LAP cross-linker PEG monomer

\ PEG-NB
R 3
\SH Zb/

Q.

365 nmi
R'_ D PEG-NB,
So Rl\

photo-initiation radical step-growth polymerization

Figure 3.2.: Radical thiol-ene polymerization reaction used to form covalently
cross-linked hydrogels. A photo-initiator, which dissociates into two radicals upon illumi-
nation with 365nm light is essential to start the step-growth polymerization. It reacts with
a thiol to form a thiyl radical. This radical reacts with the alkene group of the norbornene
forming a stable thioether bond after abstraction of a hydrogen atom from another thiol

group.

As the degree of cross-linking in the hydrogel network influences gel properties like
swelling and stiffness, the amount of cross-linker used to form the gels is defined as
cross-linker ratio r. according to equation 3.1.
2Ccross-linker

" deppans (3.1)
r. describes the ratio of total amount of functional groups of the cross-linker (containing
two thiol groups per molecule) to the total amount of functional groups of the PEG-
NB monomers (4 norbornene groups per monomer), using Ceross linker a0d Cpgpg.Ng, the
concentration of the cross-linker and PEG-NB monomer in the pre-polymer solution,
respectively. A cross-linker ratio of one indicates that every norbornene present in the

solution can react with one thiol group from the cross-linkers, resulting in a completely
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cross-linked gel.

The advantage of a photo-induced radical reaction is that the formation of the network
can be controlled temporally and spatially. In this work, a 365nm LED lamp equipped
with a collimator to parallelize the light is used to polymerize the hydrogel. The
reaction is very fast and therefore, prevents settling of suspended cells and ensures a
homogeneous cell distribution over the entire gel volume.

To form hydrogel micro-structures inside channel systems, photo-lithography is used.
A chromium mask containing the micro-structures (parallel strips of 100-400pm width
and 5mm length with a strip to strip distance of 30—600pm) ensures that the channel
system is only partially illuminated by the parallel light. The polymerization procedure
is illustrated in figure 3.3. In this thesis, the pre-polymer solution was injected in
different p-channel slides from ibidi and illuminated through a chromium mask. Where
the light passes through the mask and enters the gel, the network is formed. The
unpolymerized pre-polymer solution in the unexposed channel areas is subsequently
washed out of the channel with PBS or cell culture medium, leaving micron-sized gel
structures in the channel. Due to the inherent swelling properties of synthetic polymer

gels, the formed structures swell within the first hours after polymerization.
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Figure 3.3.: Schematic illustration of the photo-lithographic micro-structuring
of hydrogels in channel slides. (A) The pre-polymer solution is pipetted in a channel
slide and illuminated through a chromium mask with 365nm light. The gel polymerizes in
the illuminated areas and forms small micro-structures in the channel. The unpolymerized
solution is washed out of the slide. (B) Schematic top and side view of hydrogel strips in
channel slides. The polymerized structures with an initial strip width W swell to reach their
final dimensions (width We,q) after a few hours. (C) Phase-contrast images of a degradable
MMP-hydrogel strip (3mM PEG-NB and a cross-linker ratio of 0.9) directly after illumination
(left) and after 3h of swelling in PBS (right).
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4. Characterization of the Synthetic
Hydrogel System

When using a matrix to study cell migration, one has to consider the influence that
matrix properties have on the cell behavior. In synthetic hydrogels, different parame-
ters, like monomer and cross-linker concentration and size, concentration of adhesion
molecules or solvent conditions, can be used to tune matrix properties [36, 162]. The
illumination time used for the polymerization can also be varied to optimize the formed
gel for cell migration studies.

A special characteristic of the hydrogels used in this work is the polymerization of small
gel strips inside plastic channels. This confinement of the gel by the channel bottom
and top influences the swelling behavior of the gel and impedes a direct comparison
to literature data, as swelling ratios are normally calculated from freely swollen gels.
Additionally, with this swelling in confined conditions the question arises if the chan-
nel and gel dimensions themselves influence the swelling behavior, a phenomenon not
seen in freely swollen gels. Hence, not only gel composition, but also the influence of
channel and gel dimensions on the swelling behavior is analyzed in the next section,
followed by bulk stiffness tests and cell viability studies for micro-structured hydrogel

strips inside channel slides.

4.1. Particle image velocimetry analysis of the swelling

process

In classical hydrogel swelling experiments, the swelling ratio, an important parameter
describing hydrogels, is calculated by comparing the weight or volume of the swollen
hydrogel with the initial dry monomer weight or volume. However, these measurements
are bulk analysis of gels swollen while freely floating in the swelling media. In this work
gels are polymerized as small gel strips inside channel systems. This confinement does
not only influence the equilibrium swelling of the gel, but it makes it impossible to
calculate the swelling ratio in the classical way. As the gel is micro-structured in the
channel, weighting the gel or assessing the volume of the dry polymer would only be

possible with the entire slide, which is not feasible. To find another adequate measure
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4. Characterization of the Synthetic Hydrogel System

for the swelling behavior of small gel strips within a channel system, the swelling process

itself has to be carefully analyzed.
With particle image velocimetry (PIV) analysis, the displacement of the polymer net-

work while the gel swells can be assessed. PIV is a pattern matching technique where
consecutive images of a time series are compared to retrieve overall movement of ob-
jects in the observation area. Originally, PIV was used in flow experiments, analyzing
turbulences and flow profiles [163]. However, PIV was already used in other applica-
tions, e.g. in analyzing dynamics of migrating cell sheets or assessing strains induced in
collagen gels [164-166] . In classical tracking experiments, the position of single objects
like cells or beads are tracked at every time point of an experiment. In contrast, in
PIV analysis, the field of view is divided in sub-areas and through cross-correlating the
intensity values within these areas of consecutive time points, a displacement for every
sub-region can be calculated. This results in a displacement field, which, by knowing

the time between two consecutive images, can be converted into a velocity field.

In this thesis, 400pm wide strips are polymerized in 400pm high channels and swollen in
PBS while time-lapse series of the strip are recorded in 2min intervals. PIV analyses of
the time-series result in velocity vector fields describing the swelling process. After 2h
no significant overall gel displacement was observed in the PIV analysis, which indicates
completed swelling of the small strips (see figure 4.1). The analysis furthermore shows
that less cross-linked gels have a higher overall gel displacement and swell for a longer

time, which is more pronounced in the 2mM PEG-NB gels compared to 3mM gels.
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Figure 4.1.: Overall displacement in swelling gel strips over time. The sum over
all displacements within an observed strip region is displayed for the first hours after gel
polymerization. Different hydrogel compositions were analyzed (gels containing 2mM PEG-
NB in blue, gels with 3mM PEG-NB in red). Inlays show a close-up of the displacement
starting 1h after hydrogel polymerization. Shaded areas represent the standard deviation of
the mean of 3 independent experiments.
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4.1 Particle image velocimetry analysis of the swelling process

The sum over 2h of the velocity fields for a 2.5mM PEG-NB gel with a cross-linker
ratio of 0.55 is shown in figure 4.2. The analysis shows that the swelling at the end
of a hydrogel strip (red box in figure 4.2) and in the longitudinal middle section of
the strip (green box in figure 4.2) differs. In both positions, the swelling results in a
displacement towards open, non-polymerized space in the slide. At the ends of the
micro-structures, this means a swelling parallel as well as perpendicular to the short
axis of the strip. In the middle part the gel is surrounded by more gel in the direction
of the strip length. Therefore, a gel displacement is only possible in direction parallel

to the short axis of the strip.
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Figure 4.2.: Particle image velocimetry analysis of the swelling process of gel
strips. On the left a phase-contrast image of the part of the hydrogel strip analyzed with
PIV is shown. In the middle, the velocity vector field received from the swelling process,
as sum over the first 2h is displayed. Close-ups from the longitudinal middle part of the
strip (green box) and from the end of the strip (red box) show a movement of the gel in the
outward directions. For the middle part of the strip, this outward movement results in a
uniaxial deformation of the gel.

The swelling was further analyzed in the longitudinal middle part of gels of different
compositions, showing that the uniaxial swelling in the strip middle occurs in all tested
gels (see figure 4.3).

This anisotropic swelling can be explained by frictions between the channel bottom or
top and the hydrogel. For a homogeneous swelling of the strip, outer hydrogel sections
have to be displaced so that the inner hydrogel can expand. Along the length of the
strip (total length of 5mm), much more hydrogel would have to be displaced to enable
the swelling of the middle strip part in contrast to a displacement along the short axis
of the strip (400pm width). Thus, in the longitudinal middle part of the strip, swelling
of the hydrogel results in a gel displacement only parallel to the short axis of the strip.
As the initial strip width and the strip width in the middle 20% of the longitudinal
section of the strip after swelling are easily assessable by light microscopy, the ratio
between these two widths is hereon used to describe the swelling of the small hydrogel

strips in confinement.
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4. Characterization of the Synthetic Hydrogel System
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tion of (A) 2mM and (B) 3mM and three different cross-linker ratios. Close-ups show the
As discussed in subsection 2.3.2; all cross-linked synthetic polymer gels swell after the

polymer network is formed. The swelling behavior thereby depends on the composition
is used in this work to form complex migration environments for cells, the swelling

photo-initiator that has to be present in the solution. To ensure a good work flow and
cell survival throughout the polymerization, short illumination times are favored. We
and tested different combinations of illumination time and initiator concentration. The

Figure 4.3.: PIV analysis of the longitudinal middle section of strips of different
uniaxial deformation of the gel parallel to the short axis of the strip. The figure is adapted
from [161] with permission from the Royal Society of Chemistry.

4.2. Tuning the swelling behavior of m

of the polymer network. Given that the swelling of micro-structured gels in confinement
behavior of such gels is carefully analyzed in this section to optimize the gel. A first step
in the optimization of the polymerization conditions is measuring the amount of light
needed to complete the radical polymerization reaction as well as the concentration of
used a 365nm LED with a power density of 10mW /cm
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4.2 Tuning the swelling behavior of micro-structured gels in confinement

gel strip width directly after the illumination (W) and after swelling of the structures
in PBS overnight (We,q) is measured and the swelling ratio calculated according to

equation 4.1.

reo — Wend
sw T
Wy

It is thereby possible to determine the lowest illumination time and initiator concentra-

(4.1)

tion needed to achieve consistent polymerization results. For very short illumination
times of 5 and 10s in combination with low LAP concentrations, the anticipated initial
strip width of 400pum is not reached (see figure 4.4). However, for all LAP concentra-
tions tested, an illumination of 20s is enough to complete the polymerization reaction.
Above 20s, no change in initial strip width or the calculated swelling ratio is visible.
The constant swelling ratio indicates that after 20s all monomer molecules reacted and
the matrix polymerization is completed. To ensure that the network is completely poly-
merized and constant swelling ratios can be achieved, at least 2.2mM photo-initiator

and an illumination time of 20s is used for further applications.
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Figure 4.4.: Determination of the illumination time and LAP concentration nec-
essary for completed gel polymerization. Four different LAP concentrations as well
as four different illumination times were tested. The initial strip width after polymerization
(W, dark green) and the strip width after swelling (Wenq, light green) are displayed and
used to calculate the swelling ratio (red dot) according to equation 4.1. Results represent
mean and standard deviation of three measurements.

Furthermore, the use of different solvents and swelling media was tested with 400pm
gel strips containing either the 1kDa PEG-dithiol (PEG-gels) or the MMP-cleavable
peptide (MMP-gels) as cross-linker. As swelling media Milli-Q water, PBS and cell
culture medium (DMEM + 10%FBS) were tested, whereas cell culture medium was
not used as solvent for the monomers to prevent unspecific covalent immobilization
of media or serum components to the hydrogel in the radical polymerization reaction.

In figure 4.5 no solvent or swelling media dependency is visible for the PEG-gels,
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4. Characterization of the Synthetic Hydrogel System

which show a constant swelling ratio of approximately 1.3. This is in good agreement
with the polymer swelling theory of Flory and Rehner described in subsection 2.3.2.
For uncharged PEG-gels, the ionic strength of the solutions does not influence the
swelling as only mixing and elastic contributions according to equation 2.3 have to be
considered. MMP-gels, with a peptide sequence as cross-linker, however, have fixed
charges on the polymer backbone (charge of around +2 per cross-linker molecule at pH
7.4). Therefore, an increase in the ionic strength of the swelling solution as well as of
the solvent media (Milli-Q water < PBS = cell culture medium) decreases the osmotic
pressure according to equation 2.14 and thus results in a lower swelling compared to
ion free solutions (see figure 4.5). Such strong dependencies of the swelling behavior
on the pH or ionic strength of the solution are used in other applications to e.g. block
channels and redirect fluid flows in micro-fluidic set-ups [142].

For later applications in this work, when cells are encapsulated in the gel, changes in
the ionic strength of the solution are not favorable. Then, Milli-QQ water is not suitable
as monomer solvent, but rather PBS should be used to maintain the osmotic balance
between the cell and its environment. The same holds true for the swelling media as

soon as cells are present in the system.
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Figure 4.5.: Dependency of the swelling ratio on the polymer solvent and swelling
media. 3mM gels cross-linked with PEG-dithiol (PEG-gels, left graph) or the MMP-
cleavable peptide cross-linker (MMP-gels, right graph) with a cross-linker ratio of 1 are
polymerized in 400 pm high channels with Wy=400 pm. The pre-polymer solutions are
either prepared in Milli-Q water (light green circles) or PBS (dark green circles) and swollen
at 37°C in different swelling media over night. Results represent mean and standard deviation
of three measurements.

In a next step, the influence of the channel height as well as the strip dimensions on

the swelling are analyzed. For freely swollen gels at the equilibrium swelling point, the

entropy decrease of the polymer chains and their elastic restoring force counterbalance
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4.2 Tuning the swelling behavior of micro-structured gels in confinement

the mixing energy of solvent molecules with the polymer network. However, in the set-
up described in this study the micro-structured gels are confined in their height by the
channel bottom and top. Hence, expansion of the gel in direction of the channel height
is not possible. Furthermore, an additional force is acting on the gel while swelling:
friction between gel and channel surface. For this reason, the channel and gel geometry
can have a big impact on the swelling behavior.

In figure 4.6 the swelling ratio of gel strips that have an initial strip width of 100
600pum, polymerized inside 100pm and 400pm high channels, is shown. For gels with
a cross-linker ratio of 0.6, the swelling does not show a dependency on the strip width,
in both 100 and 400pm high channels. In the 100pm channels gels have a smaller
swelling ratio compared to the 400pm channel. Furthermore, if the cross-linker ratio

is increased, a higher initial strip width decreases the swelling in both low and high

channels.
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Figure 4.6.: Dependency of the swelling ratio on the height of the channel and
the initial strip width. 2mM gels with a cross-linker ratio of 0.6 and 0.9 were polymerized
as 100-600pum wide strips in 400pm and 100pm high channels. Results represent mean and
standard deviation of three measurements.

In the low channels, the percentage of gel directly neighboring the channel bottom
and top is higher compared to 400pm high channels. Thus, the swelling in the low
channels is more hindered by the friction. The same principle is applicable when going
from small strips to broader strips. If a gel has an initial strip width of 600pm, a big
percentage of the hydrogel at the sides of the gel has to be displaced to make room for
the inner gel volume to also swell. If the gel is not under confinement, this displacement
can easily be achieved and it does not have a energetic difference how big the volume
that has to be displaced, is. However, in the confined geometry, a bigger volumetric
displacement means more energy lost to the friction between channel and gel. This

dependency is not observed in hydrogel slabs that swell while freely floating in the
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4. Characterization of the Synthetic Hydrogel System

swelling media, which is why no literature value for this phenomenon can be presented
at this point.

The results of the swelling behavior presented here illustrate the many components
which influence the swelling of micro-structured hydrogel strips in confinement. Thus,
in this work, as many factors as possible are kept constant and only a few are varied
to have a good control over the gels. All micro-structured gels discussed in the next
chapters are formed by using the gel components dissolved in PBS, with a photo-
initiator concentration of 3mM and an illumination time of 20s. As swelling solution,
cell culture medium is used when cells have to be kept alive in the system. Otherwise
PBS is used as swelling media. Initial hydrogel strip width as well as channel height are
kept constant within an experimental set-up, whereby the swelling behavior will only
depend on the used concentration of PEG-NB monomer as well as on the cross-linker
ratio. Detailed analyses of the swelling behavior in the different experimental set-ups

are discussed in the corresponding chapters 5 and 6.

4.3. Stiffness measurements on bulk samples

It is well known that cells can probe their environment not only concerning chemical
cues, but are able to test the mechanical properties of the surrounding matrix [105,
167, 168]. This mechanosensitivity guides cell migration, stirring for example cancer
cells from soft towards stiffer substrates [19, 169]. Therefore, the mechanical properties
of hydrogels used in this work are tested in bulk measurements using a MCR100 plate-
plate rheometer as described in section A.4.4. Big hydrogel slabs with a diameter of
2cm and a height of approximately 2mm were polymerized and swollen freely floating
in PBS overnight. Gels containing 2mM or 3mM PEG-NB monomer with different
cross-linker ratios are tested. The gels are soft, having a storage modulus of less than
100Pa (see figure 4.7). With increasing cross-linker ratio the stiffness increases for
both monomer concentrations, with the 3mM gels being slightly more rigid. Similar
low stiffnesses were previously reported for biopolymer networks as well as synthetic
hydrogels used in in vitro migration studies [30, 170].

These bulk measurements can only be seen as an approximation for the stiffnesses of
the micro-structured gel in confinement used in this work. The degree of swelling has
a big impact on the mechanical properties of hydrogels, as less swelling and thus more
compact gels were shown to exhibit a higher stiffness [171, 172]. As demonstrated in the
previous section, the swelling of strips inside channels is hindered by the confinement.
Consequently, the stiffness of the gel strips would be higher than the measured bulk
stiffness. A direct measurement of stiffness properties in the gel strips inside the chan-
nel is, however, only possible through microrheological measurements including passive

microrheology, magnetic tweezer experiments or optical traps. These techniques use
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4.4 Cell viability studies of encapsulated HT-1080 cells
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Figure 4.7.: Storage modulus of bulk hydrogels. The storage modulus of bulk hydrogels
with 2mM (blue) and 3mM (red) PEG-NB and varying cross-linker ratio are measured in
a shear rheometer. Results are the mean with standard deviation of three independent
measurements. The figure is adapted from [161] with permission from the Royal Society of
Chemistry.

laborious equipment and are restricted, especially in the case of passive rheology, to a
limited stiffness range [173-175]. For this reasons, no such microrheological measure-
ments were performed in this thesis. The bulk measurements, nonetheless, give a good

approximation of the stiffness range experienced by cells in the gel strips.

4.4. Cell viability studies of encapsulated HT-1080 cells

To ensure that the cells used in this work survive when they are encapsulated in the
synthetic hydrogel strips, cell viability stainings were performed. Multiple samples of
400pm strips are prepared for each tested hydrogel composition with HT-1080 cells
encapsulated at a concentration of 6.7x10° cells/ml. A daily media change ensured
constant media quality over a four day period. To test the viability, a live-dead stain-
ing using propidium iodide (PI) and fluorescein diacetate (FDA) in PBS was performed
3h after gel polymerization and at every consecutive day. The non-fluorescent FDA
molecule is taken up by living cells and metabolized into the green fluorescent fluores-
cein using esterases, thereby only labeling viable cells green. PI cannot penetrate intact
cell membranes but intercalates with the DNA in the nucleus if cells are dead and their
membranes destroyed, labeling these cell nuclei red. With this staining procedure, the
number of viable cells Nyjape and dead cells Ngeaq in a sample can be counted and an
overall viability v calculated according to equation 4.2.
Nyiable

v = 4.2
Nviable + Ndead ( )
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4. Characterization of the Synthetic Hydrogel System

When testing gels with different compositions, low PEG-NB concentrations as well
as low cross-linker ratios increase the viability of encapsulated cells (figure 4.8). The
2mM gels tested show a viability of nearly 100% over four days. The high survival rate
demonstrates, that the small pores of the gel do not hinder media diffusion into the
gel and that nutrient supply in the small strips is guaranteed. In all 4mM gels and the
3mM gels with a cross-linker ratio of 0.9, cell viability decreases dramatically. Even
only 3h after encapsulation, less than 20% of the cells are alive in these gels. A reason
for this can be the increased network density and thus a stronger confinement of the
cells in a stiffer gel. Therefore, the forces acting on the cells due to the gel swelling
are higher which can explain the increased number of dead cells immediately after the
polymerization. However, the low viability in these gels cannot be attributed to smaller
mesh sizes in the gels and thus a hindered diffusion of nutrients from the media to the
cells. For this limitation to effect cell viability, more time would be necessary and no
decrease only 3h after encapsulation would occur. A reduced viability of encapsulated
NIH 3T3 cells due to insufficient media supply was observed by Cuchiara et al. in
big PEG-DA gels [176]. However, the effect was only observable more than 24h after
encapsulation of the cells. The gels with higher polymer concentration tested here
are, due to the small viability of encapsulated cells, not suitable for cell migration
studies. Hereon, only 2mM gels and 3mM gels with small cross-linker ratio are used

for migration experiments with encapsulated cells.
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Figure 4.8.: Cell viability of encapsulated HT-1080 cells. HT-1080 cells are encap-
sulated in hydrogel strips of varying composition for four days. Results represent mean and
standard deviation of three measurements.
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5. Cell Migration in Strained
Synthetic Hydrogels

In the last decades, an increased effort has been made to understand the mechanosen-
sitivity of cells and how cues from the ECM guide cell behavior and influence cell
migration. In this chapter, the impact of deformations, created in a 3D synthetic hy-
drogel environment, on proteolytic cell migration is analyzed. It is well known that
cells react to static as well as cyclic deformations of their environment when encap-
sulated in a matrix or seeded on 2D substrates [177, 178]. In naturally derived gels,
like collagen, alignment parallel to an external static strain is explained by fiber align-
ments and the strain stiffening observed in these gels [179, 180]. However, in highly
cross-linked synthetic hydrogels, there are no fibers present which can align and the
macroscopic strain stiffening in these gels is very small. Still, it was shown, that cells
orient parallel to an external strain in such gels as well [181].

To better understand such cell guidance, a set-up to analyze cell migration in strained
synthetic hydrogels is described in this chapter. First, the used system is characterized,
followed by cell migration experiments comparing the migration direction of HT-1080
fibrosarcoma cells to the external strain direction. In a next step a theoretical model
is implemented and calibrated with experimental data. This model reproduces the
experimentally observed migration behavior and explains it by analyzing the matrix
stiffness on the cellular scale. This chapter is in large parts based on the publication
by Dietrich et al. [161].

5.1. Uniaxially strained gels are prepared by anisotropic
swelling of micro-structured hydrogels in

confinement

Strained hydrogels are prepared using the photo-lithographic micro-structuring of syn-
thetic hydrogels in channel systems described in chapter 3. Small gel strips of 400pm
width and 5mm length are polymerized in 400pm high channels with HT-1080 cells em-

bedded at a concentration of 6.7x10° cells/ml. As analyzed in section 4.1, these strips
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5. Cell Migration in Strained Synthetic Hydrogels
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Figure 5.1.: Velocity vector field of the swelling process in the middle part of a
strip. A phase-contrast image of the longitudinal middle section of a gel strip is overlayed
with the velocity vector field derived from PIV analysis. The accumulated velocity vector
field over the first 2h of the swelling process of a 2mM gel with a cross-linker ratio of 0.65
is displayed. The close-up illustrates the displacement of the gel only parallel to the short
axis of the strip. The figure is adapted from [161] with permission from the Royal Society of
Chemistry.

swell anisotropically. In the middle 20% of the longitudinal section of the strip the gel
swells only parallel to the short axis of the gel (see figure 5.1) due to the confinement
of the structures in a channel slide.
This anisotropic deformation of the strip creates a uniaxial strain ~¢ in the network,
which can be calculated according to equation 5.1 by measuring the strip width after
swelling (We,q) and knowing the initial width of the strip (Wy = 400pm). Together
with equation 4.1, the swelling strain can be calculated from the swelling ratio g, :
Yo = WMT_OWO =1y — 1. (5.1)
It is known from polymer physics that the cross-linking degree has a big impact on
the swelling behavior of polymer networks. With increasing cross-linking, the swelling
of networks decreases. Therefore, a broad spectrum of strains is accessible in the set-
up used in this work by changing the cross-linker ratio of the polymer solution. In
figure 5.2 the measured strain induced in different hydrogel strips through swelling in
PBS is shown. With decreasing cross-linker ratio the strain in the gel increases almost
linearly for hydrogels containing 2mM and 3mM PEG-NB. A direct comparison with
other literature values is not possible, as other publications that analyze swelling of
synthetic hydrogels use unconfined bulk samples to calculate the volumetric swelling
ratio as previously discussed in section 4.2. For very small cross-linker ratios and thus
very high strains, a strain limit of 1.5 is determined by the structures on the chromium
mask. Multiple 400pm strips are polymerized parallel to one another. As the initial
strip distance is 1000um, the gel can not reach a width after swelling bigger than that.

Thus, strains above 1.5 are not possible in the system used in this work.
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Figure 5.2.: Swelling strains induced in gel strips. 400pm wide hydrogel strips with a
different degree of cross-linking and 2mM (blue circles) or 3mM (red circles) PEG-NB swell
in confinement and induce a uniaxial strain in the gel. The figure is adapted from [161] with
permission from the Royal Society of Chemistry.

A draw-back of the system is that the different strains are realized by changing the gel
composition. Varying the cross-linker ratio not only changes the swelling ratio, but also
influences the stiffness (see section 4.3) as well as the mesh size of the gels. However,
an advantage of the system is that no laborious set-up is needed to strain the gel. In
other studies, gels are clamped in devices to stretch the network, using e.g. magnetic
fields. Often these set-ups are custom-build, highly complex and hard to combine with
simultaneous microscopic monitoring of the cell movement [178, 182, 183]. The set-up
in this work, on the contrary, is easy to use, can be easily reproduced in other labs
and can be combined with live cell imaging. The used channel slides offer an excellent
optical quality and are designed for microscopic imaging. Another advantage of the
system is the uniaxial strain field produced in the network. When gels are stretched
to induce a strain, complicated strain fields are obtained as a stretch in one direction
leads to contraction of the network in the other dimensions of space [178, 183-185].
As the strain in this set-up is induced by an uniaxial swelling of the hydrogel, no
simultaneous contraction occurs, which facilitates further migration analysis and their

interpretation.

5.2. Alignment of migration direction to the external
strain depends non-monotonically on the strain

magnitude

To analyze how cells move in strained synthetic hydrogels, HT-1080 fibrosarcoma cells
were encapsulated at a concentration of 6.7x10° cells/ml in hydrogels strips containing
2-3mM PEG-NB and an off-stochiometric amount of MMP-degradable peptide cross-
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5. Cell Migration in Strained Synthetic Hydrogels

Figure 5.3.: Cell trajectories of HT-1080 cells migrating in 2mM 0.6 gels for 24 h.
Overlay of a phase-contrast image of the longitudinal middle section of a hydrogel strip (PEG-
NB concentration of 2mM and cross-linker ratio of 0.6) with cell trajectories obtained over
24h. The figure is adapted from [161] with permission from the Royal Society of Chemistry.

linker, as well as 1mM CRGDS-peptide to enable cell adhesion. The gels were micro-
structured in 400pm wide strips in 400pm high channels. The time-lapse images of
the longitudinal middle section of the strips were recorded, starting 3h after hydrogel
polymerization to ensure that the gel has reached its equilibrium swelling. By tracking
the position of the cells over 24h, cell trajectories are obtained. An overlay of a phase-
contrast image of a gel strip with such cell trajectories is displayed in figure 5.3.

With increasing cross-linker ratio, the percentage of migrating cells in the gel strips de-
creases significantly (see figure 5.4). Higher cross-linking increases the network density,
which hampers cell migration in the gel due to the very small mesh size of the synthetic

gel. Thus, migration analyses in hydrogels with very low strain are not possible.
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Figure 5.4.: Percentage of migrating HT-1080 cells embedded in hydrogel strips
of different composition. All tracked cells which migrated less than 40pm in 24h were
considered non-migrating. The figure is adapted from [161] with permission from the Royal
Society of Chemistry.
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5.2 Alignment of the migration direction depends on the strain magnitude

Analyzing the migrating cells shows that embedded HT-1080 cells preferentially mi-
grate parallel to the external strain direction for all strain magnitudes tested (see cen-
tered trajectories in figure 5.5). However, higher strains seem to decrease the alignment

and result in more isotropic cell migration.
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Figure 5.5.: Centered trajectories of HT-1080 cells migrating in various hydrogel
strips for 24h. Overview of exemplary trajectories of HT-1080 cells migrating in differently
strained hydrogels with a PEG-NB concentration of 2mM (blue) or 3mM (red). The figure
is adapted from [161] with permission from the Royal Society of Chemistry.

It was already shown by others that cells align to an external static strain when embed-
ded in a 3D synthetic matrix [181]. The degree of cell alignment thereby can depend
on the strain magnitude. Li et al. showed that the orientation of NIH-3T3 cells em-
bedded in a strained synthetic matrix depends on the strain magnitude as well as on
the matrix stiffness [178]. However, they did not perform migration analysis, but only
analyzed the cell orientation of fixed samples. Furthermore, no explanation is given for
the observed behavior in synthetic networks.

In naturally derived gels, cell alignment and cell migration along an external static
strain is explained by gel fibers that realign with the external strain and guide cell
orientation [180]. Moreover, naturally derived gels are non-linear elastic materials
which exhibit a strong strain stiffening [179, 186]. This macroscopic stiffening along
the strain direction as well as an observed softening in the compressed direction [187],
can lead to a durotactic cell orientation along the strain [19]. On the contrary, highly
cross-linked synthetic hydrogels do not show a strong macroscopic strain stiffening
[184, 188] and there are no fibers in the network that can align to an external strain.
Nonetheless, HT-1080 cells migrate preferentially parallel to the strain in this work.
To understand this observation, and the reason for a more isotropic movement at high
strains, a theoretical model was implemented in the framework of a collaboration to
simulate cell migration in a synthetic network and understand the underlaying guidance

mechanism.
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5. Cell Migration in Strained Synthetic Hydrogels

5.3. Simple theoretical model of a durotactic,

proteolytic cell migration on a 2D lattice

The model described in the following sections was implemented by Hugo LeRoy and
David B. Briickner in the group of Prof. Chase P. Broedersz (LMU Munich). It models

a proteolytic, durotactic cell migration in a spring network.

The network in the theoretical model

To capture the basic physical processes of cell migration and mechanosensing in strained
synthetic hydrogels, a system-level description of a cell moving through an elastic
network is used. In this work, the matrix is described by a coarse-grain model of a
triangular lattice network with grid nodes connected by linear springs. The elastic

energy of this network is given by a Hamiltonian

N

H = SZZU“ — 75| = 1o)?, (5.2)
=0 (ij)

with r; and r; being the vector positions of a node 7 and its neighbors j, with the sum
running over all nearest-neighbor pairs of nodes. The springs in the network have an
elastic constant k£ and a rest length /y. To introduce intrinsic disorder in the network,
random springs are removed with a probability 7-P, which results in an average number
of bonds Z connected to a node of Z=6P. If not stated otherwise, a connectivity of
7Z=4.8 is used in this work, as this connectivity is above the isostatic threshold of 4 for
2D lattices and thus results in a macroscopically rigid network.
As a durotactic cell movement is modeled, the local rigidity of the network is important.
In the model, the local network stiffness is defined by a tensorial stiffness of the network

nodes:

Y (o)

L@ — Jr ) 5.3

0=t (5.3
The displacement of a node ¢ by a distance dx, in direction v causes a restoring force of
the network fl(f) (0x,) in direction u. For the cell in the model the stiffness magnitude

k, calculated according to equation 5.4, is the relevant local stiffness parameter.

| £ (0,) |
| (Gz) |

To introduce an external strain in the network, the lattice is stretched prior to cell

k= (5.4)

migration simulation. Before stretching, the network is rotated by 15° to avoid an

alignment of the stretch direction with a lattice axis.
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5.3 Simple theoretical model of a durotactic, proteolytic cell migration on a 2D lattice

Cell migration in the model

The cell in the model is a bodyless point moving from lattice node to lattice node.
Therefore, trajectories derived from the model are coarse grained versions of a real
cell migration. To model cell movement in polymer networks, the key aspects of cell
migration have to be considered. Cells adhere to their environment and interact with
the network. This enables them to probe the matrix to assess the mechanical properties
as well as to exert forces on the network. Movement through the matrix typically
drives cells from soft to stiffer regions, a phenomenon called durotaxis. Furthermore,
to enable cell migration in matrices where the mesh size is significantly smaller than
the cell diameter, cells have to partially digest the environment to create enough space
for moving the cell body through the mesh. In collagen networks it was shown that
matrix digestion of HT-1080 cells is localized shortly behind the leading edge and near
the cell body, thus spatially separated from cell adhesion and force generation [83]. This
spatial separation is also transferred to the model by localizing the force generation on
the second nearest neighbors of the cell (see yellow dots in figure 5.6 B) and cleaving

bonds to the first neighbors (see gray dots in 5.6 B).
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Figure 5.6.: Transfer of cell migration aspects from reality to the model. (A)
[llustration of a cell in an inhomogeneous matrix. Adhesion and force generation is illustrated
in yellow at the cell front. Proteolysis is depicted in gray behind the leading edge and near
the cell body. (B) Schematic overview of the network in the model. The cell center (red dot)
sits on a node of a triangular lattice network, pulls on its second nearest neighbors (yellow)
and can cleave bonds to the first neighbors (gray). The figure is adapted from [161] with
permission from the Royal Society of Chemistry.

Within one computational migration cycle the following steps are performed to mimic
cell migration (see also figure 5.7): 1) The cell pulls on its second nearest neighbors and
contracts the network. 2) The local stiffness k of the nearby lattice nodes is calculated
and 3) the cell center moves to the nearest neighbor with the highest local stiffness.
4) Lattice bonds next to the cell are deleted at a fixed proteolytic rate r,. For every
modeled cell, if not stated otherwise, 100 of these migration cycles are performed to
retrieve a cell trajectory.

Using these four simple steps, the model simulates cell migration on a 2D elastic lattice.
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Figure 5.7.: Illustration of the cell migration cycle used in the model. Four basic
steps form a migration cycle in the model. 1) Cells contract the network by pulling on
neighboring nodes (yellow dots). 2) The local network stiffness is calculated. 3) Cells move
to the stiffest nearest neighbor. 4) Some bonds to the nearest neighbors are deleted (dashed
lines). The figure is adapted from [161] with permission from the Royal Society of Chemistry.

5.4. Calibration of the model with isotropic

experimental migration data

An important parameter of the model is the proteolytic rate r,, which determines how
many bonds on average are cleaved in one computational circle. It can be varied from
zero to six. However, very high proteolytic rates result in a complete disintegration
of the network. This would impede a good comparison with cell migration in 3D
networks. Therefore, by keeping 1, small, the modeled 2D migration can be compared
to 3D experiments.

To verify the model and calibrate the proteolytic rate used for further analysis, a
comparison of the simulation with isotropic, unstrained migration experiments was
performed. For this, big hydrogel slabs were polymerized in an open system and
were allowed to swell freely floating in swelling solution and only immobilized on a
surface after swelling was completed. Hydrogel slabs with a PEG-NB concentration of
2mM and a cross-linker ratio of 0.6 were used. The degradability of the hydrogels was
changed by substituting parts of the MMP-degradable cross-linker with non-degradable
PEG-dithiol cross-linker. With increasing PEG-dithiol ratio in the gel, more and more
cross-links cannot be cleaved by cells, which makes cell movement more difficult in the
matrix. In figure 5.8 cell trajectories of HT-1080 cells moving in gel slabs with different
degradability are displayed, illustrating that with decreasing percentage of cleavable
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5.4 Calibration of the model with isotropic experimental migration data

cross-links cell migration is hampered. But even with only 40% degradable bonds,
cells are still able to move through the network, but the obtained trajectories are much

shorter than in completely degradable conditions.
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Figure 5.8.: Centered trajectories of HT-1080 cells migrating in isotropically
swollen hydrogel slabs of different degradability. HT-1080 migration is monitored
for 24h in gels (2mM PEG-NB and a cross-linker ratio of 0.6) with different percentages of
degradable to non-degradable cross-linkers. The figure is adapted from [161] with permission
from the Royal Society of Chemistry.

To calibrate the model, different proteolytic rates from 0.5 to 3 were tested in the
simulation with 50 simulated cells per condition and compared to the isotropic ex-
perimental data. Mean square displacement (MSD) as well as velocity autocorrelation
function (VACF) analysis are basic migration parameters describing cell migration and
are herein used to validate the model. In the simulation as well as the experiments,
the MSD increases with time as an approximate power law with an exponent of around
1.4-1.8 (see figure 5.9). This indicates a super-diffusive behavior, which is typical for
cell migration [52, 189]. In the experimental data, the exponent does not change with
decreasing degradability of the network. However, the overall MSD does slightly de-
crease. This is in good agreement with the cell trajectories in figure 5.8, where shorter
trajectories for gels with a decreased degradability are visualized.

In the model, the exponent of the apparent power law of the MSD increases for in-
creasing proteolytic rates r, from 1.4 to 1.8. An increase indicates a more persistent
migration of the cells. Interestingly, no cell polarization and therefore persistence in
cell migration is implemented in the model. This phenomenon arises from the deletion
of bonds in the modeled migration cycle. Cleaving bonds decreases the local matrix
stiffness of the network, thus the durotactic cell in this model is prone to move away
from its previous position. This results in a persistent movement. With a higher pro-
teolytic rate, more bonds are deleted in every cycle which reinforces the persistent
migration and explains the higher exponent.

The existence of a persistent migration in the model is also visible in the VACF (see
figure 5.10). For the experimental data, as well as the simulation, the VACF decays
with a characteristic time, indicating persistent movement of the cells. For very low
proteolytic rates the VACF of the simulations seems to slightly oscillate, an artefact
from the simulation. Nonetheless, the VACF of the model is very similar to the exper-

imental data.
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Figure 5.9.: Mean square displacement analysis of experimental and simulated
data in unstrained networks. MSD analysis of HT-1080 migration in unstrained hydrogels
with different degradability (left graph) is compared with analysis from simulations using
different proteolytic rates 7, (right graph). The figure is adapted from [161] with permission
from the Royal Society of Chemistry.
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Figure 5.10.: Velocity autocorrelation function of experimental and simulated
data in unstrained networks. VACF of HT-1080 migration in unstrained hydrogels with
different degradability (left graph) is compared with analysis from simulations using different
proteolytic rates 1, (right graph). The figure is adapted from [161] with permission from the
Royal Society of Chemistry.

Small differences in the described analyses can be attributed to slightly different set-ups
between experiment and model. In the model, the proteolytic rate, which influences
the number of bonds that will be cleaved, is changed, whereas in the experiments the
percentage of bonds that can be cleaved is varied. This is not an exact comparison,
but changing the ratio of cleavable cross-links in the hydrogels can be done in the ex-
periments in a controlled way. Inhibition of the MMP activity, which would resemble a
changed proteolytic rate in the experiments, can be done by the addition of inhibitors
in the cell culture medium. However, no defined inhibition of e.g. 50% of the MMP ac-
tivity can be realized and often these inhibitors also slightly change the overall behavior

of the cells due to complex inhibitor interactions [190, 191]. Consequently, the more
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5.5 Analysis of the migration anisotropy in the experimental and theoretical data

controlled variation of the gel degradability was used in this work for a comparison
with the model.

The quantification of the migration statistics of simulated and experimental data ver-
ified the implemented model, showing that in an isotropic system migration behavior
similar to experimental observations can be simulated. For further studies in strained
systems a proteolytic rate of r,=1 is used in the model if not stated otherwise and

hydrogels are formed using 100% degradable MMP-cross-linkers.

5.5. Analysis of the migration anisotropy in the

experimental and theoretical data

After validating the implemented theoretical model in unstrained networks, migration
simulations were performed in uniaxially strained networks of varying magnitude. Sim-
ulated cell movement in an unstrained and strained network is displayed in figure 5.11A
as overlays of lattice networks with the exemplary cell trajectories. A clear distinc-
tion between unstrained and strained matrices is visible as the strain leads to higher

heterogeneities in the matrix.
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Figure 5.11.: Cell migration tracks of the simulations in strained networks. (A)
Overlay of unstrained and strained lattice networks with an exemplary cell trajectory. Cell
center is marked with a red dot. (B) Centered trajectories of simulated cells in two differently
strained networks. The figure is adapted from [161] with permission from the Royal Society
of Chemistry.

As a first comparison between experiments and simulations in uniaxially strained net-
works, calculations of the MSD were performed. Analysis of the experimental data,
introduced in section 5.2, and simulated data are displayed in figure 5.12. For all data
sets, the MSD increases over time as an approximate power law with an exponent of

around 1.4. This is in good agreement with results obtained from isotropic networks.
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5. Cell Migration in Strained Synthetic Hydrogels

The overall MSD does not change for different strains in the simulations and most
strains in the experiments. However, the lowest strains in the 2mM and 3mM PEG-
NB gels result in a smaller overall MSD. This can be explained by the gel which is used
to achieve low strains. As discussed in section 5.1, low strains are obtained from higher
cross-linked gels. These hydrogels thus have a higher cross-linker density, smaller mesh
sizes and are stiffer than less cross-linked gels. Therefore, it is more laborious for cells

to migrate through the network which is reflected in the smaller overall MSD values.
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Figure 5.12.: MSD analysis of experimental and simulated cell migration in
strained matrices. For the experiments, migration data for different strains were binned
and displayed in blue for 2mM PEG-NB hydrogels and red for 3mM PEG-NB gels. Simulated
data is displayed in green. The figure is adapted from [161] with permission from the Royal
Society of Chemistry.

Having a closer look at the cell tracks in figure 5.11B; cell trajectories in the simulation
show a preferred orientation parallel to the external strain direction at intermediate
strains and a more isotropic distribution at high strains, as already observed for the

experimental data in figure 5.5.

To be able to better compare experimental and simulated data, the degree of anisotropic
migration was quantified. For every cell the coordinates at every time point x;, and v,
are recorded and the total distance traveled by cells parallel, D), and perpendicular,

D, to the external strain direction are calculated.

T
Dy=> "y — | (5.5)
=1
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T

D, = E ‘ Lty — Lty

i=1

(5.6)

An anisotropic migration index (AMI) is defined by comparing the total distance mi-

grated by cells parallel and perpendicular to the external strain direction.

_Dy—-D,

AMI =
DH + D,

(5.7)

The maximum AMI value that can be reached is 1 for cells which only move parallel to
the strain, whereas AMI = 0 is calculated for an isotropically moving cell. To correctly
compare experiments and simulations, the AMI calculated for the simulated data has
to be corrected. First, as the modeled cell moves from lattice node to node, the distance
traveled parallel to the strain has to be corrected for the network deformation according
to equation 5.8 using the applied strain . Otherwise the AMI would be biased towards

positive values.

‘D measure:
Zll;measured (5.8)
v+1

D||,corrected =
Secondly, as the external strain direction is not aligned with any lattice axis, the
simulated cell cannot solely migrate parallel to the strain direction, but its movement
always has a perpendicular component as well. Thus, a simulated cell could never reach
the maximal AMI of 1. To correct for that, the AMI is normalized to the maximal
AMI, AMI,,.., that can be reached in the simulation.
AMImodel

AMI ved = —————— .
normalized AMImam (5 9)

With an angle between the lattice axis best aligned with the external strain and the
strain direction of 15° an AMI,,,, of 0.577 is reached. After correcting the simulated
AMI accordingly, experiments and simulations can be directly compared (figure 5.13).
Experimentally, cell migration in isotropically swollen 2mM gel slabs has an AMI of 0,
which indicates isotropic migration as expected. Migration in intermediately strained
gels reaches an AMI of 0.6, indicating highly anisotropic migration parallel to the strain
direction as already visible in the cell trajectories in figure 5.5. With increasing strain,
the calculated AMI decreases and cell migration is more isotropic. The response of
cells in 3mM gels is shifted to slightly higher strain levels compared to the 2mM gels,
but shows the same tendency. It is known that the stiffness and the mesh size in
these gels differ, which might explain the small shift. Nonetheless, in both gels, higher
strains lead to a more isotropic migration. Interestingly, this non-monotonic behavior
is also observed in the implemented model. Without strain, the simulated cells move

isotropically in the network. With increasing strain, cell movement is oriented along
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5. Cell Migration in Strained Synthetic Hydrogels

the strain direction before at very high strains, cells migrate more isotropic again (see
figure 5.13).

The maximal AMI achieved in the model is, with a value of around 0.4, smaller than val-
ues observed in experiments, thus cell migration in the model is less anisotropic than in
the experiments. Nonetheless, the model qualitatively captures the non-monotonicity

of the anisotropic migration response of HT-1080 cells migrating in strained hydrogels

very well.
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Figure 5.13.: Anisotropic migration index of cells migrating in uniaxially strained
matrices. The anisotropic migration index (AMI) of experimental and simulated cells is
depicted depending on the strain in the network. Each single experiment is displayed as small
circles and binned data by filled circles (blue for 2mM gels, red for 3mM gels). Simulated data
is shown in green. Error bars represent standard error of the mean. The figure is adapted
from [161] with permission from the Royal Society of Chemistry.

There are some differences between the model and the experiments that can explain
the smaller AMI of the simulated data. First of all, cell polarization was neglected in
the model. If the cell persistence depends on the strain or stiffness in the system, the
implementation of a polarization in the model can increase the achieved AMI. This
hypothesis was tested by altering the decision making process in the simulation and
analyzing the AMI values reached in networks with a strain magnitude of 0.3. In this
altered model, the cell does not only consider the node stiffnesses of its first neighbors
of the current simulation cycle, but averages the measurements of the last N,, cycles
and decides according to this average measurement where to move. In total 200 cells
with 50 migration steps each were simulated for different N,,. To calculate the AMI
displayed in figure 5.14 only migration steps after initial N,, steps are used. This
time-averaged mechanosensing will lead to a more persistent migration and increases
the migration parallel to the strain. With a N,, of 20-30, AMI values similar to the
experiments can be reached. Thus, the lack of cell polarization in the minimal model

is one reason for the lower AMI compared to the experiment.
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5.6 Non-linear local strain stiffening in the model guides cell migration
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Figure 5.14.: Anisotropic migration index for cell migration simulation with time-
averaged mechanosensing. The anisotropic migration index (AMI) is displayed at a strain
of 0.3 for cells performing durotactic migration in a polarized model based on averaging the
stiffness measurements over the last N, computational cycles. The figure is adapted from
[161] with permission from the Royal Society of Chemistry.

Another factor that can influence the migration in strained matrices in the experiment
is the mesh size differences in the strained synthetic hydrogel. In the swelling process,
the hydrogel network expands and the mesh size of the polymer network increases.
However, in the set-up described in this work, gel expansion only occurs uniaxially, thus
the mesh size of the network is anisotropic. This can direct the cell movement parallel
to the expansion direction. Furthermore, in the model, the cell randomly digests nearby
bonds. In experiments, however, it was shown that the sensitivity of collagen towards
MMPs or other collagenases that cleave the fibers was altered under strain [111, 192—
194]. This suggests that the digestion of hydrogel cross-links in the experiments can be
influenced by the strain applied to the network and trigger an anisotropic migration.
Yet, all these factors should scale monotonically with an external strain. The non-
monotonic dependency of the migration direction to the applied strain suggests that
the strain triggers another mechanism in the matrix that acts as guidance cue for
embedded cells, which non-linearly depends on the strain magnitude.

As the non-monotonicity was also detected for the data generated by the minimal
theoretical model, a closer look at the simulation and guidance cues provided in the

model might help to understand the cell migration in strained matrices.

5.6. Non-linear local strain stiffening in the model

guides cell migration

The cell in the implemented model performs a durotactic movement, which means that
the cell moves to the neighboring node with the highest local stiffness. This is the only

criteria for the modeled cells when deciding where to go. Therefore, the local stiffness
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5. Cell Migration in Strained Synthetic Hydrogels

of the modeled network is analyzed in more detail in this section to elucidate how the
stiffness is influenced by the macroscopic strain and if the stiffness can explain the
observed non-monotonic cell behavior.

The local stiffness of the nodes in the network were probed by positioning a cell on a
node in the matrix and letting it contract the network. Then, the tensorial stiffness of
the nodes is measured and thereafter, the local stiffness magnitude k for every node
is calculated. This way the cell measures the local stiffness of the network in different
orientations to the external strain direction. In figure 5.15 the relative local stiffness of
the modeled network in various directions to the local strain is displayed for different
external strain magnitudes. The first interesting observation is that the stiffness of the
network nodes increases with increasing strain. Even though the network consists of
linear springs which show no strain stiffening effect, an increase in the strain magnitude

results in higher node stiffnesses.

1.8F
§ 16}
=
5
o 14r
=
T
o
1.2¢
orientation to strain
parallel =»=perpendicular
T 37° 67° —127°—157°
0 0.2 0.4 0.6 0.8 1
strain

Figure 5.15.: Local stiffness measurements in the modeled network. Local relative
stiffness probed by the modeled cell in different orientations to the external strain direc-
tion. Directions parallel and perpendicular to the the strain are displayed in green and blue
respectively. The figure is adapted from [161] with permission from the Royal Society of
Chemistry.

Secondly, the observed stiffening is anisotropic. The node stiffness probed perpendic-
ular to the external strain direction increases linearly. This can be attributed to the
tension built in the springs along the strain direction and is analogous to a guitar string,
where higher tension increases the force necessary to pluck the string. The node stiff-
ness parallel to the external strain shows a fast increase for small strains and approaches
a plateau for high strains. Such a stiffness mechanism was previously described in these
networks for the macroscopic response to external strain [195-197]. It can be explained
by intrinsic heterogeneities in the bond density of such networks. Some regions can

have a locally decreased connectivity, which renders such locations floppy and therefore
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soft. However, the external strain pulls the regions out and they start contributing to
the network stiffness, which explains the fast increase of the stiffness at small strains.
The described anisotropic stiffening of the network nodes in the model explains the non-
monotonicity of the AMI very well. The modeled cell always moves to the neighboring
node with the highest stiffness. At low strains, the stiffest migration direction is parallel
to the strain (see figure5.15), which results in an increased AMI. At higher strains, other
migration directions are stiffer and cells move less in parallel direction to the external
strain. This decreases the AMI and results in the non-monotonic cell behavior observed
in the simulation.

The same analysis described for the model is difficult to perform in the synthetic hy-
drogel. Direction-dependent microrheological analyses in the gel are hard to realize.
Studies with atomic force microscopy are not suitable as the channel used to confine the
gel micro-structures impedes the use of contact-based measurements. Magnetic and
optical tweezers or the use of passive rheology analyzing the Brownian motion of embed-
ded beads are also not suitable in the described set-up, as the overall network stiffness
is too big to detect enough bead displacement [174, 198, 199]. Thus, unfortunately, no
stiffness measurements could be performed in the experimental set-up described in this
work. Nonetheless, the results obtained from the model together with the very similar
responses of experimental and simulated cells to the external strain suggest that local
strain stiffening also plays an important part in the anisotropic migration of HT-1080

cells in uniaxially strained hydrogels.

5.7. Conclusion

In this chapter, a set-up to uniaxially strain a hydrogel and study the migration of
embedded HT-1080 cells was introduced. A photo-induced polymerization reaction
of a synthetic hydrogel, together with photo-lithography was used to micro-structure
small hydrogel strips into channel slides. Due to the high aspect ratio of the strips
and the confinement in the channel slide, the inherent swelling of the cross-linked
gel was restricted to one direction. This induced a uniaxial strain in the network,
which was verified by PIV analysis. By changing the composition of the hydrogel, the
swelling and thereby the induced strain can be tuned. The embedded fibrosarcoma cells
preferentially migrated parallel to the external strain direction. A maximal alignment
of the migration direction to the strain is reached at strain values of 0.5 and 1 for
gels containing 2mM or 3mM PEG-NB, respectively. At higher strain magnitudes cell
migration is more isotropic again.

To understand this non-monotonic behavior, a simple theoretical model was imple-
mented in the framework of a collaboration. The body-less cell in the model moved

from lattice node to node on a triangular network, performing a durotactic, prote-
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5. Cell Migration in Strained Synthetic Hydrogels

olytic cell migration. Before applying an external strain to the lattice, the system
was calibrated with isotropic experimental data. In the strained system, the simula-
tion produced very similar results to the experimentally observed cell migration. The
non-monotonic dependency of the migration direction relative to the external strain
direction with increasing strain was also observed in the model. To elucidate the un-
derlying guidance mechanism the local stiffness of the modeled network was analyzed
and showed a local, anisotropic strain stiffening effect, which explains the behavior of

the durotactic cells.

The combination of the described experimental set-up and the implemented model pro-
vides the opportunity to understand cell guidance in strained matrices. Using micro-
structured gel strips inside microscopy channels does not only redundantize active
straining of the gel with a laborious device, but also provides very good optical ac-
cessibility to monitor cell migration. Other studies that utilize complicated straining
devices to generate an uniaxial strain without or with small compressions perpendic-
ular to the strain direction, often lack the possibility to perform time-lapse imaging
of the embedded cells [177, 184, 200]. Therefore, often only the cell alignment of cells
is analyzed but not directly the migration of the cells. Furthermore, in a lot of stud-
ies, no explanation for the observed cell behavior is given [178, 181]. This partially is
attributed to the very complex mechanism of cell guidance, as many factors influence
cell migration, like the cell type used, stiffness of the network, matrix composition,
adhesion motifs or diffusion gradients in big hydrogel slabs. Reducing the complexity
of the matrices used in such studies can help to concentrate on specific possible guiding

mechanisms.

The use of artificial hydrogels is one important step to reduce the complexity of an
experiment. The composition of these gels can be fine-tuned in contrast to collagen
or other naturally derived gels where e.g. the concentration of cell adhesion motifs
like RGD sequences, cannot be influenced. Furthermore, natural gels are more het-
erogeneous in their overall network structure compared to gels formed by a radical
step-growth polymerization. In collagen gels, fibers and bundles are formed which can
align to an external strain and bias cell migration in one direction [166]. Such fibers do
not exist in highly cross-linked synthetic gels. Additionally, the mechanical properties
of the natural gels are more complicated as they show a pronounced macroscopic strain
stiffening.

The linear elastic property of synthetic polymer networks is one advantage when ana-
lyzing fundamental guidance principles in strained networks, as it is believed that the
stiffness of the matrix does not change when the gel is stretched. However, as shown
by the local stiffness analysis in the model implemented in this work, macroscopic
properties of a matrix and its local properties on the cellular scale might not always

be the same. This finding is not only relevant when analyzing how cells are guided
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by external strain, but has to be considered in other applications and for other matrix
properties as well. Arnold et al. e.g. showed that the spatial distance of presented
adhesion molecules on the nanoscale is crucial for the formation of focal adhesions and
therefore for cell attachment and migration [201]. This is just another example where
considering the local matrix cues rather than macroscopic properties is important to

better understand cellular behavior.
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6. Migration of Cancer Cells in
Pressurized Hydrogel-Hydrogel
Clefts

In the previous chapter, proteolytic cell migration inside a synthetic hydrogel was
studied. However, in vivo cells cannot always digest their surrounding to move through
the ECM. They sometimes have to squeeze through small pores or into clefts, thereby
deforming the network to make enough room for the cell body to displace. If the pores
are too small or the pressure acting on cells is too high, cell migration is suppressed.
Systems to analyze such cell migration often use small structures made of PDMS to
observe how cells squeeze through pm confinements [52, 53, 202]. PDMS structures are
considerably stiffer (few kPa to few MPa) than most in vivo tissue (0.1-30kPa) [203],
which is desirable in these applications as the cell deformability is analyzed rather
than matrix deformation. Other set-ups use softer gels, mostly agarose to compress
cells and exert forces on them. In these assays, agarose is pressed on a cell culture
surface and cells squeezed between the surfaces are analyzed [204, 205]. To migrate in
these systems, cells have to deform the agarose.

To analyze non-proteolytic cell migration in a more in vivo like environment, the for-
mation of pressurized clefts between two hydrogels (called sponge clamp) is described
in this chapter and cell invasion into these clefts is analyzed. By using the photo-
lithographic structuring of synthetic hydrogels described in chapter 3 and taking ad-
vantage of the inherent swelling of the gel structures, pressurized clefts can be formed.
After quantifying the compression of the gels generated in the system, HT-1080 mi-
gration into the clefts, as well as a comparison between HT-1080 and MDA-MB-231

invasion, is studied as proof of concept.

6.1. Formation of hydrogel clefts by swelling of gel

strips

The pressurized hydrogel-hydrogel interfaces are formed inside a 70pm high commer-

cially available channel slide by photo-lithographic micro-structuring of synthetic hy-

S7



6. Migration of Cancer Cells in Pressurized Hydrogel-Hydrogel Clefts

drogels as described in chapter 3. Before polymerization of the hydrogel inside the
channel, the surface of the channel was decorated with PEG-dithiol molecules (method
described in section A.1.2). This was necessary to covalently bind the hydrogel to the
surfaces, thereby stabilizing the structures and preventing a displacement of the gel
upon swelling. Furthermore, immobilization of PEG molecules passivates the surface
and inhibits cell attachment [206, 207].

Strips of 100pm width and 700pm length were polymerized parallel to each other in
small initial distances D. As already discussed in section 2.3.2, hydrogels swell after
polymerization and increase their volume, especially in direction of the short axis of the
strip. If strips are spaced sufficiently, they can swell until they reach their equilibrium
swollen state with an end strip width of W4 (see figure 6.1 A). By using an initial
spacing smaller than (W,,,), the swelling is hampered by neighboring strips, which
results in the formation of multiple parallel sponge clamps (see figure 6.1 B). The

clefts are under pressure due to the swelling pressure of the hydrogel.

A B
Wend < D Wend > D = compr
D D
J—] —

topview

—

W

end compr

[ O N | siceview NN

Figure 6.1.: Schematic overview of hydrogel strips with different initial strip
distances D inside a channel. Hydrogel strips are displayed in blue, with dashed lines
indicating the initial strip dimensions before swelling. (A) Strips with an initial distance D
bigger than the width after equilibrium swelling W4 can swell completely without touching
neighboring strips. (B) If D is smaller than We,4, gels encounter neighboring gels while
swelling and are restricted in their swelling process. Only a final strip width Weepr = D can
be reached.

In this work the described set-up was used to analyze the invasion of cells into the
sponge clamp. As the cells should deform the network to squeeze into the cleft and
not just digest the matrix to form migration tracks, the cross-linkers used in these
experiments are 1kDa PEG-dithiol molecules which cannot be digested by cells. To
enable cell adhesion to the gel via integrins, 1mM of the small CRGDS peptide is
incorporated in the matrix. Due to the passivated surface of the channel system, cells
in the experiments can only adhere to the gel, not to the slide material. This is one

driving force for cells to migrate into the clefts. In addition, a chemotactic gradient of
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6.2 Estimation of the compression in the clamp

fetal bovine serum (FBS) was established in the channel slide which further guides cell
invasion into the pressurized clefts. In figure 6.2, a schematic of the set-up, as well as

a brightfield image of an array of pressurized hydrogel clefts is displayed.

B
10 % FBS 1% FBS Top view of the channel

Figure 6.2.: Set-up of a sponge clamp. (A) Schematic of the sponge clamp set-up.
Hydrogel strips are polymerized in the 70pm high channel of a p-Slide chemotaxis (ibidi),
where a linear gradient of serum guides cell migration into the clefts. (B) Phase-contrast
image of formed sponge clamps without cells. White dashed lines indicate the initial strip
dimensions before swelling.

6.2. Estimation of the compression in the clamp

The swelling of hydrogel strips in the 70pm high channel slides is analyzed to estimate
the hydrogel compression achieved in the sponge clamp. In a first step, strips are
polymerized with a high distance D of 250pm, to measure the equilibrium swelling of
uncompressed hydrogels. This way, the strips can swell normally and the width after
swelling, W4, is measured for different cross-linker ratios. With increasing cross-linker
ratio, the swelling decreases. However, for the highest cross-linker ratio tested, a small
increase is observed (see figure 6.3).

To estimate the amount of compression built in a sponge clamp, Cye, the width of

normally swollen gels W, is compared to the compressed width of the strips Weppmpr:

Wend - Wcompr
Wend

As the initial strip distance D determines Wy, if D<W,,4, equation 6.1 can be

Clya = (6.1)

rewritten as

D
Wend

Thereby, the compression of the gel is estimated by measuring the width of normally

Oy =1 (6.2)

swollen gels and knowing the initial strip distance in the sponge clamp set-up (see figure
6.3 B). Thus, the dependency of the compression on the used cross-linker ratio follows

the same trend as the measured width W,,, in figure 6.3 A, with higher cross-linker

29



6. Migration of Cancer Cells in Pressurized Hydrogel-Hydrogel Clefts

ratios resulting in slightly smaller compressions. Decreasing the initial strip distance,
increases the compression built in the sponge clamp. Hence, to change the compression
in the set-up, the initial strip distance or the cross-linker ratio can be varied. With
the set-up used in this work, compression values from 0.08 to 0.26 can be reached (see
figure 6.3 B).
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Figure 6.3.: Analysis of the compressions build in sponge clamps. (A) W4 of
strips with high initial strip distance are measured to estimate the swelling. (B) From W,
displayed in (A), compressions, Cy, in sponge clamps formed with different initial strip
spacings D are calculated. Results show mean with standard deviation.

To reach compressions higher than 0.26, either the cross-linker ratio has to be reduced,
which results in stronger swelling, or a smaller initial distance between the strips is
necessary, which reduces the space available for gel expansion. The use of lower cross-
linker concentrations is problematic, as less cross-linked gels are softer and therefore,
less stable. This results in deformed structures that cannot be used as sponge clamps
in cell experiments. Small strip spacings to increase the compression are also diffi-
cult to achieve, as scattered light in the simple photo-lithographic set-up used in this
work results in polymerization of the gel in between the desired strips. A more so-
phisticated, but also expensive set-up, e.g. a mask-aligner, might achieve a better
resolution. Nonetheless, one always has to consider that, in order to form structures
inside a channel system, the parallel light passing a photo-mask does not directly pen-
etrate the hydrogel solution, but first has to pass the bottom or top of the channel.
This reduces the spatial resolution that can be achieved in such systems. In this work
e.g. the system is illuminated through the bottom of the p-slide which has a thickness
of 180nm. This will always limit the resolution of photo-lithographic structuring inside
the channel.

One approximation in the presented calculation of the gel compression in sponge clamps
is the use of phase-contrast images of low magnification to measure the strip width.
These W,,,4 measurements are mean values over the entire channel height. When taking

a series of fluorescent images at different heights from the channel bottom, a z-profile
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6.2 Estimation of the compression in the clamp

of the gel strip can be reconstructed which shows that the strip width varies to some
degree depending on the distance to the channel bottom (see figure 6.4). The half-width
of normally swollen gels illustrates that the strip has a curved boundary, with smaller
width close to the channel bottom. This also means that the calculated compression
in the sponge clamp is not equal over the channel height and smaller compressions are

realized close to the bottom compared to the middle of the channel.
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Figure 6.4.: z-profile of swollen hydrogel strips with big initial distance D. Example
z-profiles of two swollen gels with high initial strip distance D and different cross-linker ratios.
Wena/2 is displayed to illustrate the z-profile. Gels close to the bottom, where they are
covalently bound to the channel surface, swell less compared to the middle of the channel
height. Results show mean with standard deviation.

Overall, calculating the compression according to equation 6.2 is a good approximation
for forces acting in the sponge clamp. However, to be able to calculate the pressure
acting on the cells inside the clamp and thereby knowing exactly which forces the
cells need to be able to displace the gel, the stiffness of the gels has to be known. As
already discussed in section 4.3 measuring the stiffness inside the channel slide is very
challenging and was not conducted in this thesis. The stiffness measurements in section
4.3 do only represent approximations of the micro-structured gel stiffness and show the
well-known trend of higher stiffness for more cross-linked gels. As the degree of swelling
also influences the gel stiffness, analysis of the exact values for the gel rigidity would
have to be performed directly in the sponge clamp set-up as swelling is, in addition to
the confinement in the channel, hampered by neighboring gels. Consequently, when
comparing sponge clamps with different compressions, it always has to be considered
that by changing the cross-linker ratio or the strip to strip distance, also the stiffness

of the gel is varied. This can have a great influence on the cell invasion behavior.
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6.3. HT-1080 migration into clefts shows sponge clamp
effect

To show that cells can invade into the sponge clamps, HT-1080 fibrosarcoma cells were
added to one side of the clamp and a chemotactic gradient from 1 to 10% FBS was
applied across the gel to induce directed migration into the clefts. Figure 6.5 A shows
a sponge clamp directly after the addition of the cells and 40h afterwards. Cells moved
into the clefts as single cells and pushed the gel aside to make room for the cell body.
This was confirmed by fluorescent microscopy of gels with embedded small fluorescent
beads and the use of HT-1080-LifeAct cells, which allow the visualization of the actin
structure in the cell (see figure 6.5 B).

A B

Figure 6.5.: Invasion of HT-1080 cells in sponge clamps. (A) Phase-contrast images
of a set of sponge clamps formed by hydrogel strips polymerized with 2mM PEG-NB with
a cross-linker ratio of 0.6 and an initial strip distance of 140pm. The image on the left
shows the clamps directly after cell seeding and image on the right 40h after cell seeding.
(B) Fluorescent images of HT-1080-LifeAct cells inside a sponge clamp. In the picture on
the top, actin structures are displayed in magenta and the gel is visualized through small
embedded beads in turquoise. The two images on the bottom show only the beads in the gel
at the same position with and without a cell. After removing the cell from the cleft, the gel
relaxes back and closes the room formally taken up by the cell.

To analyze the invasion depth of cells into the clefts, only the first cell entering a cleft
was tracked. Following cells were not analyzed as their movement might be influenced
by the leading cell. Therefore, one invasion track was recorded for every cleft and
analyzed together with the tracks from the other parallel sponge clamps. In total
four cross-linker ratios with three different initial strip distances were used to generate
pressurized hydrogel-hydrogel interfaces. The mean invasion tracks for the different
conditions are displayed in figure 6.6 and already illustrate that higher initial spacings,
which means less compression, facilitates cell invasion. A clear trend concerning the

influence of the cross-linker ratio is not directly visible from these tracks.
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Figure 6.6.: Mean invasion tracks of HT-1080 cells migrating into different sponge
clamps. Different cross-linker ratios and initial strip distances were used to form sponge
clamps with different gel compressions. With increasing initial spacing, the cell invasion
depth increases. Lines show mean value and shaded areas the standard deviation.

For further discussions, only the invasion depths after 40h are considered to simplify
the comparison between different conditions. Figure 6.7 A shows the invasion depth
depending on the calculated gel compressions in the set-ups. A trend towards less
invasion in higher compressed clefts can be seen. However, the increase is not significant
within each cross-linker ratio condition. Nonetheless, less invasion in higher compressed

clamps is reasonable, as cells need to exert more pressure on the gel to push the matrix

aside.
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Figure 6.7.: Invasion depth of HT-1080 cells into sponge clamps. (A) The inva-
sion depth after 40h depending on the gel compression is plotted for sponge clamps with
varying cross-linker ratios. Results show mean value with standard error. (B) Same data
plotted against the cross-linker ratio used to form the sponge clamp. Marker shape indicates
the initial strip distance, D, used to achieve different gel compressions with the same gel
composition.

Plotting the same data versus the used cross-linker ratio shows a small trend towards

higher invasion in stronger cross-linked gels (see figure 6.7 B). This, on the one hand,

can be attributed to the smaller swelling of higher cross-linked gels or, on the other
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hand, might be influenced by the higher stiffness of gels with higher cross-linking
degree. These two effects influence the pressure built in the clamps differently. Less
swelling decreases the compression in the system, whereas stiffer gels increase the force
necessary to push the hydrogel aside. Furthermore, one has to consider that cells in a
sponge clamp do not only have to push the gel aside, but also have to move the cell body
forward when invading into the clefts. This movement can be achieved through pulling
on the gel, mediated by matrix bound integrin binding peptides. In traction force
microscopy, cells on stiff 2D substrates exhibit a stronger contraction force compared
to cells on softer substrates [208, 209]. Hence, a more rigid gel might facilitate the

forward movement of cells in the clefts.

6.4. Invasion capacity of MDA-MB-231 cells into
sponge clamps is smaller compared to HT-1080

cells

To further validate the sponge clamp set-up, another cancer cell, MDA-MB-231, a
human breast adenocarcinoma cell line, is compared to the invasion of HT-1080 fi-
brosarcoma cells. Both cell types are highly invasive, with and without proteolytic
digestion of their surrounding matrix [52, 210, 211].

Gels with 2mM PEG-NB and cross-linker ratios of 0.6 and 0.7 were used to form gel
strips with an initial spacing of 140 and 150pm. For all conditions tested, HT-1080
migration was considerably faster in the first hours of the experiment compared to
MDA-MB-231 cells. At later time points, both cell types had a comparable invasion
speed (see slope of the mean invasion track for sponge clamps built with a cross-linker
ratio of 0.6 and an initial strip distance of 140pm in figure 6.8 A). The reason for this
can be manifold. Slower cells at the beginning of the experiment can be explained
by stressed cells that still have to recover from the detachment procedure [212]. The
detachment of cells with trypsin solution destroys cell-surface interactions, amongst
others integrins, which are important for effective cell migration. It is known that a
medium cell-substrate adhesion results in the highest migration speed [213]. Thus, for
MDA-MB-231 cells, after trypsination, the integrin concentration might be too low for
a fast migration, whereas for HT-1080 cells, the decreased ligand concentration on the
cell surface might enhance the migration speed. Lautscham et al. also showed that
a smaller fraction of MDA-MB-231 cells compared to HT-1080 cells entered narrow
constrictions formed in PDMS, yet invasion depth and speed were comparable [52].
Thus, the low mean cell invasion of MDA-MB-231 at the beginning can also be a result
of non-invading cells blocking the entrance to the clefts until a cell that has a higher

invasion potential enters the clamp and migrates efficiently.
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Figure 6.8.: Invasion depth comparison between HT-1080 and MDA-MB-231
cells. Example invasion profile of both cell types migrating into a sponge clamp polymerized
with a cross-linker ratio of 0.6 and an initial strip distance D=140pum. Lines show mean
value and shaded regions standard deviation.

Due to the lower invasion speed in the first hours of the experiment, the invasion depth
of HT-1080 cells after 60h is always higher than for the MDA-MB-231. For both cell
lines, a smaller compression does not increase the invasion depth (figure 6.9 A), and

for more cross-linked gels, the invasion capacity decreases (figure 6.9 B).
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Figure 6.9.: Invasion depth of HT-1080 and MDA-MB-231 cells after 60h. Invasion
depth after 60h depending (A) on the gel compression and (B) on the cross-linker ratio of
the gel. HT-1080 data displayed in green, MDA-MB-231 data in gray. Shape of the markers
indicate the cross-linker ratio and initial strip distance used, respectively. Results show mean
with standard error.

Both these trends are inconsistent with previously observed behavior of HT-1080 cells
described in section 6.3. There, an increase in compression resulted in a decrease in
invasion and more cross-linked gels enhanced cell invasion to a small extent. However,
only two cross-linker ratios and two initial strip distances were tested in the new exper-

iments. Deriving accurate dependencies and extrapolations from such a small data set
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is not possible. Nonetheless, some differences between the data sets and their possible
causes are discussed.

An explanation for the discrepancy could be the different compression ranges that are
obtained. In the first experiments, strip widths after swelling, W.q, between 165 and
175um were measured, whereas only 158 to 161pm wide strips were formed for the
new experiments (see figure 6.10). Thus, in the new clamps, lower gel compressions
are achieved. A direct comparison between the invasion depth in the old and new

experiments depending on the cross-linker ratio, is therefore not possible.
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Figure 6.10.: Swelling analysis of the two gel batches used to form sponge clamps.
End strip width, W,q, are displayed for hydrogel strips formed with different cross-linker
ratios and high initial spacing to ensure equilibrium swelling of the structures. The new
measurements are displayed in blue, results from the old experiments (invasion analysis of
only HT-1080 cells, see figure 6.3 A) are displayed in grey to facilitate direct comparison.
Results show mean values with standard deviation.

A reason for the different swelling behaviors in the two sets of experiments, can be the
use of different stock solutions of the same monomer batch that were used. To prepare
the polymer solution, first stock solutions of all components (they are solids in their
dry form) are prepared, which are afterwards mixed to form the pre-polymer solution.
This solution is then injected in the channels and illuminated to form the hydrogel.
Due to the small volumes necessary and the high viscosity of PEG-NB stock solutions,
a minimal difference in the concentration of the stock solutions is possible. This might
explain the different swelling degrees for the same cross-linker ratio in the two sets of
experiments.

The old data set shows that higher gel compressions hamper the cell invasion, however,
for the very low compressions achieved in the new experiments, this trend cannot be
observed. There are examples in the literature where a small compression of cells
enhances their invasiveness compared to an uncompressed state [214]. Therefore, it

is possible that at very low compressions cell invasion is low but increases rapidly for
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slightly higher compressions, whereas at considerably increased pressure in the clefts,
cell invasion is hampered. This would explain the observed invasion behavior of HT-
1080 cells.

Furthermore, HT-1080 cells from two different cryovial cultures were used in the sep-
arate experiments. Even though the cryovials are from the same working cell bank,
which means that they contain the same batch of cells, they might slightly differ. The
cells are cultured according to standard operation procedures established in the lab to
ensure constant cell quality and uniform handling of the cultures. Nonetheless, small
variations are possible that might influence the cell behavior and can contribute to

small variations between the two experiment sets [215].

6.5. Conclusion

In this chapter a set-up to form pressurized hydrogel clefts was introduced and used
to analyze the invasion capacity of cancer cells into such sponge clamps. By photo-
lithographic structuring of small, parallel hydrogel strips inside a channel slide and
consecutive swelling of these structures, the pressurized gaps are formed if the initial
strip spacing, D, is smaller than the strip width after swelling, W_,,4. The compressions
realized in the gel can be varied by changing the cross-linker used to form the hydrogel
and by the initial strip distance. Low cross-linker ratios and small initial spacings result
in high compressions. The gels used to form these pressurized gaps cannot be degraded
by cells as their backbone is completely composed of PEG molecules, but 1mM of RGD
peptides are incorporated to enable cell adhesion to the gel. The rest of the channel
slide is passivated by covalent immobilization of PEG chains on the surface, whereby
cells can only adhere to the hydrogel. A soluble FBS gradient over the formed sponge
clamps directs cell migration into the clefts. As a proof of concept for this set-up, the
non-proteolytic invasion of cancer cells into the pressurized gaps was analyzed.

HT-1080 cells readily invade into the clamp at low compressions, but invasion depths
decreased with increasing compression. The cross-linker ratio used to form the gels also
influences the invasion capacity. Higher cross-linking and therefore stiffer gels increase
the migration depth of HT-1080 cells. However, when a new batch of hydrogel solution
was prepared and HT-1080 migration was compared to MDA-MB-231 migration, these
dependencies could not be reproduced. The swelling of the gel strips polymerized from
the two different batches varies, which results in different compressions of structures
formed with the same initial strip distance and the supposedly same cross-linker ra-
tio. This might explain the discrepancies in the migration of HT-1080 cells in the two
experimental sets. Nonetheless, a difference between HT-1080 and MDA-MB-231 inva-
sion was observed. HT-1080 migration in the first hours of the experiment was faster

than MDA-MB-231 movement until after less than 24h, the mean invasion speeds were
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similar.

In these proof-of-concept experiments, a relatively low number of different conditions
were tested, especially for the comparison between the two different cell lines. These
limited sample sizes do impede a detailed analysis of the compression and stiffness
dependencies on cell invasion. A broader range of compressions would enable a more
thorough investigation of cell migration in pressurized hydrogel clefts. This could be
achieved by higher numbers of different cross-linker ratios or overall PEG-NB concen-
tration used to polymerize the gels, as well as an increased number of initial strip
distances.

In order to understand the interplay between gel compression, pressure necessary to
displace the gel and contraction forces that move the cell body forward, exact values
of the matrix stiffness would be necessary. But, as already discussed before, these are
very difficult to retrieve within the used set-up. Furthermore, the curved z-profile of
the clamps complicates the analysis of cell invasion as the calculated compressions are
just mean values over the whole channel height.

Despite the mentioned drawbacks and improvement possibilities, the proof-of-concept
experiments realized in the introduced sponge clamp show that cancer cells can invade
into pressurized clefts formed out of soft synthetic hydrogels by deforming the matrix.
An easy analysis of the migration is possible due to the parallel, micro-structured
clefts, which confine cell migration in quasi 1D. In the set-up, different ligands or
ligand concentrations in the matrix can be realized, which is an advantage over under-
agarose-invasion experiments, where adhesion ligand concentration is determined by
the agarose concentration, which also affects the gel stiffness. Another advantage of
the formed sponge clamps is the use of a commercially available channel slide, which is
designed for microscopic analysis, thus allowing cell migration to be easily monitored.
Overall, the implemented set-up to analyze non-proteolytic invasion of cells in pres-
surized clefts shows promising results. However, an improvement of the system and a
more thorough investigation of the gel properties and forces acting on the cells in these
sponge clamps has to be conducted to retrieve quantitative conclusions that will help

to understand cell invasion dependencies.
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In the presented work, the photo-lithographic micro-structuring of synthetic hydrogels
inside channel slides was introduced and the formation of advanced 3D matrices af-
ter swelling of the gel was used to study cell migration. Due to the modular design
principle of the synthetic gel, matrices with different properties can be polymerized by
incorporating small peptide sequences to enable interaction of cells with the otherwise
bioinert gel backbone. Furthermore, it was demonstrated that the inherent swelling
of the cross-linked synthetic hydrogels can be tuned by changing the gel composition,
especially the cross-linker ratio. In addition to the micro-structuring of the gels, their
swelling can be used to form complex hydrogel matrices for cell migration analysis.
In this thesis, the polymerization of thin strips with a high aspect ratio within a
channel resulted in an anisotropic swelling of the gel which uniaxially strained the
matrix. Proteolytic cell migration within the gel showed a non-monotonic dependency
of the migration direction on the strain magnitude. With the help of a theoretical
model, microscopic strain stiffening of the macroscopically linear elastic matrix was
identified as an important guidance cue in such systems.

Due to the very good optical accessibility of the matrix inside the channel slide, high
resolution microscopy of the migrating cells in a strained environment would be possible
in the future. This is not feasible in most other set-ups used to analyze cell behavior in
strained systems, as the complex devices are not suitable for live cell imaging [177, 184,
200]. High resolution imaging, in combination with fluorescence labeling of integrins or
cytoskeletal components, enable a more thorough investigation of the migration mode
and signaling mechanisms used by cells to move in strained 3D matrices. Furthermore,
labeling of matrix cleavage sites can help to understand if an applied strain does alter
the proteolytic degradability of fibers and thus is one guidance mechanism that steers
cells in complex 3D matrices.

Another upgrade of the system in the future could be a combination of different guid-
ance cues with the described set-up. For example, combining soluble or matrix bound
growth factor gradients with strained gels. This is especially interesting as mechanical
guidance has only been appreciated as an important influence on cell behavior in the
last decades. Therefore, currently only a few studies deal with the combination of

mechanical and e.g. chemotactic guidance mechanisms [12, 105].
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Another application of the inherent swelling of parallel gel strips in a channel slide is the
formation of pressurized hydrogel clefts to analyze the non-proteolytic cell migration
into these sponge clamps. In proof-of-concept experiments the invasion of cancer cells
was studied in this thesis and was shown to have a dependency on the magnitude of
gel compression in the clamps. To improve the system and enable more quantitative
analysis, a thorough investigation of the matrix stiffness in the set-up has to be realized
in the future. However, up until now, no suitable analysis method is available as
contactless measurements with optical or magnetic tweezers cannot be performed in the
channel slides [216]. Passive rheology using the Brownian motion of entrapped beads
as stiffness indicator is also difficult due to the relatively high rigidity and therefore

very small bead movement that would have to be detected.

The curved z-profil of the strips in the sponge clamp set-up also complicates compres-
sion analysis. Hence, the use of two-photon-lasers to polymerize more sophisticated
hydrogel structures, which are also structured in the z-direction, would improve the
sponge clamps. The strip geometry could be adapted to produce an even compression

along the hydrogel height.

The introduced sponge clamp set-up can also be adapted to other scientific questions by
changing the composition and ligands presented on the gel backbone. By exchanging
the adhesive peptide addressing integrins in normal cell migration with E-cadherins,
the endothelial barrier of blood vessels could be mimicked in order to analyze intrava-
sation of cancer cells. This would help to understand an important process in cancer
metastasis, where cancer cells break through the wall of blood vessel to reach distant
sites from the primary tumor. As the sponge clamp is polymerized inside a channel
system, a controlled media flow can be established next to the hydrogel, which would
enable the simulation of a blood flow in the system to also study extravasation of can-

cer cells from the blood stream.

Apart from the already implemented assays to analyze cell migration, the photo-
lithographic micro-structuring can also be used in the future to fabricate other 3D
matrices which are difficult to realize through micro-molding. Consecutive polymer-
ization of multiple gels with different embedded cells can be used to form complex
multi-cellular structures mimicking the composition and layout of tissue compartments
or whole organs. In pharmaceutical drug research, organ-on-a-chip technologies are
rapidly gaining importance to identify and test drug candidates. One important organ
in drug testing is the liver, where many substances are metabolized [129, 217, 218|.
Therefore, liver toxicity of drug candidates is a major rejection cause. Furthermore,
the liver has a complex internal structure important for the correct function of the
organ, which cannot be reproduced in 2D cultivation. Photo-lithographic structuring

of the different liver components in a channel slide, which enables an easy perfusion
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of the formed structure, can help to build such organoid models at some point in the
future.

An easier approach to mimic 3D tissues is the use of spheroids, globular cell aggregates.
For long-term survival as well as easy drug application, a micro-fluidic accessibility in
combination with a positioning of the spheroids is desirable. To achieve this, the in-situ
polymerization of hydrogel chambers to capture spheroids, but retain fluidic access to

the cells, could be used (see figure 7.1).
A

framework

bead trapping

after swelling

/

Figure 7.1.: Possible future encapsulation system for spheroids. (A) Different steps
for entrapping beads as surrogates for spheroids. First, a framework structure is polymerized
by photo-lithography. Afterwards, beads in pre-polymer solution are flushed into the channel
and small pillars are polymerized close to each other to entrap the beads. After washing
the channel with media, the unpolymerized solution is flushed out of the system and the gel
swells, which closes the gap between the pillars and thereby forms closed hydrogel chambers.
(B) Schematic of multiple spheroids entrapped in hydrogel chambers. Via the channel slide,
different solutions can be flushed into the system. (C) A MCF-7 spheroid after four days in
a hydrogel chamber.

Here, the hydrogel structures can be polymerized by using a fluorescent microscope
and limiting the illuminated area by the aperture. Thereby, in-situ polymerization of
structures on the microscope is possible.

For the formation of the gel chambers, the swelling of hydrogel micro-structures is used
again. By spacing pillars close to each other, they can close a passage when they swell.
This process could be reversed when changing the ionic strength of the media and thus,

release components entrapped in the chambers.
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Another possibility that would permit a release of spheroids or cells from such chambers
or in general from a hydrogel, is the incorporation of light induced cleavage sites in
the gel backbone [130, 219]. Photodegradable gels enable the extraction of cells from
hydrogels to perform e.g. gene analysis to complement migration experiments.

Taken together, the photo-lithographic micro-structuring of small hydrogel patterns
inside channel slides presented in this work is a versatile method to form complex 3D
matrices for cell migration studies. The performed experiments help to understand the
importance of matrix mechanics on cell migration guidance. They further affirm the
necessity of taking the step from 2D to 3D experiments in cell research, despite the

higher complexity that goes along with it.
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A. Methods and Experimental Details

A.1. Gel polymerization and surface modification

A.1.1. Synthesis of the photo-initiator lithium
phenyl-2,4,6-trimethylbenzoylphosphinate (LAP)

The photo-initiator used to start the radical polymerization reaction of the hydrogel
was synthesized as previously described by Majima et al. (see figure A.1) [220]. 1.07g
of 2,4,6-trimethylbenzoyl chloride (Sigma-Aldrich) was added drop-wise to a continu-
ously stirred solution of 1g of dimethyl phenylphosphonite (Sigma-Aldrich) at room
temperature and under argon atmosphere. After stirring for 18h, a solution of lithium
bromide (Sigma-Aldrich) in 33.6ml of 2-butanone (Sigma-Aldrich) was added and the
whole mixture was heated to 50°C. A precipitate formed whereupon the mixture was
cooled to room temperature and stirred for an additional 4h. Afterwards, it was fil-
tered and the precipitate was washed three times with 2-butanone. The solid was
transferred to a round-bottom flask and dried in a desiccator over night. Phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) was obtained as white solid in almost quantitative
yield (84%). An absorption spectra from 300-500nm was recorded to confirm the suc-
cessful synthesis of LAP.
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Figure A.1l.: Synthesis of the photo-initiator LAP.
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A.1.2. Covalent surface functionalization

To covalently bind hydrogels to a surface, suitable functional groups have to be present.
Surface associated PEG molecules impede cell adhesion and render a material cell
repellent. Thus, a photo-induced radical immobilization procedure (see figure A.2)
previously described by Larsen et al. was used in this thesis to bind norbornene and
thiol functionalized PEG molecules on the polymere coverslip of ibidi slides (yi-Slide
Chemotaxis and p-Slide Angiogenesis, ibidi) [221].
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PEG-NB Bz PEG-dithiol ‘
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Figure A.2.: Schematic overview of the surface functionalization procedure. PEG-
NB molecules are immobilized on the coverslip through a radical reaction initiated by 302nm
light. In a second step, PEG-dithiol is bound to the PEG-NB to decorate the surface with
thiol groups.

A solution of 5mM 20kDa 4-armed PEG-norbornene (PEG-NB, JenKem Technology
USA) and 4mM 4-benzoyl benzylamine hydrochloride (Bz, Fluorochem) in PBS was
injected in the channel of the p-Slide Chemotaxis or pipetted in the well of the -
Slide Angiogenesis and illuminated with a 302nm lamp (VWR) for 30min through
the polymer coverslip. After washing three times with PBS, the surface was covered
with a solution of 20mM 1kDa linear dithiol-PEG (PEG-dithiol, Sigma-Aldrich) and
10mM LAP in PBS and illuminated through the bottom of the slide with 365nm light
(collimated LED at 10mW cm?, Rapp OptoElectronic) for 30s. After final washing

steps with PBS the functionalized surfaces were kept in PBS until further use.

A.1.3. Photo-lithographic structuring of hydrogels in channel slides

To form hydrogel structures inside channels, different slides from ibidi were used. For
the characterization of the gels in chapter 4, the p-Slide VI 0.4 uncoated and the -
Slide VI 0.1 uncoated, with 400 and 100pm high channels, respectively, were used. The
p-Slide VI 0.4 uncoated was also used in chapter 5. For the formation of sponge clamps
in chapter 6, the surface of the p-Slide Chemotaxis was functionalized as described in
section A.1.2 prior to gel polymerization.

If not stated otherwise, 2-3mM PEG-NB, an off-stoichiometric amount of dithiol-
containing cross-linking molecule, I1mM CRGDS-peptide (Iris Biotech) and 3mM of
the photo-initiator LAP are mixed in PBS and injected in the channel slide. The slide
is directly put on a chromium mask containing the desired structures and illuminated
through the bottom with collimated 365nm light for 20s, if not stated otherwise. The
regions illuminated by the light polymerize and form small hydrogel structures in the
channel. After washing the channels with PBS or cell culture media the slides are
placed in an incubator at 37°C for at least 2h until the structures are completely
swollen.

The composition of the gel was varied within this work. As cross-linker either a small
peptide sequence that can be degraded by matrix metalloproteinases (MMPs) (KCG-
PQGIWGQCK, Iris Biotech) (used in chapter 5) or the non-cleavable 1kDa PEG-
dithiol (chapter 6) was used. Depending on the cross-linker utilized, the formed gels
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are degradable by cells expressing MMPs or they are non-degradable and thus, non-
migratable. To accurately describe the composition of the gels, a cross-linker ratio r
is defined according to equation 3.1.

Cells or other small particles can easily be embedded in the gel by adding them into the
pre-polymer solution before the solution is injected into the channel. To embed cells
in the gel in chapter 5, a suspension of HT-1080 cells in PBS was mixed with the pre-
polymer solution, reaching a final cell concentration of 6.7x10°cells/ml. To visualize
the gel and detect deformations, small fluorescent beads (e.g. 200nm red-fluorescent
beads (Invitrogen) or 1.1pm green fluorescent beads (Sigma-Aldrich)) were embedded

in some gels.

A.1.4. Polymerization of hydrogel slabs for migration studies

To analyze cell migration in isotropically swollen hydrogels, gel slabs were formed and
swollen while freely floating in cell culture medium. To polymerize the gels, a pre-
polymer solution consisting of 2mM PEG-NB, 2.4mM cross-linker, 1mM CRGDS pep-
tide, 3mM LAP and HT-1080 cells at a final concentration of 6.7x10°cells/ml in PBS
was prepared. As cross-linker a mixture of cleavable peptide linker and non-cleavable
PEG-dithiol linker at a ratio of 1-0.4 was used to change the overall degradability of
the network.

Small amounts of pre-polymer solution (approximately 1ul) and air were alternately
aspirated with a pipette and injected into a silicon tubing (Tygon) with an inner
diameter of 1.6mm (see figure A.3). The tube was illuminated with 365nm light for
30s to polymerize the solution. The formed gels were pushed out of the tube by air
pressure and were allowed to swell freely floating in cell culture medium for 2h under
standard conditions (37°C, 5% COsz, 100% humidity).

To enable long-term microscopic migration analysis, the hydrogel slabs were fixed to
the bottom of a p-Slide Angiogenesis. The slide surface was functionalized as described
in section A.1.2. Then, 1l of 0.5mM LAP in PBS was pipetted onto the functionalized
surface and a swollen hydrogel slab was placed on top of it. After illuminating through
the bottom of the slide with 365nm light for 5s, the gel was covalently bound to the

surface and the well was filled with cell culture medium (see figure A.4).

5



A. Methods and Experimental Details

silicon tubing

6

Figure A.3.: Schematic overview of the polymerization procedure of small hydro-
gel slabs. Pre-polymer solution and air is alternately aspirated in a pipette and injected
into a silicon tubing. The tube is illuminated with 365nm light to polymerize the hydrogel
slabs, which are afterwards pressed into PBS.

A L i)
hydrogel + LAP
365 nm

Figure A.4.: Schematic overview of the hydrogel immobilization on a function-
alized surface. The polymerized and swollen hydrogel slab is immobilized on a surface
functionalized according to chapter A.1.2 by LAP initiated thiol-ene reaction.

A.1.5. Polymerization of hydrogel slabs for stiffness measurements

For the macroscopic stiffness measurements described in detail in section A.4.4, big
hydrogel slabs with a diameter of 2cm were casted in a custom made mold. The mold
consists of a plastic syringe (20ml, VWR) where the top is cut off and the plunger
is covered with a piece of balloon to avoid adhesion of the gel to the syringe. Pre-
polymer solution of 2 or 3mM PEG-NB, an off-stoichiometric amount of the MMP
cleavable peptide cross-linker (peptide: KCGPQGIWGQCK), ImM CRGDS peptide
and 3mM LAP in PBS was used. The solution was pipetted in the mold, illuminated
with collimated light of 365nm for 30s and afterwards the formed big hydrogel slab

was pressed into PBS and was allowed to swell overnight before stiffness measurements
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were performed.

A.2. Microscopy

Microscopic images of the gels and cells were acquired on three different microscopes.
For fluorescence images a Nikon Eclipse Ti (Nikon) inverted microscope equipped with
a CFI Plan Fluor DL 10x or a 60x oil CFI Plan Apochromat objective (both Nikon),
an Intensilight C-HG TIE (Nikon) and an Orca Flash 4.0 LT (Hamamatsu) camera
was used. For phase-contrast images either the above mentioned Nikon microscope was
used with a CFI Plan Fluor DL 4x objective, or an Olympus CKX41 (Olympus) with
a UPlan FL N 4x objective (Olympus), or an EVOS fl (AMG) with a 4x objective.
When cells were imaged in time-lapse recordings, the microscopes were equipped with
a temperature-controlled heating system together with a gas incubation system (both
from ibidi) to insure a humidified atmosphere with 5% CO4 at 37°C.

A.3. Cell culture

A.3.1. Routine culture

Routine cell culture was performed according to the standard operating procedures
implemented in the laboratory. The used cell lines and their detailed culture conditions
are listed in table A.1. Cells were cultured in standard culture flasks (Sarstedt) in a
humidified atmosphere at 37°C and 5% CO, until they reached a confluence of around
80%. Then the culture was washed with PBS, trypsinized at 37°C and after addition of
cell culture medium, the cell suspension was centrifuged for 5min at 200 x g. The cell
pellet was resuspended in fresh culture medium and seeded in a new flask for routine
culture. Cells that were embedded in a hydrogel were resuspended in PBS instead of

culture medium.

Table A.1l.: Cell lines and their culture conditions used in this thesis.

cell line ‘ supplier cell culture medium trypsination time
HT-1080 DSMZ DMEM + 10% FBS 2min
HT-1080-LifeAct ibidi DMEM + 10%FBS 2min

+ 0.75mg/ml G418
MDA-MB-231 DSMZ DMEM-F12 + 10% FBS 3min

A.3.2. Cell viability studies

Gel strips containing HT-1080 cells were polymerized as described in chapter A.1.3 and

kept at standard culture conditions until live-dead staining was performed. For every

7



A. Methods and Experimental Details

gel composition five channels were prepared to analyze the cell viability at five different
days. 2h after the polymerization and every 24h the culture medium in the channels
was replaced with new medium. Stainings were performed 3h after polymerization and
on the four consecutive days using a mixture of 8pg/ml fluorescein diacetate (FDA)
and 20pg/ml propidium iodide (PI) in PBS. Before incubating the gels for 5min with
this solution in the dark, the channels were washed with PBS to reduce background
signal. Afterwards the staining solution is washed out of the channels with PBS and
the gels are immediately imaged on the Nikon Eclipse Ti microscope with the 60x
objective. z-stacks of the gels with a spacing of 50 pm were acquired over the whole
channel height. The image-processing software ImageJ was used to project the z-stack
of each fluorescent channel onto one plane using the maximal intensity projection. The
images are further auto-thresholded and then analyzed using the ’analyze particles’
function from ImageJ to count the number of viable and dead cell. The viability v is
calculated according to equation 4.2 by comparing the number of viable cells to the

overall cell number.

A.4. Characterization of the hydrogel structures

A.4.1. Particle image velocimetry analysis

To analyze the swelling behavior of small hydrogel strips under confinement, 1.1pm
beads were supplemented in the pre-polymer solution. The gel was polymerized as
described in section A.1.3 inside a p-Slide VI 0.4 and, before flushing the unpolymerized
solution out, the slide was mounted on a microscope equipped with a 10x objective.
Directly after washing the channels with PBS, image acquisition was started using 2min
intervals for 3h. The MatLab (version 9.2.0.556344 (R2017a), The MathWorks, Inc.)
toolbox MatPIV (version 1.6.1) was afterwards used with a slightly customized script
to perform particle image velocimetry (PIV) analysis on the acquired image stack.
Changes in the script include a smallest interrogation size window of 64x64 pixels with
a 50% overlap. The filtering process used in the analysis was changed to include a
signal-to-noise-ratio filter, a global histogram operator as well as a local filter. These
filters deleted outliers and replaced them with not a number(NaN) values. Afterwards,
all NaN values with at least five remaining surrounding neighbors were replaced by a
linear interpolation from the neighboring vectors. The minimal limit of five neighbors
ensures that the vector field is localized within the gel strip area, without propagating

beyond the strip edges.
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A.4.2. Measurement of the swelling ratio and swelling strain

In this work, the swelling of hydrogel strips inside channel systems is described by the
swelling ratio rg,, calculated according to equation 4.1. The gel strips were swollen for
at least 2h and then imaged with a 4x objective on the Olympus or EVOS microscope.
The strip width in the longitudinal middle section of the strip was measured and used
to calculate the swelling ratio by comparing it to the initial strip width.

Considering the PIV analysis of the swelling process, where swelling in the longitudinal
middle section of the strips was only detected in the direction parallel to the strip width,
the strain ~¢ induced in the confined gel strip was calculated by comparing the width

before and after swelling according to equation 5.1 in chapter 5.

A.4.3. Estimation of the gel compression in the sponge clamp

To calculate how much the gel is compressed in the sponge clamp, the initial strip
distance D, which at the same time is the compressed strip width, is compared to
the equilibrium strip width, W, 4, according to equation 6.2. W,,, was measured in a
separate experiment, where hydrogel strips were polymerized in the functionalized -
Slide Chemotaxis as described in section A.1.3 with a high initial distance D. Thus, the
strips swelled without touching neighboring strips. The gels were imaged on the EVOS
microscope with a 4x objective and the strip width was measured in the longitudinal

middle section of the strip.

A.4.4. Shear rheometry

For bulk measurements of the gel stiffness, big hydrogel slabs were polymerized as
described in section A.1.5. The samples were measured on a rheometer MCR100 (Anton
Paar) on a plate-plate set-up with a diameter of 2cm. For every gel composition tested,

! with an amplitude of 2% was performed to ensure

one frequency sweep from 0.1-50s~
a measurement in the linear regime. For all gels, a frequency of 1.6Hz was used in
the following amplitude sweep. The measurments were performed in a range from 0.1—
50% an yielded a linear elastic respond for a deformation from 2.8-9%. For each gel
composition the mean of all measurements in this regime was calculated to obtain a

macroscopic storage modulus for each gel composition.
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A.5. Cell migration analyses

A.5.1. Tracking of single cells and analysis of the migration

anisotropy

In chapter 5 cell migration of embedded HT-1080 cells was analyzed using phase-
contrast time-lapse imaging with 10min intervals for 24h starting 3h after cell encap-
sulation. They were recorded on the Olympus or Nikon microscope with a 4x objective.
The plug-in ’Manual Tracking’ in ImageJ was used to manually track the center of 25
randomly selected cells per experiment and condition. For each condition 3-5 biologi-
cal replicates are performed with 2-3 positions each. Further analyses of the migration
tracks were performed in MatLab. Only cells which migrated a total distance bigger
than 40pm were considered migrating and were included in the analyses. In the mi-
gration experiments in isotropically swollen hydrogel slabs described in chapter 5.4,
a static structure in the gel is tracked for every position and used to correct the cell

migration tracks due to a small overall movement of the big gel slab.

To analyze the main migration direction of the embedded cells, the recorded cell po-
sition at each time point was used to calculate the total distance traveled by the cell
parallel and perpendicular to the strain direction separately (see equation 5.5 and 5.6
in chapter 5.5). Comparing their deviation to the total distance traveled by the cell

yields the anisotropic migration index (AMI) according to equation 5.7.

A.5.2. Sponge clamp experiments and cell invasion analysis

To analyze the invasion of cells into hydrogel-hydrogel interfaces as discussed in chapter
6, parallel hydrogel strips with a small initial spacing of 130-150pm are polymerized
in p-Slides Chemotaxis as described in chapter A.1.3. The structures were allowed to
swell in cell culture medium at 37°C overnight before cells were introduced into the
system. A cell suspension of 30 000 cells/ml in cell culture medium with a reduced FBS
concentration of 1% was injected into one reservoir of the slide. Then the slide was
placed upright in an incubator with this reservoir facing up so all cells would fall onto
the sponge clamps. After 1h the slide was mounted on the Olympus microscope with a
4x objective and time-lapse acquisition was started with 20min intervals for up to 60h.
With the ImageJ plug-in ’Manual Tracking’ the first cell invading a hydrogel-hydrogel
interface was tracked manually. Additionally, the starting point of the sponge clamp
was tracked to calculate the cell invasion depth for every track. 7-11 clamps were
analyzed in one channel, with two channels per biological replicate and 3-4 replicates

per condition.
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A.6 Implementation of the theoretical cell migration model

A.5.3. Calculation of the mean square displacement and velocity

autocorrelation function

To calibrate the theoretical model in chapter 5.4 the mean square displacement (MSD)
and the velocity auto-correlation function (VACF) were calculated for cells migrat-
ing in isotropically swollen gels with different degradability and in simulated cells on
unstrained lattices. The VACF is given by

~

1

[O(T +t) - U(7)], (A.1)

3
Il
o

where (1) and ¢(7 + t) are the velocity vectors of a cell at time point 7 and 7 +
t, respectively and T is the number of time points recorded in the experiment or

simulation. The MSD is calculated according to

MSD(t) = T—;m Z_[m ) — A (A.2)

where 7(7) and 7(7 + t) are the position vectors of a cell at time point 7 and 7 + ¢,

respectively.

A.6. Implementation of the theoretical cell migration

model

The model described in the following chapter was implemented by Hugo LeRoy and
David B. Briickner in the group of Prof. Chase Broedersz (LMU Munich) within the
framework of a collaboration. The movement of a bodyless point on a 2D lattice net-
work is modeled to simulate the proteolytic, durotactic cell migration in a 3D network.
The migration matrix consists of a coarse-grained model of a triangular lattice network.
Grid nodes are connected by linear springs, which have an elastic constant of £ and a
rest length /5. To introduce an intrinsic disorder, every node is only connected to 4.8
bonds on average.

In the simulation, migration is modeled by four basic steps (see figure 5.7). First, the
cell deforms the network by pulling on the second nearest neighbor nodes. Then, the
stiffness magnitudes of the nodes, which depend on the restoring force of the network
according to equation 5.3, are calculated for every neighbor node. As third step, the
bodyless cell moves to the neighboring node with the highest stiffness magnitude and
thereafter randomly deletes an average of one bond per simulation cycle to a nearest
neighbor node. If not stated otherwise, 100 of such computational cycles are performed

for one cell simulation.
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A. Methods and Experimental Details

For migration simulations in strained networks, the lattice is rotated by 15° to prevent
the alignment of special network axis with the strain direction. The networks are
uniaxially strained before migration is simulated.

When calculating the anisotropic migration index for a modeled cell, two corrections
are necessary to be able to compare it to the AMI of the experiments. First, the
distance traveled by the cell parallel to the external strain is corrected by the strain
magnitude according to equation 5.8 to compensate for the increased node to node
distance. Secondly, the calculated AMI is normalized to the maximal AMI that can
be reached in the model (0.577 for a 15°C rotation of the lattice network, see equation
5.9).

In an extension of the model, a time-averaged mechanosensing is implemented. There,
the stiffness measurements of the last N,, cycles are averaged and the cell moves in the
direction of the highest average stiffness. For calculations of the AMI in this system,

only migration steps after the first N, cycles are considered.
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