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Abstract

Ovarian cancer is one of the most lethal gynaecological diseases. One of the reasons
for its poor survival rates is its typically late diagnosis at an advanced stage of tumour
progression. A better understanding of why and how cancer initiates and develops is
crucial for early diagnosis and the development of improved treatment methods. To this
point, investigations of mutations on genes of cells to reduce mortality of ovarian cancer
have not lead to the desired outcome. Recently, increased attention has been paid to the
influencing factors in cancer cell progression such as the cellular microenvironment. It is
known that the natural microenvironment of tumours differs greatly from that of healthy
tissues and that modification of the cell’s environment causes cellular responses such as
changes in morphology, protein expressions, cell division and migration behaviour.

In this work, an experimental set-up was developed to trap cells in defined 3D wells
to investigate how physical properties of the microenvironment influence ovarian can-
cer cells. Polyacrlyamide gels were simultaneously structured and protein patterned
to create a platform for cell experiments, which allows the tuning of individual physi-
cal properties of the microenvironment of cells (such as stiffness, available volume and
protein compositions for cell attachment) independently of each other. The designed
and optimised fabrication process begins with optical lithography to transfer a pattern
onto a Silicon (Si) substrate and a dry etching step to obtain an array of pillars while
transforming the Si-substrate into a Si-mould. The Si-mould serves as a stamp during a
p-contact printing approach to transfer defined patterns of protein, and simultaneously
as a mould during polyacrylamide polymerisation. The resulting microstructured and
protein patterned polyacrylamide gels can then be used as cell culture substrates for cell
experiments.

Si-moulds and polyacrylamide gels were characterised with scanning electron microscopy,
atomic force microscopy and confocal laser scanning microscopy. By investigating four
differently sized circular patterns (with diameters of 20 pm, 30 pm, 40pm and 60 pm) and
four different stiffnesses of the polyacrylamide gels (1 kPa, 8 kPa, 30 kPa and 100 kPa),
it was shown that the fabrication process is robust and easy to adjust.

Computational analysis protocols were developed and established for traction force mi-
croscopy and brightness fluctuation analysis of cells, including the corresponding bright-
ness autocorrelation functions. It was shown that microstructured and protein patterned
polyacrylamide gels can be used for investigations of protein expressions, cellular trac-
tion forces and brightness fluctuations of cells. While the analyses of protein expressions
and autocorrelation functions of the brightness fluctuations need further improvement,
the results of the traction force experiments allow a first hypothesis to be formulated:



cellular traction forces increase with decreasing volume available to the cell, as indicated
by analysis of cell experiments on ovarian cancer cells of the cell line SKOV3.

The developed microstructured and protein patterned polyacrylamide gels are an impor-
tant step to gain a better understanding on how mechanical properties of the microenvi-
ronment influence cellular responses. This experimental set-up can be easily adapted and
optimised for further investigations of cancer cells and can thus help in the development
of new treatment approaches.
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1 Introduction

Cancer is the second leading cause of death worldwide after ischaemic heart diseases and
stroke [1], but despite all research efforts, questions about why and how cancer develops
remain open. Answering those questions is not just complicated by the complexity of
cancer itself, but also the fact that the term “cancer” refers to a whole group of dis-
eases. Over 100 types of cancer in humans are known and they all have different gene
mutations and appearances. Nevertheless, there are some characteristics all cancer cells
have in common, as they all proliferate and grow in an uncontrolled way and are able to
invade healthy tissues and metastasise [2]. However, early detection and location of the
cancer’s origin in the body often strongly determine therapy success. Ovarian cancer,
for example, is often diagnosed in an advanced state of the disease and has survival rates
of 45% for the most common epithelial ovarian cancer [3]. Obviously, there is an urgent
need for a better understanding of initiation and progression of ovarian cancer to enable
early detection and for the development of new effective treatment methods.

Even though there are several generally accepted influencing factors that favour cancer
formation such as smoking, radiation and nutrition [4], the mechanisms which turn a
healthy cell into a cancer cell are still unknown. The focus of cancer research has long
been on analysing DNA changes of cells and the need for gene mutations during cancer
progression. However, factors such as the microenvironment and cell-cell contacts have
been neglected, even though cells can communicate with both. The cellular process of
sensing external mechanical signals and translating them into an internal biochemical
signal is called mechanotransduction. In the first step of mechanotransduction, complex
structures made out of several proteins on the cell surface, called focal adhesions, allow
cells to perceive their surrounding [5]. Here, focal adhesions connect the external struc-
tures with the internal scaffold of the cell, the cytoskeleton, and are the starting point of
a signalling cascade which finally influences the expression of genes. This means physi-
cal properties of the microenvironment can lead to cellular responses such as changes in
morphology, or even influence the drug resistance of cancer cells [6].

It is known that the tumour microenvironment differs greatly from a healthy microen-
vironment but it is not entirely clear whether the tumour first induces changes in the
microenvironment or if maybe an altered microenvironment favours the development
of a tumour [7]. These changes of the microenvironment of the cells can be physical
ones, such as the stiffness or the shape of the surrounding, or they can be biochemical
ones, such as the composition and concentration of proteins. How far reaching each of
these changes is for the cell, and how cellular reactions to different simultaneous changes
interfere with each other, needs to be investigated. Therefor, a variety of cell properties
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can be analysed, such as the morphology, the cytoskeleton and the protein expression.
However, cells can not only sense their microenvironment through focal adhesions, but
also react to and actively influence it by applying mechanical forces [8]. These cellular
forces are necessary for cell migration, e.g. during wound healing, but also for metastasis
of cancer. Investigations of these forces and how they are influenced will not only help
to gain a better understanding of cancer development, but can also lead to a treatment
of cancer, especially in connection with metastasis.

In order to decipher the complex mechanism of cancer initiation and progression, the
ability of cells to receive, process and return signals must be investigated, as well as the
influence of the external factors on the cellular signalling cascades and responses.

The purpose of this PhD Thesis was to develop an experimental set-up for investigations
of how physical properties of the microenvironment influence cellular forces, morphology,
protein expression and cell division in the context of cancer. The aim was to design a
platform which allows the identification of triggers and dependencies between the mi-
croenvironment and cellular responses in form of protein expressions within the cells,
as well as forces exerted by the cells. Examinations should be made possible of how
the effect of different external factors on cellular responses amplify or overwrite each
other. In order to be able to investigate these correlations, an experimental set-up was
required that allows to tune individual physical properties independently of each other.
Furthermore, the numbers of cells needed to be controlled and the whole set-up had to
be biocompatible and robust.

Therefore, in this work, a microstructured and protein patterned hydrogel was designed,
developed and successfully established for cell experiments. Polyacrylamide, a polymer
widely used to determine cellular forces, was used as a substrate material, as its stiffness
can be easily tuned and its non-adhesive properties allow to coat defined areas of its
surface with a protein for the cells to attach to. Silicon (Si) moulds were patterned and
etched, using soft lithography and a dry etching process. They were then used for a p-
contact printing method to transfer a protein pattern and as a mould for 3D structures
during the polyacrylamide polymerisation process. The resulting microstructured and
protein patterned polyacrylamide gels were characterised and optimised for cell culture
experiments. These cell experiments are possible as cells can only attach to the lower
areas of the 3D structures and are therefore trapped in confined and well defined wells.
In this Thesis it was shown that the experimental set-up designed is working reliably,
independent of the stiffness of the polyacrylamide and the size of the pattern.

It was shown that several experiments on ovarian cancer cells cultured on microstruc-
tured and protein patterned polyacrylamide gels are possible. These experiments in-
cluded fluorescent protein investigations, cellular traction forces and brightness fluctu-
ation of cells over 48 h. Furthermore, computational analysis protocols were developed
and established for traction force microscopy, the brightness fluctuations and the cor-
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responding auto correlation functions of cells monitored with a brightfield microscope.
Even though more experiments are needed in order to be able to make a reliable state-
ment, the results of traction force analysis of ovarian cancer cells in three differently
sized patterns indicate that with an increase of volume available for the cell, traction
forces decrease.

The structure of this thesis includes the biological background in Chapter 2, where
information will be given about cells, cellular forces and cancer. In the first part the
focus will lie on the actin cytoskeleton of cells, as it is not only important for the stabil-
ity and mechanical properties of the cell, but is also involved in the cellular process of
sensing and applying forces. The extracellular matrix (ECM) and its components, as the
natural microenvironment of cells, will be introduced before the mechanism of cellular
force applications will be explained, including a brief overview of the molecular clutch
model. It will be discussed that the microenvironment can influence cell behaviour and
cellular forces and which methods are available to measure these forces. In the complex
field of cancer, the focus will be on ovarian cancer, the tumour microenvironment and
the characteristics of cancer cells.

Chapter 3 will introduce the basic principles behind the methods used in the fabri-
cation and analysis processes for this thesis. This chapter will give some background
information, so that the reader understands the method including its parameters and
how those can be adjusted. The methods presented include optical lithography, for
transferring a pattern design onto a silicon wafer, and the following dry-etching process
of this silicon wafer to obtain an array of pillars. Also, the basics of polacrylamide
fabrication and p-contact printing techniques, to pattern a surface with a protein, will
be explained. Analysis methods will be covered, such as scanning electron microscopy,
optical profilometry, atomic force microscopy, confocal laser scanning microscopy and
traction force microscopy to determine the structures of silicon moulds and polyacry-
lamide gels, the stiffness of a material, the appearance of fluorescently labelled samples
and cellular forces.

In Chapter 4, it will be described how the methods for fabrication and analysis, explained
in Chapter 3, are used to establish a protocol for simultaneously microstructuring and
protein patterning polyacrylamide gels. This chapter includes limitations of the meth-
ods used, as well as alternative processes which could not be established successfully,
such as using a passive pumping approach to fabricate a cell sorting grid made out of
polyHEMA. In addition, image analysis to obtain brightness cell fluctuation and the
corresponding autocorrelation functions will be introduced.

In Chapter 5, it will be shown that the developed fabrication process of microstructured
and protein patterned polyacrylamide gels was successfully established. By investigating
four differently sized circular patterns and four different stiffnesses of the gel, it will be
shown that the fabrication process is robust and flexible. Cell experiments, using ovarian
cancer cells of the cell line SKOV3, will show that the process is optimised for cell cul-
ture and can be used for analysing cellular responses to changes of physical properties of
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the microenvironment. Here, the results of traction force microscopy experiments with
varying sizes of pattern diameters indicate that cellular traction forces increase with a
decrease of volume available to the cell.

The last Chapter 6 summarises the work presented and will give an overview on which
experiments the microstructured and protein patterned polacrylamide gels can be used
for. The chapter will highlight the flexibility of the experimental set-up developed here
and will give an insight into the wide field of cell analysis the developed polyacrylamide
gels are opening up. It will be discussed how microstructured and protein patterned
polacrylamide gels can help to understand how cancer cells react to changes in their
microenvironment. This will be an important step towards an improved understanding
of initiation and development of ovarian cancer.



2 Biological background

The aim of this chapter is to give a brief introduction to the biological background that
is important in the context of this work. It will introduce the cell and the extracellular
matrix and how cells can sense mechanical properties of the microenvironment. It will
give an overview of how cells can react to external mechanical signal, as well as how cells
can apply forces themselves and how these cellular forces can be detected. It will become
clear how important the interaction between cells and their environment is, especially in
the context of cancer. Therefore, the differences between healthy and cancerous tissues
and cells will be outlined.

2.1 Cells

Cells are the smallest unit of life. They form the building blocks which tissues, organs
and eventually whole animals such as humans are composed of. However, cells do not
only build up complicated constructions, they are a complex and dynamic system them-
selves. They are only a few micrometers in size, but consist of many different cellular
organelles (Figure 2.1), all having their own important duty [9]. In eukaryotic cells such

Cell membrane

Mitochondrion

_ Nucleus
Peroxisome

Nucleolus

Figure 2.1: Structure of an animal cell.
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as animal, plant or fungi cells, one of these organelles is the nucleus, which is made up
of its own building blocks with the nucleolus being the biggest one [10]. The nucleus
protects and regulates the deoxyribonucleic acid (DNA). The DNA carries genetic infor-
mation with nucleotides forming a double helix, which can be transferred into messenger
ribonucleic acid (mRNA), in a process called transcription. mRNA is transported into
the cytoplasm and then decoded and translated into proteins by ribosomes in the rough
endoplasmic reticulum. The whole process from DNA to protein is referred to as biosyn-
thesis [11]. Other examples for cell organelles are peroxisomes which are responsible for
the degradation of toxic molecules and mitochondria, the “powerhouse of the cell”, in
which most of adenosine triphosphate (ATP), a storage molecule for chemical energy, is
generated [12]. However, mitochondria are also known for regulating metabolism, cell
cycle and cell death [13]. The whole cell is encapsulated by a lipid bilayer, the cell mem-
brane. The cell membrane contains a variety of proteins which are especially important
for transport and signalling, as well as cell adhesion [14].

Cells are able to divide into two daughter cells by going through a process called cell
cycle. The cycle of an eukaryotic cell, is divided into four different phases, namely
G; phase, S phase, Gy phase and M phase [15]. During G; phase, the cell grows in size
and increases the number of organelles. DNA replication takes place during S phase
(synthesis phase), while during the following G, phase, cell growth continues and mech-
anism check if the cell is ready for the M phase in which cell division is carried out.
During the M phase, mitosis (division of the DNA) and cytokenesis (division of the
cytoplasm including its organelles such as the nuclei and the cell membrane) take place.
The newly formed two daughter cells contain the same genetic information.

2.1.1 Cellular cytoskeleton

Another important organelle of the cell is the cytoskeleton, which is responsible for
the mechanical stabilisation of the cell and its external shape. It is composed of three
main components: actin filaments, microtubules and intermediate filaments. All three
proteins are dynamically polymerised and depolymerised from individual monomers [16].
The possibility of rapid growth or disassembly of these polymeric structures allows the
cell to react flexibly and quickly to changes in its environment [17]. These changes can
affect the shape of the cell, migration behaviour or protein expressions [18, 19]. This
is possible as the cytoskeleton also serves as a transport scaffold for the transmission
and control of many intracellular signals and therefor can influence the transcription of
specific genes [20, 21].

In terms of mechanical stability of the cell and cellular reactions to mechanical stimuli,
Actin in particular seems to be important [22]. Actin is crucial for cell contractility
and matrix reorganisation, as experiments of cells cultured in 2D and 3D cell culture
platforms show. Here an treatment of cells with agents that perturbed actin, disrupted
force generation [23].

Actin filaments consist of two helical strands of polymerized actin (F-actin), which
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Figure 2.2: Actin formed structures within the cell (modified from [24], licensed under
CC BY-NC 4.0.)

are composed of globular monomers (G-actin) [25]. In the presence of ATP, actin is
constantly polymerised at one end, which is called barbed end, and depolymerised at the
other end, referred to as pointed end [26]. If the rates of assembling and disassembling are
the same, the term treadmilling is used. The flexible actin structures can be organised
in linear bundles, 2D networks and 3D gels, as shown in Figure 2.2 [27]. An example for
branched and crosslinked 2D networks in cells is the lamellopodium, which polymerises
against the cell membrane at the leading edge of cell movements and therefore is the
main motor for cell migration [28]. Filopodia, on the other hand, are parallel aligned
bundles of actin and play an important role in cell adhesion and migration in the absence
of lamellopodium on soft substrates [29]. Actin structures are also known to maintain
and change the cell shape, by underlying the cell membrane with a thin layer of a 3D
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network, called the cell cortex. The cell cortex is involved in cellular processes such as
morphogenesis, mitotic cell rounding, cytokinesis and cell migration [30]. Additionally,
densely bundled and ordered F-actin structures form, together with the motor protein
myosin IT and cross-linking proteins, so-called stress fibres. Stress fibres connect the cell
cytoskeleton to the extracellular matrix through focal adhesions and are able to sense
mechanical forces as well as they are involved in applying cellular forces [31]. It becomes
evident how many diverse intracellular tasks the actin cytoskeleton is involved with and
how important it is for communication between the cell and its environment.

2.1.2 Extracellular matrix

The natural microenvironment of cells is the extracellular matrix (ECM), as shown in
Figure 2.3. Cells are surrounded by a three dimensional organised structure which is
not rigid and static, but highly dynamic and varies with tissues and age. The ECM
influences many important cell behaviours such as proliferation, adhesion, migration,
polarity, differentiation, and apoptosis [32].

The matrix composition of the ECM is made out of two major components: ground
substances and fibres. The main ground substances are proteoglycans, which have a
protein core and glycosaminoglycans (GAGs), such as hyaluronic acid (HA), as side
chains. Proteoglycans play an important role in many functions of the ECM, such as
trapping and storing growth factors, but are also involved in cell adhesion [33]. The
other major component of the ECM, fibres, are divided into structural fibres (collagen

1 7 ..
i i i 7, Laminin
Collagen Fibronectin : X @

&.Bu‘\ ot.) £ ! 1 ",). !'
aE;am))mmmnu;;‘pmmmm PR
F%:‘,‘!((((‘.(L
\:.‘ N

.(inggg"‘xl A

Figure 2.3: Composition of the natural extracellular matrix ([34], license ID 1152790-1).
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and elastin) and adhesive fibres (fibronectin and laminin). The structural fibre collagen
is the most common protein in the human body with making up to ~ 30% of all proteins.
It is a trimer of helically wound glycoproteins and an important structural support for
cells in tissues [35]. Long fibrils of collagen are not only crucial for the tensile strength
and the shape of a tissue but also for its microstructural and mechanical properties [36,
37].

The adhesive fibre fibronectin organises the interstitial ECM and plays an important
role in cell attachment [38]. Fibronectin can mechanically unfold through the action of
external forces and is involved in the cellular binding process to the extracellular matrix.
It is thus highly involved in the mechanosensing process of the cell [39, 40]. When cells
interact with the ECM they can bind to collagen as well as to fibronectin. Therefore
both ECM proteins have cellular binding domains which can bind to cellular adhesion
molecules (CAMSs), such as integrins, in the cell membrane [36, 38]. These connections
are important for many processes of cells, such as applying mechanical forces.

2.2 Cellular forces

The ability of cells to apply mechanical forces on their microenvironment, such as the
extracellular matrix and other surrounding cells, is essential for many cellular functions
such as differentiation, migration, wound healing and cancer [41-45]. For a physical
transfer of cellular forces, a connection between the microenvironment and the cell must
be established. For this, CAMs in the cell membrane serve as anchor points. CAMs are
proteins which generally have three domains. An intracellular domain which interacts
with the cytoskeleton, a transmembrane domain, and an extracellular domain which can
bind to other CAMs or ECM ligands. A classification of CAMs distinguishes into two
superfamilies, the calcium dependent CAMs, such as cadherins and selectins which are
associated with cell-cell adhesion and integrins, and the calcium independent CAMs,
such as immunoglobolin CAMs [47]. Integrins mediate interaction between cells and
ECM ligands, including collagen and fibronectin, and they are also involved in converting
mechanical stimuli into molecular signals in a process called mechanotransduction which
will be further explained in the next Section 2.2.1 [22].

Integrins have two conformational states. When integrins are inactive, the non covalently
bound glycoproteins of the o and 3 subunits lie together and adhere to one another in a
bent shape. In this state, there is only a low-affinity integrin-ECM binding as shown in
Figure 2.4. When integrins are activated, the extracellular domain unfolds, the contact
between the subunits breaks and the chains move apart, which leads to a high binding
affinity [48]. The activation of integrins can happen in either direction across the cell
membrane. In the case of an “inside-out activation”, regulated binding of proteins to the
cytosolic end of the integrins take place. If ECM proteins such as fibronectin bind to the
the extracellular side of integrin, the activation is referred to as “outside-in” activation.
In either case, if integrin is activated, the talin binding site of the g subunit is exposed.
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Figure 2.4: Activation of integrin by either an “inside-out” or “outside-in” activation
(modified from [46], licensed under CC BY-NC 4.0.).

Binding of talin and kindlin inside the cell leads to an assembly of actin filaments,
and allows a force application to the point of attachment to the ECM [48, 49]. As
integrins lack an direct actin binding site, they are normally part of a complex protein
formation called focal adhesions, which consists of many different proteins such as talin,
vinculin, tensin, a-actinin, paxillin, src and focal adhesion kinase (FAK), to link the
actin cytoskeleton to the ECM [50].

However, the formation of focal adhesions and their binding to the ECM alone is not
sufficient for the cells to exert forces. In order to clarify and better understand the
mechanism behind the transmission of forces from cells to the microenvironment, the
molecular clutch model was developed. The idea behind that model and its historical
development was nicely summarised by Elosegui-Artola et al. [51]. The background of
the model is that during cell migration, the actin containing, leading edge protrusions are
polymerised against the plasma membrane. Together with myosin induced contractility,
this leads to a retrograde flow, due to the dynamic depolymerisation at the pointed end
of the actin fibres. Only if the actin filaments are engaged through anchorpoints to the
ECM, the retrograde flow is slowed down and can lead to traction forces and a forward
movement of the cell (Figure 2.5). The forces applied by these clutches are variable and
depend on the organisation of actin structures and if the clutch is only partly or fully

10
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Figure 2.5: The molecular clutch model, as an explanation for cellular force application,
during different states of engagement (modified from [52], licensed under CC BY-NC
4.0).

engaged [51, 53]. However, the mechanosensitivity is mainly controlled by the force
loading rate, which depends on substrate rigidity and speed of retrograde flow. This
mechanism described in the molecular clutch model does not only enable the cell to
sense mechanical properties of its microenvironment but also to tune and change the
microenvironment by applying a force itself.

2.2.1 Mechanotransduction

The process of cells sensing mechanical properties of the microenvironment and then
translating them into a biological response is called mechanotransduction. The mechan-
otransduction process starts at the cell membrane with proteins such as integrins. The

11
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activation of integrins and the resulting binding between the cell and the ECM does not
only allow the cell to apply forces as explained in the last section, but is the first step
in a signalling process which results in physical responses of the cell. These response
can be a change in the overall morphology, the (re)organisation of the cytoskeleton, or
the migration of the cell. However, these responses do not occur separately, but often
simultaneously, and are connected to and influenced by each other.

The cell’s ability to respond to external stimuli requires that mechanical signals are
converted into intracellular ones, which in many cases leads to a regulation of gene
transcription of the DNA and consequently protein synthesis. Two main mechanisms
exist behind these cellular conversions: biochemical signalling and direct force transduc-
tion [54]. For biochemical signalling, complicated pathways, which are often not fully
understood yet, are initiated at the cellular adhesion molecules embedded in the cell
membrane. In the case of focal adhesions, it is believed that the proteins of the complex
can be divided into two modules. A structural module (including talin, vinculin and
tensin) which senses mechanical stimuli and a signalling module (including FAK and
paxillin) which are directly involved in mechanosignalling cascades [55]. Commonly, in
signalling cascades in the cell, proteins activate or deactivate each other by transfer-
ring phosphoryl, also referred to as phosphorylation. Many biomolecules are involved in
these signalling cascades, which allows overlaps of the pathways of cellular responses to
different triggers. An example is the central Hippo pathway which, beside many other
functions, links signalling cascades activated by the ECM with the ones activated by
cell-cell contacts [56, 57]. These complex interrelationships allow the cell to react in a
differentiated way to external influences.

Even though biochemical signalling is highly flexible, it is a slow process as it relies on
diffusion of molecules and therefore leads to a cellular response on a time scale of minutes
to hours. Direct force transmission, on the other hand, can lead to reactions of the cell
within seconds [54]. For example, Mitrossilis et al. found that cells react to changes in
the substrate stiffness by applying traction forces in less than a second [58]. Forward-
ing these mechanical signals inside the cell is possible due to the cytoskeleton and its
physical properties. Furthermore, direct force transmission is involved in regulation of
genes, as nucleus and cytoskeleton are directly linked to each other and mechanical stress
can lead to a physical deformation of the nucleus [59]. The role of the nucleus during
mechanotransduction is complex and it is often not easy to discern whether the nuclear
reactions are at the beginning or the end of a force induced cellular response. However,
three mechanisms were proposed for nuclear mechanotransduction [60]. First, induced
force can lead to conformational changes or phosphorylation of nuclear proteins [61].
Second, mechanical stretching of the nucleus can induce opening of the nuclear pore
complexes and therefore facilitate transport of proteins into the nucleus [62]. Third,
deformations of the nucleus can initiate DNA reorganisation, including modifications of
the histone proteins they are wrapped around [63].

In most cases of mechanotransduction, an external applied force activates both mecha-
nisms, biochemical signalling and direct force transmission, so that the cell can respond
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to the stimuli on different time scales [54].

2.2.2 Influence of the microenvironment on cellular forces

Mechanotransduction allows the cell to react to changes in the microenvironment. As
already mentioned, the actin cytoskeleton plays an important role in the process of
mechanosensing and mechanosignalling within a cell. On the other hand, organisation
and distribution of actin in a cell can be altered by the microenvironment, too, such as
on stiff substrates or in defined volumes [64]. In cells on stiff substrates, actin fibers get
more numerous, are more organised and align parallel to each other [65]. The conse-
quence is a polarisation of the cell and an adjustment of a cell’s shapes with a change in
substrate stiffness. A more rounded shape of cells was observed on soft materials, while
a stiff substrate led to a more spread out cell and thus to a larger spreading area [66].
How far reaching the effects of substrate stiffness on the differentiation of mesenchymal
stem cells can be was shown by Engler et al. [41]. They found that soft (mimicking brain
tissue), stiff (mimicking muscles) and rigid (mimicking bones) cell culture substrates led
to a differentiation of the cells into neurogenic, myogenic and osteogenic lineages.

Additionally, stiffness of the cell culture substrate influences cell migration, as cell mi-
grate towards stiffer substrates in a process called durotaxis [42]. However, besides
mechanical properties of the microenvironment, migration speed also depends on geo-
metrical (such as topology) and chemical factors (such as ligand density) [67, 68].

Since cells have to exert forces to migrate, it is only logical that traction forces are
also influenced by the microenvironment. While most investigations were able to see a
correlation in between increasing substrate stiffness and an increase in cellular traction
forces [66, 69, 70], Oakes et al. on the other hand, suggested that traction forces solely
depend on spreading area. They proposed that substrate stiffness and focal adhesion
density have little effect on the work done by the cell on the substrate [71]. The in-
dependence of traction force from focal adhesion density would fit the observations of
Califano and Reinhart-King, that higher ligand density on the substrate leads to higher
spreading area and higher traction forces but the applied force per area stays the same
independently of the ligand density [66]. However, to clarify which physical properties
of the microenvironment influence cellular traction forces the most, and to test if several
effects can overwrite each other, an experimental set-up in which all these parameters
can be controlled independently of each other is necessary for a systematic investigation.

2.2.3 Available methods for cellular force measurements

To measure cellular forces, a variety of methods has been developed. They can be di-
vided into two main categories: active stimulation methods (such as the atomic force
microscopy (AFM) or tweezers) and passive force methods (such as micro-engineered
platforms or traction force microscopy) [72]. While active stimulation methods can
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apply an active force to the cell and measure its reaction, passive force methods are
not invasive and therefore measure passively the forces cells apply. An overview of the
methods developed, the main advantages and disadvantages, as well as the traction force
measurable with each method, are shown in Figure 2.6. The principles behind an AFM
will be explained in detail in Section 3.3.2 in the context of cellular force measurements,
it should be mentioned that the AFM can measure mechanical properties of the cell
by “pushing” a cantilever onto the cell membrane and measuring force-distance curves.
Additionally, the cantilever can be modified with a particle (e.g. a protein or another
cell) at the end and then be used for “pulling” experiments to test the adhesion between
the cell and the particle [73].

Tweezing methods for cellular force measurements include optical and magnetic tweez-
ers. Optical tweezers use a highly focused laser beam to trap a small particle due to the
interaction between the light intensity gradient and the particle. This particle can be
a coated polystyrene bead which binds to a cell membrane. By controlling the position
of the bead, a force can be applied to the cell in one direction while a known force is
applied to the opposite direction [74]. However, the biggest advantage of optical tweez-
ers is the ability to measure forces inside the cell [75], such as the force applied by the
cargo carrying, motor protein kinesin [76]. The concept of magnetic tweezers is similar
to the one of optical ones, but uses an magnetic field instead of light to control the
bead trapped. Magnetic beads can be twisted and therefore apply a force on the cell.
This method can determine mechanical properties of the cell and help to investigate
mechanotransduction [77, 78].

To passively measure forces cells apply to their environment, a variety of platforms had
been engineered. One of the most common platforms includes pillars made out of a sil-
icon elastomer (polydimethylsiloxane, PDMS) which are covered with a protein and on
which cells can be cultured. Cells can bend these pillars by applying a force and by using
Hooke’s law and knowing the material properties, the force can easily be calculated [8,
79, 80].

Traction force microscopy is the other widely used group of cellular force measurement
methods. The origin of traction force microscopy are the experiments of Harris et al.
who visualised cellular forces on a thin elastic rubber substrate by wrinkles caused by
the cell. Wrinkles, however, are hard to analyse and therefor traction force microscopy
in 2D was developed. Here, fluorescent beads embedded in a gel are tracked and their
displacements indicate the strength of the applied cellular forces. The principles of
fluorescence microscopy will be explained in detail in Section 3.3.4. Traction force mi-
croscopy exists in 2D and 3D. While in most cases, the hydrogel polyacrylamide is used
for 2D measurements, for 3D measurements cells are embedded in a collagen matrix [45,
81]. By using collagen gels 3D measurements have the advantage of measuring cellular
forces of cells who are embedded in non-linear elastic material, which is closer to the
native environment than linear elastic polyacrylamide gels. However, this means calcu-
lation of the forces is more complicated and stiffness of the cell environment can not be
changed without simultaneously changing ligand density and density of the gel the cell
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is embedded in [82].

Mode Technique Sketch Typ. force range  Strengths/limitations

ACTIVE AFM ' 5pN +10nN v Wide force range -well
‘ established technique
. — x Direct contact with the

specimen otherwise tip must
be labeled

TWEEZING  OPTICAL o I 0.1 = 100 pN v’ High sensitivity
v Wide force range
x Heating issues

MAGNETIC 0.01 =100 pN v High sensitivity
v Wide force range
x Custom equipment - little

standardization

PASSIVE  MICRO-ENGINEERED PLATFORMS 10-12 =103 N v~ Different designs translate
into extremely wide force range
v Stability, scalability of
manufacturing process
v~ Sophisticated
microfabrication
procedures/facilities

TRACTION FORCE MICROSCOPY o> 2+120nN v Widespread (needs standard
. T e lab equipment)
e ey v’ Easily coupled with
> i - microscopy equipment (i.e.,
fluorescence/confocal)

v 2D/3D measurements

x Computationally demanding
x Non-linear behavior of
ECM-mimicking hydrogels

Figure 2.6: Overview of different methods for measuring cellular forces (modified
from [72], licensed under CC BY 4.0). (AFM sketch adapted from [83], optical tweezing
sketch adapted from [84], magnetic tweezing sketch adapted from [77].)
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2.3 Cancer

2.3.1 Ovarian cancer

Ovarian cancer is one of the most lethal gynaecological diseases with over 300,000 new
cases in 2020 worldwide [85]. It has a 5 year survival rate of 45% [3]. However, the
survival depends greatly on the stage of the cancer at the time of detection. While
a diagnosis of ovarian cancer at an early stage has a 5 year survival rate of 92%, the
survival rate decreases to 5% at an advanced stage [86]. The lack of early detection
markers and the unspecific symptoms such as fatigue and bloating are the main reasons
for these poor survival rates, as 70% of patients are diagnosed at an advanced stage of
the disease [86]. However, even after a successful therapy, the post-treatment recurrence
rate of ovarian cancer is 70% within 18 month [86]. This makes ovarian cancer the fifth
leading cause of cancer-related deaths in women [87].

The term ovarian cancer does not stand for a single disease but includes heterogeneous
subtypes which have in common that they appear in the ovary but can differ in many
other characteristics. Ovarian cancers are divided into three main types, depending on
the tumour’s origin within the ovary. These types are sex-cord-stromal, germ cell and
surface epithelial tumours, with epithelial tumours being the most common one repre-
senting 85-90% of the cancers detected. Epithelial tumours are further classified into
histological subtypes, such as high grade serous, low grade serous, endometrioid, clear
cell and mucinous histotypes [88]. Cells of these subtypes differ with regard to migration
speed and metastasis potential [89].

2.3.2 Cancer microenvironment

Tissues including their components such as cells and the ECM can change during vari-
ous events. The process of ageing, for example, becomes particularly visible through a
changed structure of the skin surface of a person. The soft, firm skin of a child contrasts
with the wrinkles and lines of aged skin. However, not only the part of tissue visible
from the outside changes with time, the components and composition of tissues vary
as well. For example, the concentration and cross linking of collagen fibres is enhanced
in aged tissue ECMs. This leads to less elastic and weaker properties of aged tissue in
comparison to young tissue [38]. As the probability to get afflicted with them increases
with age for many cancers, it seems reasonable to assume that the changes in the ECM
may favour or even trigger cancer development [90].

The tumour microenvironment is a complex structure which contains cancer cells, non-
cancer cells, growth factor and ECM proteins, among many other components [91].
However, not only chemical and biological parameters are altered in cancer microen-
vironment, but physical parameters differ from a healthy microenvironment, too. A
tumour is a lot stiffer and has a higher cell density than normal tissue [92]. Normal
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ovarian tissue for example has a stiffness of 4.33 kPa (including discrete localized ar-
eas of 35.88 kPa) [70], while stiff high-grade serous ovarian cancers tumours with up
to 120-140 kPa and even soft tumours of stiffnesses not higher then 60 kPa, are much
stiffer [93]. These differences of tumour stiffnesses are affiliated to mesenchymal and
non-mesenchymal tumours, respectively, whereby especially mesenchymal tumours are
associated with poor survival rates.

In healthy ovarian tissue collagen is organised in long fibrils which are arranged parallel
to the epithelial boundary. In the cancer microenvironment, however, collagen fibrils are
much shorter and thicker and tend to point perpendicular to the epithelial boundary;,
resulting in an increase in stiffness, similar to changes of the ECM during ageing [94].
In addition, the presence of collagen enhances cell migration of ovarian cancer cells [95].
Another critical promoter for cell migration and invasion of ovarian cancer cells is fi-
bronectin. Overexpression of fibronectin is an indicator of poor patient prognosis, and
blockage of it decreases adhesion, invasion, proliferation and metastasis of ovarian cancer
cells [96, 97].

While most fibrous proteins of the ECM, such as collagen, fibronectin and laminin, are
upregulated in a tumour microenvironment, many proteoglycans are downregulated [94].
However, hyaluronan is one of the exemptions, as changes of its concentration are asso-
ciated with tissue reorganisation and correlated with tumour grade and metastasis [98].
This is plausible, as hyaluronan binds and regulates the distribution of fibronectin fib-
rils [99].

Apart from the altered ECM components, a wide variety of enzymes exists which influ-
ence the cancer microenvironment. Especially matrix metalloproteinases play a major
role by remodelling the ECM, promoting tumour growth and metastasis and therefore
promote cancer progression [94]. While both the enzyme and the ECM side of cancer
microenvironment play a huge (and interrelated) role in determining tumour cell fate,
the ECM with its mechanical properties is more important in the scope of this work.

2.3.3 Differences between cancer and healthy cells

The cancer microenvironment is not the only component of a tissue that changes during
cancer development. Cancer cells themselves differ in significant characteristics and be-
haviour in comparison to healthy cells. In this context Hanahan and Weinberg proposed
six biological hallmarks of cancer [2]. They include that cancer cells can replicate in-
definitely and escape cell death (apoptosis). They are bigger than healthy cells and can
evade growth suppression, leading to enhanced cell proliferation. Cancer cells are able
to induce angiogenesis, the process of forming new blood vessels, to supply a tumour
with oxygen and nutrition. And cancer cells are able to actively invade other tissues and
metastasis through the body. In addition to these hallmarks it is also known that cancer
cells are softer, have a different migration velocity and are less polarised then healthy
cells [67, 100-102]. The latter was recognised by Kushiro et al. by showing that cancer
cells are able to climb 90 degrees walls while non-cancerous epithelial cells can not [102].
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They proposed that the loss of geometrical recognition of cancer cells is correlated to
their increasing cancer malignancy. An enhancement of metastatic potential of cancer
cells was also found with an increase in substrate stiffness of cell culture platforms and
higher traction forces [70, 103]. For ovarian cancer cells a higher translocation of YAP1
(an oncogenic transcription factor associated with aggressive metastatic ovarian cancer)
into the nucleus and disaggregation of multicellular spheroids (a behaviour associated
with metastasis) had been detected [70].
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To investigate cancer cells and how they are influenced by the microenvironment, the
establishment of an experimental set-up for single cell analysis is an advantage. This de-
sign has to meet some fundamental requirements such as being biocompatible and stable
in liquid and at 37°C over several days. To measure cellular forces, the materials used
for the substrates needs to be soft enough that forces applied by a cell can be detected
and analysed. To investigate how characteristics of the microenvironment such as stiff-
ness, available volume and shape, protein concentration and cell-cell contacts influence
cellular behaviour, an experimental set-up is needed in which these parameters can be
controlled independently of each other. For this work, a fabrication process for protein
patterned and microstructured polyacrylamide gels for cell analysis was developed and
established, meeting all the above criteria. To fabricate these cell culture substrates,
various methods and steps are needed. Before each of these individual steps is described
in detail in Section 4, background information of the respective methods is given in this
chapter to provide the reader with a better understanding. The fabrication process of
protein patterned and microstructured polyacrylamide gels for cell culture is highly in-
terdisciplinary and covers state of the art methods and principles of different fields such
as microengineering, chemistry, biology and physics. The same applies to the analysis
process, where in addition a basic understanding of image analysis is required to under-
stand the methods used in the presented work. To get an overview of how the methods
work, what the basic ideas are and what parameters can be adapted, the principle of
each method will be explained.

3.1 Fabrication of protein patterned and
microstructured polyacrylamide gels

To fabricate a protein patterned and microstructured hydrogel for cellular force mea-
surements, a method has been established which combines the principles of p-contact-
printing with microstructuring and nanoimprinting. Figure 3.1 diagrammatically shows
the steps followed in this fabrication process. Optical lithography is used to achieve
a photoresist pattern on a silicon wafer. The photoresist serves as a mask for a sili-
con etching process performed with an inductively coupled plasma reactive ion
etching set-up. The process yields silicon moulds with an array of pillars with diam-
eters of 10-60 pm and a depth of 8 pm. After removal of the photoresist, the moulds
are used for a p-contactprinting technique where a PDMS substrate covered with a
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Figure 3.1: p-contact printing method for structuring and patterning of polyacrylamide
gels.

protein serves as a stamping pad. The structured silicon mould retains protein when it
is pressed onto the protein coated substrate. The etched and protein patterned silicon
mould can be used to microstructure a polyacrylamide gel on a glass substrate dur-
ing polymerisation. The final protein patterned and microstructured hydrogel can then
be used as a substrate for cell culturing and for the investigations of cellular responses
due to changes of the microenvironment. The following sections provide details of the
principals relating to each step of the fabrication process.

3.1.1 Optical lithography

Optical lithography is a technique to replicate, define and fabricate patterned structures
on a substrate, called wafer. It is accurate down to the micron scale dimensions [104].
Optical lithography is widely used in the semiconductor industry for fabricating micro-
electronics devices such as transistors [105]. The most common wafer material is silicon
(Si) which is cheap and easy to process. The first step in the fabrication process is to
apply a thin photoresist layer on a silicon wafer. Two main types of photoresist exist, dry
film photoresists and liquid photoresists. Depending on the type of photoresist, different
techniques are used in the application process. Dry film photoresists are laminated onto
the silicon wafer by using a controlled degree of pressure, temperature and speed [106].
Often, a laminator is used to achieve uniform and reproducible conditions. The most
common application process for liquid photoresists is spin-coating. For this purpose,

the Si-wafer is spun rapidly while the viscous photoresist solution is dispersed on it to
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Figure 3.2: Lithography process for positive and negative photoresists including mask
preparation (in dotted lines).

achieve a uniform layer with a defined thickness. The thickness of the layer of photore-
sist can be determined by varying the rotation speed and time during the spin-coating
process. Photoresists are light sensitive and become chemically altered during exposure
of UV-light. Depending on the photoresist, either exposed (positive photoresist) or un-
exposed (negative photoresist) areas are dissolved and removed by a developer during
the developing step. The choice of developer solution and time depends on the material
and thickness of the photoresist layer. To achieve a certain pattern in the photoresist
two options are available for selective illumination during UV-light exposure. It is pos-
sible to either write a design directly into the photoresist by using a laser, or to use a
chrome mask and a large scale UV-light for transferring a design onto a substrate as il-
lustrated in Figure 3.2. While direct laser writing is easy to apply and a straightforward
approach, it is often worth investing time into mask fabrication, especially if multiple
Si-wafers with the same design are needed. Masks allow a fast pattern transfer with
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exposure time of a few seconds, depending on the photoresist thickness, while the direct
laser writing can take a few hours, depending on the complexity and size of the designed
pattern. For chrome mask preparation, commercial chrome masks covered with a layer
of photoresist are used. A laser mask writer then writes the designed pattern on the
photoresist, which is developed afterwards. The resulting photoresist pattern serves as
a mask during the chrome etching of the chrome mask. While chrome is simply etched
away in the area where photoresist had been removed by the developer, it will remain in
areas still covered with photoresist. This process is followed to fabricate the final chrome
on glass mask with the required pattern for the following lithography steps. Before using
the mask for further fabrication steps the rest of the photoresist is removed.

Several techniques exists to improve the micropatterning process. First of all, the whole
process is highly sensitive to contaminants such as dirt. This is the reason why the
process described should be performed in a cleanroom and wafers are first cleaned in
a two-step washing procedure with isopropanol and acetone. It is also critical to get
a good adhesion between the Si-wafer and the applied photoresist. Pure silicon is hy-
drophobic and binds well to hydrophobic photoresists, but due to reactions with water
molecules in the air, pure silicon is normally covered with a thin silicon dioxide layer
about 2 nm thick, when stored at room temperature and in air. The silicon dioxide layer
is hydrophilic and therefore degrades binding properties to the photoresist. To regain
stronger adhesion, various methods are available. It is possible to bind a chemical com-
pound such as hexamethyldisilazane (HMDS), which forms hydrophobic tri-methylated
silicon dioxides. Another way of promoting adhesion is to remove the silicon dioxide
layer of the wafer before applying the photoresist. This is possible by breaking the OH-
bonds using heat, or by etching the silicon dioxide layer away with an etching process.
Additionally, a variety of other baking steps exist to obtain better results [107]. For
removing the remaining solvent concentration of the photoresist, a softbake step can be
added after the coating step, and is always needed in the case of spin-coating applica-
tion of photoresist. This process prevents sticking of the Si-wafer to the chrome mask,
improves photoresist adhesion to the Si wafer and prevents altering of the photoresist
during thermal stress such as caused by dry etching. The post-exposure bake is per-
formed after exposure but before development. The step is often required for a better
crosslinking of negative photoresists and can be used for mechanical relaxation of thick
photoresist layers to avoid cracks. It is also possible to apply a baking step after devel-
opment, called hardbake. A hardbake can increase the thermal, chemical and physical
stability of the photoresist which may be necessary for a subsequent etch process.

As already mentioned, a Si-wafer with patterned photoresist can be etched to form
deeper structures or it can be used directly as a mould, for example for PDMS devices.
PDMS devices are useful tools for Lab-on-a-~chip or microfluidic applications [108, 109].
The whole process used to produce PDMS devices is called soft lithography.
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3.1.2 Inductively coupled plasma etching for structuring silicon

Etching is the process of removing materials, for example for structuring a substrate dur-
ing a pattern transfer process. This can be done by either a wet-etching or a dry-etching
process [110]. For the wet-etching process a solution of chemicals is used to dissolve the
surface atoms of a substrate (Figure 3.3 A). For Si a common choice is potassium hydrox-
ide (KOH). The process of wet etching is reliable, but has the disadvantages of most
chemicals used being toxic and the etching process being isotropic, leading to curved
edges (called undercutting) instead of straight sidewalls. The dry-etching process on the
other hand uses gases instead of liquids [111]. Two techniques can be applied to etch a
material with gases, chemical etching and physical etching [112]. For chemical etching,
reactive gas molecules, such as radicals, bind specifically to atoms of the substrate ma-
terial and the bound atoms are then released into the gas phase. The principle behind
this process is the same as the one behind the wet etching process leading to similar
advantages and disadvantages. For the physical etching process, ions are bombarded
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radical product molecule
@
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Figure 3.3: Principles of the etching processes.
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onto the surface of the substrate, removing atoms by transferring kinetic energy and
knocking out small pieces of the material (Figure 3.3 B). Physical etching or sputtering
is highly anisotropic but not material specific. As a result, every surface exposed will be
removed, the mask as well as the substrate. This can lead to a plain etched substrate
without a patterned structure. Ion-enhanced energetic etching combines both, chemical
and physical etching (Figure 3.3 C). Here, reactive etchants and energetic ions are used
to modify the substrate surface. The release of reactive species bound to surface atoms
into the gas phase can be blocked by lattice energies of the substrate. Energetic ions can
help to set off these byproducts by transferring energy. To achieve higher anisotropic
etching and steep sidewall profile, a passivation of the sidewalls is possible (Figure 3.3 D).
The process is then called ion-enhanced inhibitor etching and allows the etching of high
aspect ratio structures. Passivation can be achieved by a passivation gas in the reaction
chamber which forms a protective coating along the vertical sidewalls [113].

For dry etching a plasma needs to be generated. Plasma is an ionised gas containing
ions, electrons, radicals and neutral atoms. For etching processes, just partially ionised
gases are used, where less then 1% of the gas molecules are ionised. A high frequency
(HF) electromagnetic field induces the plasma by ionising the gas molecules at a low
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.QQQ.—I
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Power

Figure 3.4: Design of an inductively coupled plasma (ICP) etching set-up.
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pressure (vacuum). For capacity coupled plasma modes (CCP), the wafer is placed on an
electrically insulated holder, which becomes negatively charged by the electrons moving
with every oscillation of the electrical field. The positively charged but much slower ions
in the gas become accelerated by the high voltage between the highly charged sample
and the gas, which is slightly positive charged due to a lack of electrons. In CCP mode
the voltage level for producing ions and accelerating them is the same. A further de-
velopment in dry etching processes is the usage of an inductively coupled plasma (ICP)
etching system (Figure 3.4). ICPs have two power sources. One feeds an anode outside
the gas chamber which induces the plasma (ICP power) and the other power source is
connected to the anode the sample is placed on (table bias). This means the density of
ions and the ion energy are controlled independently, improving the anisotropic charac-
teristics of the etching process and increasing etching yield.

For dry etching of the commonly used substrate material silicon, sulphur hexafluoride
(SFg) is widely used as an etchant for the chemical etching process [114]. In a plasma,
SF¢ forms single fluoride atoms. Four of these fluoride atoms (F) can bind to a Si
atom and form volatile tetrafluorsilane, SiF4 which is pumped out through the pumping
system, the resulting chemical reaction is:

Si+ 4F — SikFy

To achieve an anisotropic etching, passivation of the sidewalls by a layer of difluorocar-
bene, CF5 is possible. Therefor, CHF3 can serve as a supply for CF,. For the physical
etching of silicon, noble gases such as argon or helium are commonly used [113].

3.1.3 Polyacrylamide fabrication

Polyacrylamide (PAA) is a synthetic polymer of acrylic acid (AA) and a hydrogel. Hy-
drogels are crosslinked polymers which can take up water without dissolving. They
need to remain hydrated to maintain their structure and mechanical properties [115].
In biochemistry, polyacrylamide gels are primarily used for the separation of proteins
and nucleic acids by gel electrophoresis (PAGE) [116]. However, the polymer network
can also be used to produce cell culture substrates of different elasticities, which makes
it possible to study cell behaviour that depends on mechanical substrate properties.
Elastic properties of polyacrylamide gels can be easily adjusted by changing the ratio
of cross-linking bis-acrylamide (bis-AA) to acrylamide [117]. Radical polymerization of
acrylamide needs to be started by a radical initiator, which can be a chemical one or
a photoinitiator activated by UV light. Photoinitiators are chemical compounds that
decompose in a photolysis reaction after absorption of UV light and thus create reactive
species [118]. A chemical system for a reproducible gel polymerisation is a combination
of ammonium peroxide sulphate (APS) as a starter and tetramethylethylenediamine
(TEMED) as a catalyst. Without the bis-acrylamide crosslinker only linear polyacry-
lamide chains would form. Only the addition of bis-acrylamide will lead to the formation
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Figure 3.5: Reaction scheme of the radical polymerization of polyacrylamide gels. (Cour-
tesy of Dr. Helen Noding.)

of the net-like structures which cause the elasticity of the gels (the corresponding re-
action scheme is shown in Figure 3.5). Radical polymerisations are highly sensitive to
oxygen, as oxygen can quench essential radicals during the gel formation process [119].
Polyacrylamide gels are linear elastic and isotropic, which means stress increases lin-
early with strain and material properties are independent of direction [120]. They can
be characterised by a single parameter: their Young’s modulus, E, the ratio of stress to
strain. These characteristics simplify the analysis process of gel deformation caused by
external forces, such as those initiated by cells.

As polyacrylamide gels are non-adhesive to cells, they need to be coated with a protein

for cell culturing. There are two main approaches to achieve protein binding to the gel:
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by direct surface functionalisation of the polymerised polyacrylamide gel using sulfo-
SANPAH (sulfosuccinimidyl 6-(4’-azido-2’-nitrophenylamino)hexanoate) crosslinkers or
by binding acrylic acid N-hydroxysuccinimide ester into the hydrogel during polymerisa-
tion [117, 121]. Sulfo-SANPAH contains an amine-reactive N-hydroxysuccinimide (NHS)
ester, which effectively binds proteins, and a photoactivatable nitrophenyl azide group,
which can bind to the polyacrylamide surface. Acrylic acid N-hydroxysuccinimide ester
has the same binding group for proteins, however the acrylic acid part binds directly
into the polymer network during polymerisation. While sulfo-SANPAH is used to cover
the whole hydrogel, Acrylic acid N-hydroxysuccinimide ester (AA-NHS-ester) can bind
to the protein before polymerisation, which makes it suitable for patterning techniques
such as p-contact printing [122].

3.1.4 p-Contact printing for protein patterning

Patterning a surface is one method to control properties of a substrate for different
applications such as biosensors and tissue engineering research [123, 124]. In terms of
biological applications, protein patterning of hydrogels for cell culturing is of particular
interest [125-127]. By changing the available area cells can attach to, the number of cells
in one place can be controlled from single cells to multiple cells [128, 129]. To achieve
such a pattern, a non-adhesive substrate is needed, which most synthetically produced
hydrogels are. Adhesive patterns formed by coating are often made from proteins such
as collagen or fibronectin. These proteins are part of the natural cell environment (the
extracellular matrix, ECM) in vivo, and mimic a natural cell environment better than
a glass or plastic surface of a standard petridish [122]. Several methods exist for trans-
ferring proteins from a surface onto the gel. The material properties of the substrate,
such as surface charges, are important for transferring the protein. It needs to be able
to bind the protein well enough when it first is covered with it but needs to be able
to release the protein again during polymerisation of the hydrogel. If the material is
used during an oxygen-sensitive polymerisation, such as one involving polyacrylamide,
it additionally needs to be impermeable to oxygen. For patterning 2D polyacrylamide,
a protein patterned glass substrate is commonly used to bring the protein in contact
with the gel surface. Therefore the glass substrate needs to be patterned first. Either a
lift-off or a p-contact printing technique can be used to achieve this patterning as shown
in Figure 3.6 [130, 131]. For the lift-off process, photoresist patterned silicon wafers
are incubated with polymer brushes (Figure 3.6 A). PLL-g-PEG for example is a co-
polymer with a poly(L-lysine) backbone and polyethylene glycol side-chains that can be
used for passivation of a surface. After the photoresist is removed (lift-off), non-coated
areas on the surface can be backfilled with a protein and the patterned glass employed
for polymerisation. p-contact printing contains only three steps (Figure 3.6 B). A pat-
terned silicon master is used to fabricate a PDMS mould which is covered with the
protein. The PDMS mould then serves as a stamp and is placed on a glass substrate.
The result is a patterned glass substrate suitable for polymerisation. Besides biological

27



3 Methodology background

1
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

|

A contact photolithography

YYYY v vy — 365nm UVlight
__ photomask

[
|
— || [ | [ | I — 51818 photoresist :
|

glass
@ photoresit develop

@ PLL-g-PEG incubation I

protein-inked PDMS stamp |

sandwich patterned glass Il — e |

et on polymerizing PAAM | - ,
" @ microcontact printing

@ photoresist lift-off ﬁfé—w e | [ — _I

—ﬁ%’ Il gless |

B C R R R Il @ PAAM sandwich :

@ protein backfill @ removal of top glass slide H e E—— :

i %

I ,

e e e o o o —— —— — — —— —— —— — — — — — — — — e o — — — — — — — — —

Figure 3.6: Lift-off (A) and p-contact printing (B) techniques for patterning glass slides
for polyacrylamide gel polymerisation (modified from [130], licensed under CCO 1.0).

applications, p-contact printing has also been widely used for patterning metal surfaces
with self assembled monolayers [132]. The monolayers can be used as a mask for wet

etching processes and are therefore a cheap and easy alternative to lithography methods.

3.2 Cell experiments

Cell culturing is the process in which cells are cultured in a laboratory outside their na-
tive environment [133]. The environment cells are cultured in in vitro is controlled and
normally includes a specific cell medium with essential nutrients and an incubator with a
constant COy concentration and a defined temperature (37°C in the case of mammalian
cells). Cell culturing simplifies the highly complex system of a whole organism to con-
siderably less but still complex system of one or several cells. It is a good model system
for fundamental research in science and medical studies. As well as saving time and
resources, it makes it possible to reduce the number of ethically difficult in vivo exper-
iments in living animals. External influences such as substrate properties, the number
of cell contacts and the presence of drugs can be controlled during cell culture studies.
For example, the investigation of cancer cells in vitro can help to understand why and

28



3 Methodology background

how cancer occurs (including the triggering mechanism), how it develops and by which
factors it is influenced [134, 135]. This is especially important for cancer types such as
ovarian cancer, which often show no or unspecific symptoms during development.

A wide range of cell lines have been isolated for cell culture systems, including the hu-
man ovarian cancer cell line SKOV3 used in this work. SKOV3 is a cell line derived
from a 64 year-old Caucasian female and is positive for many of the antigens used to
identify cancers of epithelial origin in clinical practice [136, 137]. The cell line is suitable
for investigating problems and peculiarities associated with ovarian cancer, such as the
often late diagnosis of the disease [134].

3.3 Analysis

3.3.1 Optical profilometer and scanning electron microscopy for
analysing silicon moulds

A profilometer is an instruments for measuring topographical features of a sample’s sur-
face [138]. To measure these profiles either stylus profilometers or optical profilometers
can be used. Stylus profilometers use a moving probe in physical contact with the sam-
ple to analyse its surface. A force feedback mode maintains a constant force between
the probe and the sample during the scanning process. Probe material, size and shape
influence the measured information and can limit the resolution. The physical detection
of the surface is extremely sensitive, which provides high resolution measurements of
the surface roughness especially in z-direction, but makes it susceptible to alterations
of the probe or sample. By contrast, optical profilometers use the wave properties of
light and the ability of waves to interfere to gain the surface information of the sample
and are therefore contact free [139]. Different shapes, roughness or heights of a sample
will lead to different interference patterns, which in turn provides information about the
structure of the object under investigation. Coherence scanning interferometry is the
most common method to obtain this information, with visible light used for measure-
ments. In this method, the location of interference fringes of the interference patterns
are analysed. Depending on the profilometer, interference fringe phases may be evalu-
ated too. Optical profilometers are easy to operate and have the advantage of allowing
fast, large area measurements to be performed, without any sample preparation needed.
The main disadvantage is that optical profilometers can only operate in air and not in
liquid as they need a reasonably reflective surface. The consequence is that images of
silicon moulds can be taken, but not of hydrogels such as polyacrylamide gels, as these
need to be kept immersed in liquid.

Another method to investigate the structure of a surface is scanning electron microscopy
(SEM) [140]. Scanning electron microscopes use a focused beam of electrons to scan the
sample surface. The electrons interact with the atoms of the surface, producing signals
such as secondary electrons (SE), reflected or back-scattered electrons (BSE), charac-
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teristic X-rays and transmitted electrons. These signals include information about the
surface, structure and material properties of the sample. For most SEMs, the measure-
ments need to take place under vacuum to avoid collisions of electrons with molecules
in the air. As samples absorb some of the electrons they need to be conductive to be
measurable. Nonconductive samples can accumulate charge resulting in scanning faults
and other imaging artefacts. To scan nonconductive samples these need to be coated
with a thin layer of metal or another conductive material. While SEM is often used
for analysing surfaces and structures of semiconductors such as silicon, the method is
again not suitable for hydrogels, as these need to be measured in a hydrated state which
cannot be maintained in vacuum.

3.3.2 Atomic force microscopy for analysing mechanical properties
of hydrogels

The atomic force microscope (AFM) is a microscope which can image nano-scale struc-
tures by utilising attractive and repulsive forces between atoms [141]. These forces can
be van der Waals forces, electrostatic forces or chemical forces. A laser beam is deflected
at the surface of a cantilever and the reflected beam then is detected by a four quadrant
detector (Figure 3.7 A). The cantilever bends if its tip gets close to or in contact with a
surface. As a result, the laser beam is reflected at a different angle and a displacement
of the signal of the laser beam is observed at the detector. For measurements of surface
structures as well as mechanical properties of the sample, first a calibration is necessary.
Therefore a calibration measurement on a well-characterised stiff substrate such as glass
is carried out to set the correct relationship between the bending of the cantilever and
the force expended. For force calculation, the spring constant of the cantilever has to be
known, which can be determined by the thermal noise method [142]. In this, thermal
fluctuations are used to oscillate the cantilever and to detect the resonant frequency.
By scanning an object with the cantilever an image up to atomic resolution can be
constructed depending on the cantilever tip used. The AFM is a high resolution tech-
nique, but it is limited by the maximum displacement of the built-in piezos in all three
dimensions. It follows that only objects which do not exceed certain dimensions can be
examined. To determine mechanical properties of a sample, force distance curves can be
recorded with an AFM [143]. To measure this, the tip approaches the surface, contacts
with the sample (contact point), bends until a defined criterion is fulfilled before the
cantilever is retracted again and the tip is removed from the surface. The force exerted
can be plotted against the amount of indentation to produce a curve such as the one
shown in Figure 3.7 B. The criterion before retraction can be a maximum force, max-
imum laser deflection or maximum z-piezo voltage, and is called the triggerpoint. The
resulting force distance curves can be evaluated using a model generated fit. Often the
model of Bilodeau, which uses Hertzian contact mechanics as a basis, is used.
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Figure 3.7: A) Principle of an AFM ([144], licensed under CCO 1.0) and B) Force dis-
tance curve (approach red, retrace blue, fit (using Hertzian contact mechanism) dotted).

The Hertzian contact mechanism describes the contact of two elastic spherical bodies,
whereby it is assumed that the halves of the sphere are infinitely large, homogeneous
and friction-free [145]. Bilodeau further developed this idea for the indentation of a
four-sided pyramid, which describes the tip geometry for pyramidal cantilevers [146]:

3F tan ©
F=""""7¢§
4(1 —v?)

Where the force F' depends on the Young’s modulus F, poisson ratio v, indentation
depth 6 and opening angle © of the pyramid.
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3.3.3 Confocal laser scanning microscopy for analysing fluorescence
labelled structures

If a fluorophore is excited with a photon, energy is absorbed which raises an electron
from its energetic ground state SO to an energetically higher state S1 of the same spin
known as the Franck-Condon principle [147]. The dwell time of the electron in this state
is known as its lifetime and is in the nanosecond range for fluorescence. The energy
released during the spontaneous return of the electron to the ground state is emitted
as electromagnetic radiation. However, energy is also converted into vibrational energy
during the excitation and emission process and therefore the wavelength of the emission
is longer then the excitation one. This is known as Stokes shift and must be considered
when multiple fluorophores are used within the same measurement, as an overlap of
emission and excitation wavelengths can lead to image distortion and false signals [148].
Despite the possibility of this cross-correlation of dyes, fluorescence is a powerful tool,
especially for protein analysis, as it allows the labelling and tracking of small parti-
cles. The fluorescent labelling of biomolecules can be achieved by direct binding of the
fluorophore (direct molecule detection) or indirect binding of the fluorophore (indirect
molecular detection) [149]. A widely used biochemical method for indirect detection is
immunolabelling. Here, a primary antibody binds to the specific antigen of the substance
under investigation. This antibody does not fluoresce itself, but enables the binding of
fluorescently labelled secondary antibodies. Since several secondary antibodies can often
bind to the same primary antibody, a brighter and stronger fluorescence signal can be
detected [148].

For observing fluorescence, either an epi-fluorescence or a confocal laser scanning micro-
scope (CLSM) can be used [150]. In a CLSM a laser beam is directed via a dichromatic
mirror through an objective lens which focuses the beam onto the sample, as shown in
(Figure 3.8). Long-wave light emitted by excited electrons of the fluorescent dye is not
reflected by the dichromatic mirror, due to the longer wave length. The light emitted
by the sample passes through the dichormatic mirror and can be detected on a light-
amplifying detector. A pinhole is located between the mirror and the detector, allowing
only the light of one image plane of the sample to pass through. This leads to a focussed
and less blurry image since light that originates above and below the focal plane cannot
pass the pinhole. The reduction of stray light and the ability of the microscope to scan
the sample in the z-direction allows for a high resolution and 3D reconstruction of the
sample.
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Figure 3.8: Principle of a confocal laser scanning microscope.
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3.3.4 Traction force microscopy

Traction force microscopy is a method to measure cellular traction forces [151]. Fluores-
cent beads are embedded in a soft hydrogel such as a polyacrylamide gel. If cells cultured
on these gels apply a force by pulling or pushing the substrate, the beads are displaced
as schematically shown in Figure 3.9. Analysing these displacements allows conclusions
to be drawn about the forces the cell applied. For capturing data in different layers of
the sample, a confocal laser scanning microscope can be used. Normally, pairs of images
are taken: one with the cell attached applying a force onto the surrounding environment
and one without the cell as a reference. A practical approach to make sure both images
capture the same area consists of taking the first image of the cell on the gel with the
embedded beads and then adding a chemical for altering, detaching or killing the cell
without moving the sample. In doing this, the forces applied by the cell are eliminated
and the second reference image can be taken as it is a temporary deformation of the gel
and it returns into its original state [152].

To track the displacement of fluorescent beads in the images with and without a cellu-
lar force, either particle tracking velocitometry (PTV) or particle image velocitometry
(PIV) can be used [152-154]. While for PTV single beads are analysed, PIV divides
both images of a pair into smaller regions, known as interrogation windows, and com-
pares these windows [155]. Single bead analysis in PTV has the disadvantage that
individual beads are difficult to distinguish, which can quickly lead to misinformation.
This is particularly important in the context of beads moving in the z-direction and
going out of focus, as the appearance or disappearance of beads reduces the accuracy
of the method. In comparison, interrogation windows in PIV cover more than one bead
and a cross-correlation algorithm analyses the shift of the whole window [156]. This
leads to higher accuracy than the PTV approach, but also to a lower resolution, as the
displacement of the area of an interrogation windows (and therefore the movement of
several beads) is represented by a single velocity vector. A good compromise between
accuracy and resolution is to choose the size of the interrogation window so that there
are 4-5 beads covered [155]. For PIV, two approaches exist to find the correlation peak
of two images. It is possible to either use the conventional cross-correlation method
using two interrogation windows with the same size, or a template matching method
for which a bigger search window is compared to a smaller interrogation window. The
template matching method ensures that beads in the smaller interrogation window are
tracked correctly even with large displacements [157]. Another improvement is the usage
of iterative PIV. Here, a series of PIV analyses are run in a row. The first run uses a big
interrogation window size, while for subsequent iterations the size of the interrogation
windows (and the corresponding search windows) is reduced with each run. The results
of the preceding correlation run are used to build a predictor displacement field. This
displacement field is used as a guidance for the next iteration of PIV. This approach
allows a progressive refinement of the window size and at the same time compensates
step by step for disturbances which can occur in smaller scale iteration [158].
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Figure 3.9: Principle of traction force microscopy. A hydrogel (yellow) on a glass sub-
strate (blue) is covered with a protein layer (green) and has orange fluorescent beads
embedded. If the cell on top (light green) applies a force, the beads are displaced (black
arrow).

As polyacrylamide gels have linear and isotropic elasticity and are homogeneous, Fourier
transform traction cytometry (FTTC) can be used to translate the resulting translational
displacement field into a force field [152, 155]. Here, the fact is used that the displace-
ment of the fluorescent beads can be described as the convolution of point forces and an
elastic Green’s function. As a solution for the Green’s function, a Boussinesq function,
valid for a semi-infinite half space of linearly elastic substrates, can be used [159]. To
extract estimates of the forces from the displacement field, a deconvolution is necessary.
While this is highly complex in real space, it is much easier in Fourier space as the
deconvolution becomes a simple division [160]. As the linear system in Fourier space is
now an ill-posed problem (a problem with more than one solution, or with a solution
discontinuously depending on the data), it is very sensitive to small changes of the dis-
placements. To stabilise the results of the estimated forces and to reduce the effect of
noise in the displacement data, a regularisation factor can be added to the solution [161].
The ImageJ (Fiji) FTTC plugin needs only the PIV displacement field, the pixel size of
the image, the elastic modulus and poisson ratio of the gel and the regularisation factor
to translate the displacement field into an force field [155]. FTTC is an easy and fast
alternative to measure cellular forces in comparison to computationally extensive finite
element simulations [162].

Several critical parameters for traction force microscopy exist as summarised by Martiel
et al. [155]. One is the size and density of the fiducial markers. If the density is too
low, information is lost because gel deformations are not observed. On the other hand,
if densities are too high it is hard to track individual beads and their displacements
without having overlaps with the information of surrounding beads. The same applies
to intercellular distances: short distances between cells make an individual assignment
of the forces difficult. Accurate knowledge of the thickness and stiffness of the gel and
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the expected range of force is important, as assumptions are made during the analysis
process. For FTTC one assumption is that the substrate is half infinite, which is valid
if the substrate thickness falls within a suitable range. Another assumption is that gel
deformations are small and therefore the stiffness of the gel needs to be chosen depending
on the expected force. Image size and quality, as well as the size of the interrogation
window and correlation threshold during PIV analysis, and the regularization factor
for FFTC are important to obtain reliable data. More information about different ap-
proaches towards image analysis including theoretical background [163] and guidelines
for finding the right parameters for the analysis process [155] can be found in literature.
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In the previous chapter, background information about the methods used for fabrication
and analysis of microstructured and protein patterned hydrogels for cell experiments was
presented. This chapter explains in detail how experiments were performed and which
chemicals and equipment were used. It describes the individual steps of the fabrication
and analysis processes, why a certain method was chosen and how parameters were
set. The chapter mentions the challenges which were faced and how these were solved.
In addition to the working protocol, it also provides information about processes and
methods which could not be established successfully. These are provided to help future
replication or adaptation of the experiments. A detailed protocol of the individual steps
performed and followed in this work can be found in the appendix without further
discussions. This should be of interest to those who want to establish the described
experiments and methods themselves.

4.1 Fabrication

Passive pumping of polyHEMA as a first approach of forming a cell culture grid

The first approach for fabricating a structured gel for cell sorting and measuring cellular
forces started with the idea of using non-adhesive, biocompatible poly-2-hydroxyethyl
methacrylate (polyHEMA). PolyHEMA is commonly used for manufacturing contact
lenses and has been established for cell culture experiments [164, 165]. Ye et al. have
used polyHEMA for forming cell sorting grids using a passive pumping approach [166,
167]. An attempt was made to adapt this approach for grid formation and then extend
it to the measurement of forces applied by cells on the walls of the grid. As it is
known, that polyHEMA is non adhesive to cells, it was tried to form an array of holes
in a polyHEMA layer on a glass substrate. This would lead to a limited space of
uncovered glass for the cell to attach to. To form this grid, a PDMS mould with the
designed arrays of holes served as a mask, and capillary forces were meant to fill the
grid in between the PDMS structure with polyHEMA as shown in Figure 4.1 A. For the
first experiments, polyHEMA solutions made out of three different molecular weights
(20,000 g/mol, 30,000 g/mol and 100,000 g/mol) depending on the length of the polymer
chain were prepared. Varying concentrations of polyHEMA (10 mg/mol, 30 mg/mol,
50 mg/mol and 70 mg/mol) dissolved in ethanol were used, however only around 20 %
of the grids were found to be filled in all cases (Figure 4.1 B). This could be due to the
designed channel width or aspect ratio of the designed grid or the fast evaporation rate of



4 Materials and Methods

ethanol. It was also noticed that, after a few days in cell culture medium, all fabricated
grids dissolved into the medium Figure 4.1 C. It is possible that further crosslinking of the
linear polyHEMA chains could have prevented the problem of dissolution. Furthermore,
a stamping method where the PDMS stamp is pushed onto the substrate to displace some
polymer solution could have replaced the passive pumping approach. However, instead
of attempting to optimise the cross-linking process and grid fabrication, it was decided to
instead switch to widely used and well characterised polyacrylamide gels. Polyacrylamide
has the same properties as polyHEMA of being non-adhesive, biocompatible and stable
in media (when crosslinked). Additionally, it is known as linear elastic and isotropic, and
protocols of tuning the elasticity for a certain stiffness can be found in literature [117].
The properties of polyacrylamide were found to be more suitable for the intended purpose
of cell sorting and cellular force measurements as they simplify the analysis process
compared to polyHEMA.

A

¢ Placed on substrate

Glass Substrate
¢ Filling of channels

polyHEMA
EEEEEEEEEN

. . tajelwiulcNe e e N: N e fa ke
using capillary forces _s:)oon 90

‘@a@mﬂnn

: 3 DNeeRORenOROD
¢ Curing and peel-off RS 6

P0O0BE00
PRaNeleN: NeNe)

Figure 4.1: A) Passive pumping approach to form a cell sorting polyHEMA structure.
B) Partially formed polyHEMA grid using passive pumping. C) PolyHEMA grid (con-
centration 30 mg/ml, molecular weight 30,000 g/mol) in media after 24 h.

38



4 Materials and Methods

Microstructuring polyacrylamide gels - PDMS is not suitable as a mould material

As polyacrylamide is non adhesive for cells it needs to be covered with a protein before
it can be used for cell experiments as already discussed in Section 3.1.3. To form a cell
sorting grid in a 3D environment a simultaneously structuring of polyacrylamide gels
and patterning of defined areas with a protein is necessary. A few modifications needed
to be made to the classical p-contact printing method explained in Section 3.1.4. p-
contact printing uses soft lithography to form a structured PDMS device, which is then
used as a stamp. While PDMS has many advantages, such as being flexible, non-toxic,
cheap and easy to handle, it has the disadvantage of being oxygen permeable [168].
As a consequence, it cannot be directly used for combined structuring and pattern-
ing of polyacrylamide gels, as the oxygen concentration in the air is high enough to
quench radical polymerisation of acrylamide [169]. For the work here, different physi-
cal modifications and chemical treatments were investigated to reduce the presence of
oxygen molecules to achieve a polymerisation of acrylamide under PDMS (Sylgard 184
Silcone Elastomer Kit mould, Dow Corning). These modifications included treatment
of PDMS with an oxygen plasma or curing it for 30 h at 80 °C prior to the experiment.
Other approaches involved making PDMS oxygen impermeable by sputtering chrome
onto the mould (around 5 nm layer thickness) or excluding oxygen from the polymeri-
sation by using a vacuum. To achieve the latter, PDMS was treated with vacuum for
2 h, before the whole polymerisation experiment was done under vacuum in a desicca-
tor. Chemical treatments were tried as well in form of vapor-coating of PDMS with
Trichloro(1 H, 1 H, 2 H, 2 H perflurooctyl)silane (Sigma-Aldrich, 97 %) or solution-
coated with hydroxypropyl methylcellulose (HPMC, Sigma-Aldrich). Acceleration of
the polymerisation was also attempted, either by using higher concentrations of cata-
lyst ammonium persulfate (APS, 1:50 and 1:25, Carl Roth) and polymerisation starter
Tetramethylethylenediamine (TEMED, 1:500 and 1:50, Sigma-Aldrich) or a photoinitia-
tor (Irgacure 2959; 0.1 % w/v). However, none of these modifications were successful.
As it was not possible to polymerise polyacrylamide gels under PDMS substrates, sil-
icon was used instead as the mould material for further experiments. Silicon itself is
also cheap, easy to structure and work with and, most importantly, oxygen impermeable.

4.1.1 Preparation of silicon moulds using photolithography and
inductively coupled plasma etching

To fabricate microstructured and protein patterned hydrogels, first the dimensions of
the wells to trap cells were chosen based on a typical ovarian cancer cell size under
study. As spreading diameters of SKOV3 cells in 2D are around 46 pm [170] and cell
heights 2.5-3.5 um [171, 172], circular patterns of the diameters 20 pm, 30 pm, 40 pm
and 60 pm were designed. To minimise the probability of cells climbing out of their wells
and the uncertainty, how much the height of the cells would change in a more rounded
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cell shape, a constant depth of 8 pm was set for all wells.

In the first step of the fabrication process, optical lithography was used to form a Si
mould for imprinting a hydrogel. For this, a chrome mask was fabricated, using a mask
writer (uPG101, Heidelberg instruments) to write a pattern created in software (L-
Edit V16, Tanner) into a photoresist covered chrome mask (Chrome Photoplates with
AZ1518, Nanofilm). The mask was then developed in AZ326 MIF developer for 1 min
and the chrome was etched with a chrome etching solution (10.9 % ceric ammonium
nitrate, 4.25 % perchloric acid and 84.85 % water). Remaining photoresist was removed
with acetone and the mask was cleaned with methanol and isopropanol before usage.
A 4 inch Si wafer (4 inch prime grade silicon, Silicon Quest International) and a positive
photoresist (AZ1518, Microchemicals) were used for the mould fabrication. The Si-wafer
was cleaned with acetone and then isopropanol in an ultrasonic bath for 5 min each.
To remove the silicon dioxide layer, an inductively coupled plasma reactive ion etch-
ing setup (ICP, PlasmaPro 100 Cobra, Oxford Instruments) was used with the settings
25 scem SFg and 25 scem Ar high frequency power 10 W, ICP power 1000 W, chamber
pressure 5 mTorr for 1 min. The liquid and positive photoresist AZ1518 was spincoated
(PWM32, Headway Research, 3000 rpm, 1 min), achieving a photoresist film thickness
of approximately 2 pm. A softbake was performed for 90 sec at 90°C on a hotplate,
before a mask aligner (MAG6, Suess) was used to transfer the designed pattern from the
mask into the photoresist covering the Si-wafer. The photoresist was then developed in
AZ326 MIF developer for 1 min followed by a hardbake for 6 min at 120°C on a hotplate.
The photoresist served as a mask for subsequent Si-etching process performed with ICP.
Again, the silicon dioxide layer was removed first (25 sccm SFg, 25 scem Ar, ICP power
1000 W, 30 sec), before the silicon wafer itself was etched (40 sccm SFg, 80 scem CHF,
Helium backing 10 torr, high frequency power 50 W, ICP power 1000 W, chamber pres-
sure 15 mTorr, 5:30 min) to achieve 7-8 pm high circular pillars. The photoresist was
removed by immersion in N-Methyl-2-pyrrolidone (NMP) for 10 min in an ultrasonic
bath, followed by cleaning with deionised water (10 min, ultrasonic bath).

4.1.2 Preparing microstructured polyacrylamide gels

During the fabrication of polyacrylamide gels, the elasticity of the polymerised gel is de-
termined by the concentrations of acrylamide and the crosslinking agent bis-acrylamide
[173]. Four different compositions of acrylamide (Sigma-Aldrich) and bis-acrylamide
(Sigma-Aldrich) were used to prepare polyacrylamide gels with stiffnesses of 1 kPa,
8 kPa, 30 kPa and 100 kPa as shown in Table 7.1. These stiffness ranges are close to
the values of natural ovarian tissue, soft and stiff ovarian tumours which are 4.33 kPa,
60 kPa and 120 kPa, respectively [70, 93]. For casting of the gels, glass cover slips or
35 mm glass bottom dishes for cell culturing (untreated glass bottoms, ibidi) were used
as a base. These were hydrophilically functionalised before polymerisation, to achieve
an increased adhesion of polyacrylamide gels to the substrate [174]. For this, the glass
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surfaces were first treated with an oxygen plasma (Zepto, Diener electronic, 15 min,
0.4 mbar, 20 sccm) before being placed in an ultrasonic bath (5 min) in pure ethanol.
The surfaces were dried again and NaOH (250 pl, 0.1 M, 5 min) was added to increase
the general roughness of the glass surface, as NaOH reacts with glass and forms soluble
silicates [175]. When removing NaOH, care was taken to keep the NaOH film as thin as
possible before adding (3-aminopropyl)triethoxysilane (APTES, Abcr, 100 ul, 3 min).
APTES causes silanisation, by which alkoxysilane molecules bind to the surface [176].
After washing with water (3 times, 10 min), a glutaraldehyde solution (200 pul, 0.5 %,
30 min, GDA, Sigma-Aldrich) was added to enable cross-linking of the surface molecules.
After repeated washing with deionised water (3 times, 10 min) the functionalised sub-
strates were stored dry.

For polyacrylamide polymerisation, APS (1:100) and TEMED (1:1000) were added to
the respective acrylamide/bis-acrylamide presolution for the desired gel stiffness. A to-
tal of 100 pl of the solution was poured in the middle of the substrate and the Si mould
was carefully placed on top, forming a “sandwich” of glass, presolution and mould. The
polyacrylamide gels were then allowed to polymerise for one hour and immersed in PBS
overnight at 4°C before the Si mould was peeled off. For characterisation of the depth
of structured polyacrylamide gels, orange fluorescence beads (0.2 pm, orange fluores-
cent, FluoSpheres, Fisher Scientific) were added to the presolution and sonicated in the
ultrasonic bath for 10 min.

Table 4.1: Composition of the polyacrylamide solutions used to prepare gels with defined
Young’s modulus.

Young’s modulus, E [kPa] Acrylamide [%] Bis-acrylamide [%)]

1 3 0.14
8 4 0.25
30 10 0.10
100 10 0.50

4.1.3 Preparing protein patterned and microstructured
polyacrylamide gels for cell culturing

As described above, to achieve a structured and protein patterned polyacrylamide gel
a modified p-contact printing method was established. Etched silicon substrates were
used for this purpose both as a mould and as a stamp, while flat PDMS substrates
served as a stamping pad. For stamping pad preparation, PDMS (Sylgard 184 Silcone
Elastomer Kit) and curing agent were mixed 1:10 w:w and degassed to avoid bubbles in
the polymer. It is poured into a petri dish and cured at 80°C for one hour in an oven.
Before the PDMS surface could covered with a protein solution, a number of prepara-
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tion steps were necessary. For cell culture, proteins were bound into the non adhesive
polyacrylamide gels by using AA-NHS-ester. For cell experiments, 5 mg/ml AA-NHS-
ester (ACROS Organics, Fisher Scientific) and either 0.5 mg/ml collagen (Collagen I,
Bovine, 5 mg/ml, Fisher Scientific) or 0.3 mg/m fibronectin (Bovine, 1 mg/ml, Sigma
Aldrich) were incubated in phosphate-buffered saline (PBS) with a pH of 6.0 for one
hour at room temperature. To visualise the protein transfer from PDMS substrates to
the polyacrylamide gels, fluorescently labelled gelatine (100 pg/ml, fluorescein conju-
gate, Invitrogen, Thermo Fischer Scientific) was used instead of collagen because of its
similar structure and commercial availability. A pH of 6.0 was found to be a critical
parameter for the protein transfer, as at a higher pH the NHS-ester can be hydrolysed
[177]. Another critical parameter was the additional treatment of the PDMS stamping
pads with an oxygen plasma (1 min, 0.4 mbar, 20 sccm) before these were covered with
the protein/AA-NHS-ester solution and incubated (1 h, RT). These could be due to the
temporary hydrophilisation of the otherwise hydrophobic PDMS surface, after the oxy-
gen plasma treatment [178]. These hydrophilic properties of the surface could improve
the binding affinity to the proteins. Afterwards, the PDMS stamping pad was carefully
dried with nitrogen. Plain and etched silicon moulds were treated with oxygen plasma
(10 min, 0.4 mbar, 20 sccm) before being pressed on the dry protein covered PDMS
(10 min, RT). Protruding areas of the silicon mould took up protein during this process
and were used for the polacrylamide polymerisation, as described in Section 4.1.2 and
shown in Figure 3.1. It was observed that, if the oxygen plasma treatment of the silicon
mould before the stamping step was omitted, silicon moulds were difficult to peel off
after the polymerisation and the polyacrylamide could easily be destroyed. Again, this
could be due to the change of the surface charge of the Si mould and the altered binding
properties to polyacrylamide during or after polymerisation.

Challenging issues establishing a lift-off process

Before the p-contact printing method had been optimised, an attempt was made to
establish a lift-off process for structuring and patterning polyacrylamide gels for cell
culturing [130]. Here, the photoresist was not removed instantly from the silicon wafer
after dry etching. Instead, the whole surface was covered with a solution of poly(L-
lysine)-graft-poly(ethylene glycol) co-polymers (SuSoS). These polymer brushes build a
non-fouling, non-adhesive and biocompatible mono-layer [179]. Next, the photoresist,
and by extension the polymer brushes on top of it, was removed with NMP. This lift-off
process was thought to lead to areas of plain silicon, where photoresist previously had
been, and areas still covered with polymer brushes. During the following protein backfill,
protein could then simply bind to the plain silicon, while being blocked in the other areas
by the polymer brushes. The protein structured silicon moulds were then be used for
polyacrylamide polymerisation as described for the modified p- contact printing method.
Unfortunately, the protein transfer step did not work well and cells were observed to
either grow everywhere on the gel or nowhere. The first assumption was, that all polymer
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brushes were removed during the lift-off process. However, by carrying out experiments
with fluorescent labelled gelatine, it was noted that a selective protein transfer was not
possible, when HMDS was used for a better photoresist adhesion. When instead a dry
etching process of the ICP was applied, for removing the silicon dioxide layer, before
applying the photoresist, the protein pattern was visible on the Si mould. This suggests
that the HMDS chemically alters the Si surface in a way, that the polymer brushes
cannot effectively bind any more. As the exact fault in the procedure of the protein
transfer could not be determined and consequently the lift-off technique not be used
reliably, p-contact printing was used for further experiments.

4.2 Cell experiments

Ovarian cancer cells of the cell line SKOV3 were cultured in EMEM with Earle’s salts
with L-glutamine (Thermo Fisher Scientific) medium and Fetal Bovin Serum (FBS,
10 %, Sigma-Aldrich). Cells were trypsinised with a PBS solution containing 0.25 %
trypsin (Bio-west) after 2-4 days and a confluency of 90 %. A stop solution containing
equal amount of media and FBS was added and the cell suspension centrifuged for 3
min at 1200 U (270 x g, Hereaus Megafuge 16 R Centrifuge, Thermo Scientific). The
supernatant was discarded and the formed cell pellet resuspended in 1 ml media. Cells
were then reseeded in a cell culture flask or used for cell experiments. For experiments on
polyacrylamide gels, penicillin-streptomycin (1 %, Biochrom) and Amphotericin B (1 %,
Biochrom) were added to the normal cell culture medium to eliminate contamination
during the experiments. Polyacrylamide gels were sterilised with UV light (30 min, RT)
before cells were seeded on them with a density of 186 cells/cm?.

Live cell experiments were done with a Keyence Live Cell Imaging Microscope BZ.
Usually, experiments were started directly after cell seeding. Images were taken in
one spot and as a stack covering 10-15 pm in the z-direction. This procedure enabled
the use of the built-in auto focus function of the Keyence microscope software. It
ensured that the right focus level was covered even over a long period of time during
measurements, where the level of focus might shift slightly with time. It was ensured
that cells could attach without disruption for at least 20 h before other regions of the
substrate were investigated. Here 2-4 areas of the polyacrylamide gel were randomly
chosen and monitored for further 24 h. All live cell experiments were performed at 37°C
and a CO, concentration of 5 %. Brightfield images were taken every 5 min.

For cell fixation and staining, cells were fixed after 24 h using a 4 % Paraformaldehyde
solution (Thermo Fischer Scientific). Afterwards, the cell membrane was permeabilised
with Triton X (Sigma-Aldrich) and washed with HEPES. A blocking buffer (0.3 %
Triton X, 5 % BSA in PBS) was used to block all unspecific binding sites. The cellular
DNA (Hoechst 33342, Thermo Fischer Scientific), actin cytoskeleton (Phalloidin-iFluor
488 Reagent, Abcam) and vinculin (Vinculin Monoclonal Antibody (7F9), eFluor 570,
eBioscience, Thermo Fischer Scientific) were stained in three steps (1 h each). Between
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steps cells were washed three times with a washing buffer (0.3 % Triton X, 1 % BSA in
PBS).

4.3 Analysis

To demonstrate that the fabrication process for microstructured and protein patterned
polyacrylamide gels was suitable, the silicon moulds and polyacrylamide gels were char-
acterised by determining their height, diameter and stiffness. The analysis conducted
in the context of traction force microscopy included image alignment, cropping, particle
image velocitometry and Fourier transform traction cytometry. Furthermore brightfield
images of cells were analysed for brightness fluctuations and the corresponding autocor-
relation functions.

4.3.1 Characterisation of silicon moulds and polyacrylamide gels
Silicon mould characterisation

For silicon mould characterisation, a scanning electron microscope (SEM, Raith 150) and
an optical profilometer (Profilm 3D, Filmetrics) were used to determine the diameter,
height and the steepness of the sidewall profile as well as to image the silicon mould.
Five images were taken on each of three samples and were analysed for each diameter
using an optical profilometer, in combination with the Profilm software (Filmetrics).

Polyacrylamide characterisation

Analysing polyacrylamide gels can be challenging, due to its high water content and
the fact that most measuring techniques are optimised for solids and in air [180]. For
this work, polyacrylamide gels were characterised with an optical microscope (Eclipse Ti
Fluorescence Microscope, Nikon), a confocal laser scanning microscope (Fluoview 1200,
Olympus) and an atomic force microscope (AFM, MFP-3D Origin, Asylum Research).
To determine the diameter of the wells, five images each of three samples were analysed
for each diameter, using the optical microscope and ImageJ (Fiji) [181]. With the AFM,
force maps with 67 x 67 or 32 x 32 force curves were taken for every stiffness prepared in
this work. A triangular Cantilever tip (MLCT, Bruker, 163.63 pN/nm) for scanning and
a commercial Asylum Research software were used to fit the Hertzian model, described
in Section 3.3.2, to the force curves to estimate the Young’s modulus. An example of
such a force map is shown in Figure 4.2. For each sample, four force maps were collected
on random location on the gel. For each stiffness at least 1600 force curves were analysed.
Measurements were taken the day after fabrication, at the same time the cells would
be cultured on the gels. With a depth of the structures of 8 pm, the dimensions of the
gels were just on the limit of the range the AFM z-piezo can measure. Due to this some
force curves could not be recorded in the lower areas of the gel. An example of such
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Figure 4.2: Force map measurements of a structured polyacrylamide gel with the mea-
sured depth (A) and map of the estimated Young’s modulus (B). In pink areas trigger-
point could not be reached.

data points, where the triggerpoint could not be reached, is shown marked in pink in
the force map in Figure 4.2 A. Analysis of the depth measurements and the calculated
stiffness of the force map showed that lower areas of the 8 pm structures recorded are
much stiffer. An example is shown in Figure 4.2 B where the fit of the force curves
on the bottoms of the well lead to a stiffness around 60 kPa instead of the measured
30 kPa in the areas outside the well. Given that the rest of the gel had a homogeneous
stiffness, it is unlikely that the gel was actually stiffer in the lower areas. It is much more
likely that, while measuring the deep structures, not only the tip of the cantilever was
in contact with the sample, but that some other cantilever parts were also resting on the
gel. This was supported by the observation that the effect of faults measurements was
less distinct in structures with a big diameter then in structures with a small diameter.
It is presumed that the cantilever is less hindered in the big structures. These cantilever
substrate contacts can change the bending properties of the cantilever and thus alter the
measurements. Therefore, to determine the stiffness of the gels, only the higher areas
of the gels that provided reliable contact with the AFM tip were considered. This was
done with the help of a custom MATLAB script, which generated a histogram of the
measured Young’s modulus. By manually defining a threshold, only bars with a certain
incidence were considered. This selection process did not only exclude the force curves of
the lower areas of the gel, but also eliminates any measurement artefacts and incorrectly
fitted data.

As mentioned, such an analysis of force maps highlights some difficulties of measuring
the depth of polaycrylamide gels. Optical profilometers and SEMs could not be used
for characterising the morphology of hydrogels because neither technique can measure
in liquid, and polyacrylamide gels need to remain hydrated to maintain their structure.
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AFMs can measure in liquid, but as discussed above, the z-piezo range of commercially
available instruments is not large enough to obtain useful results. An alternative to the
methods mentioned uses the ability of confocal laser scanning microscopes to scan in the
z-direction and thus produce a three dimensional image. Microstructured polyacrylamide
gels with 0.05 % embedded orange fluorescence beads were fabricated and measured with
a confocal laser scanning microscope. Images obtained were analysed with ImgaeJ (Fiji)
by loading the whole stack and cropping images in xy-direction to analyse the individual
wells in the image independently. This was done to minimise the effect of the tilt of the
sample on the results. The z-axis profile was used to determine the height of the surface
of the gel relative to the bottom of the well. If the focus level was above the gel surface,
the fluorescence signal intensity was low. The signal increased when the fluorescence
beads were coming more into focus (Figure 4.3 left blue area). Once the surface was
reached during the scanning process, the increase in fluorescence intensity was reduced.
The slope of the z-profile plot became less steep, as the number of fluorescence beads
did not change much during the scanning of the well (Figure 4.3 yellow area). Only
when the bottom was reached, did the number of fluorescence beads in focus change
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Figure 4.3: Z-stack profile obtained with a confocal laser scanning microscope of a
structured polyacrylamide gel with embedded fluorescence beads. The plot is divided
into three regions based on the focal depth. The blue area on the left is where the
microscope is focused above the gel surface, the yellow area where it is focused within
the well, and the blue area on the right where it is focused below the bottom of the well.
Typical images from these different areas are shown.
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again and a steeper slope in the z-stack plot was the consequence (Figure 4.3 right blue
area). The location of these gradient changes were used to determine the height of the
microstructured polyacrylamide gels.

4.3.2 Traction force microscopy

For the analysis of traction forces, gels were fabricated with 0.05 %o 0.2 pm fluorescent
beads. The beads were mixed into the polyacrylamide presolution and the microstruc-
tured and protein patterned polyacrylamide gels prepared as explained in Section 4.1.3.
Images were taken with a confocal laser scanning microscope and a 100x oil immersion
objective. The first image was taken before adding trypsin (2.5 %). After 30 min incu-
bation time, a second image was taken of the same area. The addition of trypsin led to
the detachment and rounding of the cells. This could be observed in the images taken
and allowed one to check whether the trypsinization was working (Figure 4.4 A). As
the original images were stacks covering the whole well in z-direction, for the analysis
process with Fiji, first a focus level was chosen and the respective images of the first
and second stack extracted. A bead-based registration step was used to align the two
images [182]. For this step, the non-cropped images before and after the addition of
trypsin were used to increase the number of registered points and thus improve the ac-
curacy of the registration (Figure 4.4 C). In the overlay of the images, the movement
of beads after cell detachment was already visible. Next, images were cropped so that
the well was in the centre of the image (Figure 4.4 B). To analyse the displacement of
the beads, a particle image velocimetry (PIV) plugin was used [154, 155]. Three inter-
rogation window sizes were chosen based on the cropped image size. The size of the
first interrogation window was set to 1/4, the second to 1/8 and the third to 1/12 of
the cropped image size. The size of the interrogation windows was chosen so that even
in the smallest window an average of 4-6 beads were presented. As it can been seen in
Figure 4.4 B, the distribution of fluorescent beads was not uniform over the whole image.
The bead density was higher in the lower areas of the polyacrylamide structure. While
this would theoretically enable smaller interrogation window sizes in these areas, the
relatively low bead density in the rest of the gel did not allow that, as the low number
of particles in the areas outside the well would not result in a detectable signal. The
search window size was set to double the interrogation window size in all three passes
of PIV. Each pass yielded a displacement map of the beads, as shown in Figure 4.4 D
for the 1/12 window. Here, each vector represents one interrogation window and the
colour and length of the vector indicates how big the displacement had been. The map
of the pass with the smallest interrogation window size was used for the FFTC plug-in
in Fiji to translate the displacements into a force field (Figure 4.4 E) [154, 155]. Each
displacement vector of the PIV analysis was converted into a force vector, where again
colour and length visualise the strength of the force.
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Figure 4.4: Analysis steps of traction force microscopy: A) Brightfield images of the cell
before and after adding trypsin. B) Fluorescence beads on the bottom of the well with
the cell attached. C) Points detected for registration of images before and after adding
trypsin. D) Displacement map of beads (in pixels). E) Force map (in Pa) estimated

from the displacement map in D.
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4.3.3 Cell fluctuation analysis

Originally, live cell images were taken at regular intervals of 5 min over 48 h (as ex-
plained in Section 4.2), in the hope of capturing deformations of the side walls of the
wells in the microstructured and protein patterned polyacrylamide gels when the cells
push against them. Unfortunately, these deformations were very difficult — and in many
cases, impossible — to observe, and any analysis of the images would have been unreliable
due to optical effects. However, it proved possible to analyse the fluctuations of the cell
shapes within the wells in videos produced from the images. The procedure of fluctu-
ation analysis, as well as the corresponding Python script, presented in the following
paragraphs were developed and written by Prof. Burkhard Geil.

Images taken every 5 min in the live cell measurements were combined to form a video.
In the first step, an image was generated which contains the information of the time
averaged brightness of all images in a certain video as shown in Figure 4.5 A. To obtain
a higher contrast, an inverse Gaussian gradient filter was applied to the time averaged
image (Figure 4.5 B). This increase in contrast had an effect on the appearance of the
edges of the wells in the images in particular and is important for the next step of active
contour segmentation. Active contours, also referred to as snakes, are a concept in which
the shape of an object is described by a deformable spline. A spline is a function de-
scribing a curve which is piecewise polynomial, continuously differentiable to some order
to ensure smoothness. The shape of these curves is influenced by external energies, such
as a gradient vector flow, and internal energies, calculated by the shape of the contour.
An algorithm is used to find the minimum of the sum of these energies [183]. Therefor,
the shape of these snakes are optimised until the minimum of the sum of the energies is
found. Described in other words, applying active contours can be imagined as a process
of spanning an elastic band around the image and finding the well edges by contracting
this elastic band. Well shapes determined by this time intensive procedure, as shown
in Figure 4.5 C, are defined as regions of interests (ROI). The detected edges were then
transferred back to the time averaged image of the video (Figure 4.5 D) and the individ-
ual images. The ROIs/wells were labelled with a number for better assignment of data
to the well/cell in the video (Figure 4.5 E).

In the next step, the brightness of each ROI in each image of the video was analysed.
Here, a distance Al between the brightness of two images F' an G was defined as

1 .17
Al = 1 Z(Fz’—Gz’)

i€ROI

where A is the area of the ROI (number of pixels). Summation takes place over all pixels
within a ROI, which means the index 7 is two dimensional. This means F; and G; are
a value of brightness of pixel 7 in images F' and G. This definition was then used to
analyse fluctuations within the wells/ROIs over time, where the values of brightness of
pixels in each image t are compared to the brightness value of the time averaged
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Figure 4.5: Brightness fluctuations analysis of live cell videos: A) Image of the time av-
eraged video (TAV) of wells. B) TAV image after applying an inverse Gaussian gradient
filter for a higher contrast. C) Using an active contour concept to obtain well shapes. D)
Back transfer of the detected well shapes to the original TAV image in A). E) Labelling
of wells for better assignment of data to wells in video.
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video (TAV) image generated in the first step. The brightness difference Alro;(t) within
an ROI at time ¢ is calculated as

2

1
Algos(t) = 1 Z (Frori(t) — TAVgor.)?

1€ROI

Plotting Algor(t) shows the fluctuations in one well and therefore fluctuations of the
cell cultured in this well over time. An example of a fluctuation trace within an ROI is
shown in Figure 4.6 A.

These fluctuation time traces can be used to generate autocorrelation functions. Auto-
correlation describes how much a signal /information has changed over time by comparing
the original information to the information at another time point. The value returned
by the autocorrelation function is 1 in case the information stayed exactly the same.
With increasing changes in the images, this value decreases. The autocorrelation for the
previous example fluctuation trace is shown in Figure 4.6 B. Each point in this autocor-
relation shows the average similarity between images separated by a certain time lag.
This means for the values in the autocorrelation, not only one image was compared to
another one per data point. The second data point, for example, includes the correlation
between the first image of one well/ROI and the third one, the second image and the
fourth one, the third image and the fifth one and so on. In other words, the second
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Figure 4.6: Exemplary analysis of cell 9 of Figure 4.5: A) Fluctuation time trace. B)
Autocorrelation function.
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data point provides averaged correlation between all pairs of images that are two time
steps apart. This means the data points give information about how much the image
has changed after a certain numbers of time steps/lag. It should be noted that fewer
values are averaged for larger lags. For N images, there are N — 1 neighbouring pairs,
N — 2 separated by a single gap and so forth. This means there is only a single value for
the largest lag. If the plotted curve decreases fast, the changes within in the ROI are
big and fast. If the plotted curve decreases slowly, not many changes occur. It is also
possible to see an oscillation of the curve. This happens if the information within the
video is repeatedly inverted, fluctuating between two opposite states. In the case of cells
in wells, this is possible if the cell is going around in circles. For a better comparison of
this data, a time constant can be estimated as the exponent of an exponential function
fitted to the autocorrelation function of the respective well. This time constant can be
understood as being similar to a decay time. However, as the autocorrelation function
is not an exponential function this should only be understood as an approximation.
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4.4 Conclusion

This chapter described how the fabrication process of microstructured and protein pat-
terned hydrogels for cell sorting was developed and established, and how it can be used
for cellular force measurements. The initial passive pumping approach for polyHEMA
might be feasible for creating a non-adhesive cell sorting grid in the future if it can be
optimised to solve the problems of partial filling of the structures and the dissolving of
the material in media. As a result of these issues, polyacrylamide was selected as a more
suitable material for measuring cellular forces. Silicon was chosen as the mould material
for the microstructuring and protein patterning process as it is impermeable to oxygen
unlike PDMS. These moulds were etched using an ICP setup with the prior removal of
the silicon dioxide layer to ensure uniform results. The resulting moulds had pillars with
a depth of 8 pm.

For cell experiments, these pillars were coated with a protein using a p-contact print-
ing approach wherein a PDMS substrate covered with a layer of protein served as a
stamping pad onto which the silicon mould was pressed. After coating, the moulds were
used during polyacrylamide polymerisation. Four different compositions of acrylamide
and cross-linking bis-acrylamide were used to prepare polyacrylamide gels with Young’s
moduli of 1 kPa, 8 kPa, 30 kPa and 100 kPa. This p-contact printing approach for
fabricating microstructured and protein patterned polyacrylamide gels was successfully
established, while an alternative lift-off process was not. The polyacrylamide gels were
then used as substrates for culturing ovarian cancer cells of the cell line SKOV3.

To analyse the structure of the silicon moulds, optical profilometry was used. Vari-
ous methods of analysing the polyacrylamide gels were considered. An AFM could be
employed for measuring the stiffness of the gel, but was not suitable for measuring in-
side the wells. Instead, a CLSM and fluorescent beads embedded in the gel was used. A
similar arrangement was used to track the movement of embedded fluorescent beads in
the gel when cellular traction forces were applied. The displacement of the beads was
determined and converted into estimates of the applied forces using the PIV and FTTC
plugins in ImageJ (Fiji).

Brightness fluctuations of cells during live cell measurements over 48 h were analysed.
In the images taken, edges of the microstructured wells the cells were cultured in were
found by using an active contours concept. Fluctuation of brightness in the wells were
investigated by analysing fluctuation time traces combined with cell videos of the im-
ages taken during measurements. Autocorrelation functions were generated to obtain
information about how much the brightness of a cell had changed. Additionally, a time
constant, similar to a decay time, were defined for further investigations.

Overall this analysis showed that microstructured and protein patterned hydrogels for
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cell sorting were fabricated, characterised and successfully used for cell experiments,
including the measurement of cellular traction force and brightness fluctuation analyses.

o4



5 Results and discussion

To verify whether the developed fabrication process of microstructured and protein pat-
terned polyacrylamide gels as described in Chapter 4 was successful, each fabrication
step has been investigated. These quality controls did not only show that the methods
and techniques used were working reliably, but can also serve as a base for characteri-
sations of the the structures developed. A well defined experimental set-up is especially
important when the influence of physical properties of the microenvironment on cellu-
lar responses is investigated. To study the effect of changing a certain parameter on
the cell’s behaviour, it is important to keep all other factors in the experimental set-up
constant. For example, if the diameter of structures in microstructerd and protein pat-
terned polayacrylamide gel is changed, the depth should still be the same. The results
of the characterisations of Si-moulds and polayacrylamide gels will be presented in this
chapter.

Additionally, cells cultured on these gels need to be observed, to check if they spread
and behave as expected. Only if the cell appearance is normal, analysing the impact of
changes in the physical properties of the microenvironment on cellular protein expres-
sions, morphological changes and traction forces is sensible. In this chapter, the results
of cell experiments of ovarian cancer cells cultured on microstructured and protein pat-
terned polyacrylamide gels will be shown. This will include traction force microscopy
experiments of differently sized patterns and analysis of morphological fluctuations of
the cells.

5.1 Silicon moulds and microstructured and protein
patterned polayacrylamide gels

5.1.1 Characterisation of silicon moulds

For the full characterisation of the experimental set-up, the structuring of Si-moulds has
been checked first. For this it was important to determine if the diameter and depth had
been etched correctly, as well as the examination of critical parameters such as steep-
ness of the sidewalls profile. Images of the Si-moulds after the dry etching procedure
and removal of residual photoresist were taken with two independent methods, an SEM
(Figure 5.1 A) and an optical profilometer (Figure 5.1 B). Figure 5.1 A and B show a
straight profile of the sidewall, a diameter of the pillars of around 32.5 pm and a height
of the structures of around 8 pm (see 7.2). Both images shown in Figure 5.1 give the
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same information, but the SEM measurements take significantly longer, due to the sam-
ple loading procedure and the requirement to pump the chamber down to a vacuum.
The following analysis of Si-mould morphology with different target pillar diameters
used optical profilometry because of this speed difference. Note that in the analysis the
indicated diameters (20 pm, 30 pm, 40 pm and 60 pm) refer to the diameters of the
pillars in the pattern design in L-edit and in the chrome mask used. The diameters for
the designs were chosen based on the average spreading area of ovarian cancer cells on
2D substrates of 1.700 pm? [170]. The largest diameters leaves the cell some space to
move as it is larger then the average size, while the smallest sizes restrict the volume
available to the cell. Thus, it is important to verify the sizes of Si-moulds and wells in
the polyacrylamide gels, for knowing how much the cells are restricted by the wells. The
diameters of the etched Si-moulds determined with the optical profilometer are shown in
Figure 5.2 C (orange bars). The average measured pillar diameters were 14.5 0.79 jm,
25.2 £0.97 pm, 33.7 £1.28 pm and 56.2 £0.62 pm corresponding to the mask diameters
20 pm, 30 pm, 40 pm and 60 pm, respectively. It was noticed that the relative variance of
the size between the mask and the Si-mould decreases with increasing pattern diameters.
While the smallest Si-mould diameter of 14.5 pm represents 72.5 % of the designed mask
of 20 pm, the 56.2 pm of the largest Si-diameter measured is equivalent to 93.6 % of the
mask with a diameter of 60 pm. However, analysing the absolute errors for the different
diameters shows that the values of 5.5 pm, 4.8 pm, 6.6 pm and 3.8 pm are very close
to each other. This suggests that a systematic error is causing these deviations in size
between the designed mask and resulting Si-moulds. A similar trend is observed for the
analysis of Si-mould heights measurements, as visualised in Figure 5.2 D. In the process
used, the aim was to etch pillars with a 8 pm height, to ensure deep enough wells, in
the next step of moulding polyacrylamide gels, to confine ovarian cancer cells in defined
volumes. The average heights measured of Si-mould pillars with the mask diameters of
20 pm, 30 pm, 40 pm and 60 pm were 7.7 £0.15 pm, 8.4 £0.12 pm, 8.6 +0.03 pm and
8.9 +0.06 pm, respectively. While the differences in height between the differently sized
patterns are not as big as for the diameters, they are still noticeable.

This discrepancy in dimensions has several potential explanations. It is possible that
some diameter reduction occurred during the transfer into the photoresist in the lithog-
raphy process. This could be due to a non-optimised exposure time, leading to an
overexposure of the photoresist during pattern transfer. Here, the diffraction of the UV
light at the pattern design of the chrome mask could result in smaller pattern in the
photoresist and rounded corners. Similar artefacts can be seen during an overdevelop-
ment, where the photoresist is removed in unwanted areas because it was immersed in
the developer for too long [184]. The difference in depth, which seems to depend on the
pattern diameter of the Si structures, could be explained by a reverse microloading effect
during the etching process. This effect describes a faster etching rate of large open areas
in comparison to smaller areas and may be due to a high density of neutral reactive gas
molecules and low density of ions on the surface [185]. This stands in contrast to the
effect of classical microloading, where the etching rate depends on pattern size as well,
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Figure 5.1: Images of silicon moulds taken with A) an SEM and B) an optical pro-
filometer.

but smaller features tend to be etched less [186, 187]. This is explained by unavailability
of etchant gases in high concentration inside small holes.

A further optimisation of the lithography and etching steps may lead to an even better
transfer with less loss in pattern size. However, it should be noted that the aim of
the work presented here was to design a cell culture platform for cell sorting and force
measurements with the ability of changing single parameters independently. A perfect
transfer of dimensions from a design into the photoresist is not critical in this work as

long as the whole process is reliable, reproducible and the system well characterised.
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Figure 5.2: A) 3D image of a PAA gel with fluorescent beads taken with a CLSM
(bottom right). Crosshair indicates in the XY image (top left) where the ZY profile (top
right) and the XZ profile (bottem left) were taken. B) Stiffness of PAA gels with different
AA and bis-AA compositions as a boxplot (Central line in box indicates the median,
bottom and top edges indicate the 25th and 75th percentiles, respectively, whiskers
extend to the most extreme data points, and outliers are marked with '+’). Comparison
of diameter C) and depth D) of Si moulds and PAA gels with different stiffnesses.
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5.1.2 Characterisation of polyacrylamide gels

Characterisation of structured polyacrylamide gels was challenging in parts, as men-
tioned in Section 4.3.1. To measure the four different gel stiffnesses of 1 kPa, 8 kPa,
30 kPa and 100 kPa, which were targeted by using four different compositions of acry-
lamide and bis-acrylamide, an AFM was used as explained in Section 4.3.1. The average
Young’s moduli determined by the analyses of the force maps were 102.3 +£9.5 kPa,
28.7 £4.1 kPa, 9.6 +2.2 kPa and 1.7 +0.4 kPa for the expected stiffnesses of 100 kPa,
30 kPa, 8 kPa and 1 kPa, respectively, as presented in Figure 5.2 B as a boxplot. Find-
ing the right composition of acrylamide and bis-acrylamide for a desired stiffness is not
easy, as there is a complex relationship between total polymer content, cross-linker con-
centration and Young’s modulus [188]. Denisin and Pruitt found that the stiffness of
a polyacrylamide gel is dependent on the composition of the polymerisation solution
(including acrylamide, bis-acrylamide, polymerisation initiator and catalyst concentra-
tion), temperature and time of polymerisation, and storage time of the gel before it is
used for cell culture experiments [173]. These parameters were kept constant for all
polyacrylamide gel fabrication done in the presented work, independent of whether the
gels were used for cell experiments or analysed to characterise stiffness and dimensions
of the structures. Despite these precautions, some outliers were detected during the
AFM measurements. These irregularities could have had their origin based in irregular
polymerisation, for example caused by a slight heterogeneity of bis-acrylamide concen-
trations, or in measurement artefacts during characterisation, or incorrectly fitted data
points. However, the results illustrated in Figure 5.2 B show that the fabrication of
polyacrylamide gels with four different stiffness, ranging from a few kPa to 100 kPa, was
successful.

For visualisation and characterisation of depth of the pattern of wells in the polyacry-
lamide gel, fluorescent beads with a diameter of 0.2 ym have been embedded in the gel
and a CLSM have been used for investigation. Here, a high density of fluorescent beads
is necessary in order to achieve a uniformly high fluorescent colouring of the gel. This is
especially important for detecting the edges of the structures within the polyacrylamide
gel. The images taken not only allow the determination of the dimensions of the struc-
tures in the gel, but also the ability to construct a 3D image of the sample, with an
example seen in Figure 5.2 A. Here, the wells in the gel are clearly visible due to the
absence of beads. This also confirms that it is essential to wash the gels thoroughly
after polymerisation. If this washing step is omitted, fluorescent beads (along with non
polymerised polyacrylamide) can be present in the solution the gel is immersed in, and
thus also in the cavities of the wells. The fluorescent signals of these beads could falsify
the analysis of the depth explained in Section 4.3.1 and Figure 4.3. The measured depth
for the four stiffnesses and the four diameters fabricated are shown in Figure 5.2 D
and the corresponding diameters of the wells as determined with optical microscopy are
shown in Figure 5.2 C and summarised in Table 5.1. Similar to the size reduction that
occurred during the step of transferring the designed pattern into Si-moulds, it can be

29



5 Results and discussion

seen that polyacrylamide gels have structures with smaller dimension than the silicon
moulds. This is true for both diameter and depth. Similar to the construction of the
Si-moulds, the shrinkage of the polyacrylamide gels is roughly constant, with around
10 pm below the target sized of the pattern designed, or around 5 pm below the mea-
sured Si-mould size. Which means that both processes, the transfer of patterns during
the lithography step and the moulding during polyacrylamide polymerisation leads to
the same shrinkage. Again, this suggests it is a systematic error which could either be
improved with an optimised process or allowed for when designing the structures (deign
the patterns 10 pm wider than desired in L-edit).

The process of shrinking of pattern size could happen during the process of polymeri-
sation as it has been observed with other polymers such as PDMS [186]. Another rea-
son for the size difference could be the temperature used during polymerisation (room
temperature) and storage (4°C overnight). Temperature not only has an influence on
the stiffness of the polyacrylamide (as discussed above), but also on the swelling and
shrinking behaviour [189]. Another reason for the reduction in size during the moulding
process could be due to chemical properties of the silicon surface such as its hydropho-
bicity. Possibly, a combination of both temperature and surface properties of the silicon
could be responsible for the smaller dimensions of the polyacrylamide. This would also
explain why the storage of the gel at 4°C overnight, as well as the oxygen treatment of
the Si-moulds prior to the polymerisation are critical steps to enable the easy removal
of the Si-mould from the polymerised gel.

When replicating the experiments explained here, it should be kept in mind that the
results of the characterisation are not completely independent of the chosen character-
isation method. Macroscale, such as rheometers, and microscale methods, such as the
AFM method used here, exist for characterising mechanical properties of polyacrylamide
gels [120]. Especially for soft gels, the chosen method can lead to different results for
the same polyacrylamide gel formulation [190]. As cell experiments take place on the
microscale, it is best to use a characterisation method on the same scale.

Overall, the analysis of both diameter and depth show that the moulding process is
working correctly. Structures on the Si-mould are transferred into the polyacrylamide
gels, independently of the designed diameter of the pattern or stiffness of the used poly-
merisation composition of acrylamide and bis-acrylamide. The characterisation of the

Table 5.1: Volume available for cultured cells in wells of the microstructured polyacry-
lamide gels. Calculated using the measured diameters and depth of the structures.

Target diameter [nm] Meas. diameter [nm] Meas. depth [pm] Volume [pm?®]

20 10.4 7.5 638

30 20.0 8.0 2,490
40 274 7.2 4,250
60 49.9 7.5 14,700
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fabricated microstructured polyacrylamide gels allows the calculation of the volumes
available to cells cultured on these gels, as listed in Table 5.1.

5.1.3 Protein transfer for cell experiments

To ensure that the protein transfer was successful, fluorescent gelatin was used instead of
collagen for the p-contact printing process explained in Section 4.1.3. Gelatin is hydrol-
ysed collagen I and a fluorescently labelled form is commercially available. The PDMS
stamping pad was covered with the fluorescent protein solution and an image was taken
after the Si-mould was pressed onto the PDMS surface to pick up the protein. As can be
seen in Figure 5.3 A, the fluorescent gelatin layer (bright in the image) was still present
in the areas with no contact to the moulds. The protein was removed by the circular
Si-pillars during the p-contact printing process as explained in Section 4.1.2, leading to
a dark pattern of circles. The protein was successfully transferred into the polyacry-
lamide gels, as shown in Figure 5.3 B. The bright appearance of the protein pattern in
the image shows that a selective protein transfer combined with a 3D structuring of the
polyacrylamide gels is possible by using Si-moulds.

Figure 5.3: Protein transfer of fluorescent gelatin during p-contact printing. After
transfer, the PDMS substrate (A) has no gelatin left where the silicon pillars removed
it during the p-contact printing process. It has been transferred to the wells in the
structured polyacrylamide gel (B).
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5.2 Cell experiments

After it had been demonstrated, that the individual steps of the fabrication process
for microstructured and protein patterned polyacrylamide gels are working correctly,
it was possible to culture cells on these gels. The aim was first to fabricate a cell
culture platform in which well known behaviour of cells, such us spreading out on stiff
substrate with enough space available, could be replicated to ensure that the whole
experimental set-up is working reliably for cell culture experiments. Without these
reviews, the results of further experiments would had been questionable. In the next
step, physical parameters of the experimental set-up were changed to investigate cellular
responses to changes in their microenvironment.

5.2.1 Cells cultured on microstructured and protein patterned
polyacrylamide gels

As explained in Section 4.1.3, several steps of the fabrication process of microstructured
and protein patterned polyacrylamide gels are critical. Examples are the maintenance
of the right pH level of 6 during protein incubation and that the PDMS stamp as well
as the Si-mould have to be oxygen plasma treated for a successful outcome. Before
these steps had been optimised, cells were able to attach to the bottom of the fabricated
microstructured polyacrylamide gels but did not spread out over the whole surface at
the bottom of the well. It was noted that the cell appearance of the ovarian cancers cells
of the cell line SKOV3, seeded in the wells of the microstructured and protein patterned
polyacrylamide gels, was different in comparison to healthy cells in culture. The cells
in the wells looked more rounded than usual, as shown in the example in Figure 5.4 A.
This appearance is normally typical for cells cultured on soft gels, as it is known that
substrate stiffness influences cell spreading behaviour [70]. It was only when the protein
transfer was further improved that the cells spread out and attached to the substrate,
similar as they do on flat hard substrates (Figure 5.4 B). Therefore, it is assumed that
the cells develop a round shape if the protein transfer is incomplete. If no protein had
been transferred at all during the p-contact printing, the cells could not adhered to the
substrate. As long as the cells attached strongly enough to the polyacrylamide gel, they
were able to stay attached even after several washing steps. This was also observed on
rounded shape cells, which indicates that a small amount of protein was present that
helped their adhesion. It could be that the low protein concentration allows the cells
solely to attach to the gel but not to spread out. This rounding effect of cell shapes
has been observed previously when cells were cultured on well-defined islands of pro-
teins [191]. This is also supported by Chaudhuri et al., who found that the density of
extracellular matrix protein ligands can overwrite the effect of stiffness on responses of
endothelial cells, such as the spreading behaviour [192].

To confirm whether the low protein concentration was responsible for the rounding of
cells, the optimised fabrication process of the microstructured and protein patterned
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Figure 5.4: Cells of the ovarian cancer cell line SKOV3 on microstructured and pro-
tein patterned polyacrylamide gels (30 kPa) before A) and after B) optimisation of the
fabrication protocol.

polyacrylamide gels could be used with varying protein concentrations in future experi-
ments. This could be achieved by using a range of concentrations for the protein coating
of the PDMS stamping pad during the p-contact printing step. To determine the amount
of protein transferred, fluorescently labelled gelatin can be used and the concentration
analysed with fluorescence spectroscopy. It would also be possible to combine these two
techniques and use a mixture of collagen and fluorescently labelled gelatine to gain a
direct link between protein concentration on the gel and the morphology of the cells.

Fluorescent staining of cells

Fluorescence microscopy enables detailed cell structure investigations beyond the anal-
ysis of cell morphology obtained in brightfield images. Various proteins in cells can
be fluorescently labelled as explained in Section 3.3.3 and Section 4.2. For this work,
ovarian cancer cells of the cell line SKOV3 were stained to label DNA (blue), actin
cytoskeleton (green) and vinculin, a protein of the focal adhesion complex (red). The
cells were cultured on the microstructured and protein patterned polyacrylamide gels
for 24 h, fixed with paraformaldehyde and then incubated with the fluorescent dyes. An
example of a fluorescent image of cells trapped in a well with a diameter of 60 pm are
shown in Figure 5.5. Staining of the DNA shows that there is more than one cell in all
four wells after 24 h. This indicates that a cell division is highly likely to occur within
the first 24 hours after seeding, as multiple cells per well were also found in other exper-
iments. In general, the seeding density used ensured that only one cell is present in each
well initially. As the seeding density was kept the same for all cell culture substrates,
the probability that two cells present in one well increases with larger diameters.

By analysing the green and red channels in Figure 5.5, in which the signals of the actin
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Figure 5.5: Fluorescent staining of ovarian cancer cells SKOV3 on microstructured and
protein patterned polyacrylamide gels with a stiffness of 30 kPa and a diameter of
60 pm. DNA is shown in blue (Hochst 33342), actin in green (Phalloidin-iFluor 488)
and vinculin in red (Vinculin Monoclonal Antibody 7F9, eFluor 570). In the second
image in the second row, all three fluorescent channels are merged; yellow areas indicate
where signals from actin and vinculin overlap.

and vinculin stains are shown, a high degree of similarity of the fluorescent images can
be observed. Although focal adhesions and the actin cytoskeleton are expected to be
located in the same areas and their signals are not exactly the same, as seen in the
merged last frame of Figure 5.5, the reason for this high level of agreement between the
two channels is probably an artefact of cross-correlation as explained in Section 3.3.3.
The effect of signals from one fluorophore being present in an image where a targeted
fluorophore is under investigation is called bleeding-through. This is a common chal-
lenge in multi stained fluorescent microscopy [193]. There are many parameters which
influence the quality of a fluorescence image. These can be divided into three categories:
sample preparation including staining, the employed microscope and its settings, and
image post-processing. To improve the quality of the image in Figure 5.5, the visual
image quality and intensity of the individual fluorescence markers used should be ex-
amined. Hence, in some samples only one stain should be used to ensure that there is
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no cross-correlation while taking the image and finding the right parameter settings for
the microscope. When taking an image with multiple organelles of a cell being stained,
bleeding-through can be minimised by using narrow excitation wavelength bands and
taking sequential images of the different stains instead of detecting all channels simul-
taneously [194]. Another approach to further reduce the effect of bleed-through in flu-
orescent images already recorded is to use an image processing software [195]. If these
steps do not lead to the desired results, further optimisations of the image acquisition
should be taken into account as described in the literature [195-198].

Although the set-up for taking fluorescent images as seen in Figure 5.5 needs further
improvement, the images show that cells spread on the microstructured and protein pat-
terned polyacrylamide gels and can be stained for further analysis. With the described
optimisations of fluorescent images implemented, precise actin stress fibres and focal
adhesions within the images of the cells could be detected. Actin densities and focal
adhesion densities and areas could then be analysed by using ImageJ (Fiji) [199, 200]

5.2.2 Cellular traction forces

The results presented previously showed that the developed microstructured and protein
patterned polyacrylamide gels can be used as a cell culture substrate. It was also verified
that several properties of the cell substrate can be changed, such as the diameter and
the stiffness of the gel. In this section, their suitability for performing traction force
microscopy will be examined.

For measuring cellular traction forces, fluorescent beads embedded in the microstruc-
tured polyacrylamide gels were tracked as explained in Section 3.3.4 and Section 4.3.2.
Two images were taken, one with the cells in place and one after detaching the cells by
trypsinising them. The detected movement of the beads was converted into a displace-
ment field, in which the displacements of a defined area were represented by a vector.
By knowing the mechanical properties of the polyacrylamide gel, such as its Young’s
modulus, its Poisson’s ratio and the assumption that the material is linear elastic and
isotropic, the displacement field could be converted into a force field. The force field,
which is again a vector field, indicates where the cell has pulled or pushed its microen-
vironment.

Three cells were studied in three differently sized patterns to show that traction forces
can be measured in the microstructured polyacrylamide gels developed and fabricated
in this work. The results give an idea on how forces applied by cells trapped in three
dimensional wells differ depending on the volume available. Microstructured and pro-
tein patterned polyacrylamide gels with a stiffness of 30 kPa and diameters of 30 pm,
40 pm and 60 pm, leading to wells with a volume of 640 pm?, 2,490 pm?, 4,250 pm?
and 14,700 pm?, were fabricated. On these substrates cells of the cell line SKOV3 were
cultured for 24 h in an incubator. Traction forces of these cells were analysed at the
bottom of the gel (Figure 5.6 and in the middle of the wells, 3 pm above the bottom
(Figure 5.7). During the analysis process it was noted that in the second fluorescent
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Beads Displacement Force

Figure 5.6: Analyses of cellular traction forces of ovarian cancer cells SKOV3 on the
bottom of wells in microstructured and protein patterned polyacrylamide gels with a
stiffness of 30 kPa and a well diameter of A) 30 pm, B) 40 pm and C) 60 pm. Brightfield
image of the cell, distribution of fluorescent beads, displacement map of the beads (in
pixels) and the force map (in Pa) estimated from the displacement map are shown.

image taken, after the cell was detached, almost all fluorescent beads which were dis-
placed by the cells were moved away from the centre of the circular well. This leads to
the conclusions that the cell pulls on the well boundaries it is surrounded by. This effect
was seen for both analyses, the one at the bottom and the one in the middle of the wells.
This first conclusion was confirmed by the analyses of displacement and traction force
maps shown in Figure 5.6. The vectors of the displacement map of the fluorescent beads
and the vectors of the estimated force maps of all three gels investigated point towards
the middle of the well. The result suggests that the direction of the force cells apply is
independent of the size of surface area the cells is attach to, or the volume available to
the cell. The analyses of the results for traction forces applied by cells at the middle of
the same structure, 3 pm above the bottom of the well, shown in Figure 5.7, do not yield
clear trends in terms of the location where cell exert and apply force. Many vectors of
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Force

Figure 5.7: Analyses of cellular traction forces of ovarian cancer cells SKOV3 3 pm
above the bottom of the wells in microstructured and protein patterned polyacrylamide
gels with a stiffness of 30 kPa and a well diameter of A) 30 pm, B) 40 pm and C) 60 pm.
Brightfield image of the cell, distribution of fluorescent beads, displacement map of the
beads (in pixels) and the force map (in Pa) estimated from the displacement map are
shown.

the displacement and force maps of all three well sizes investigated point towards the
centre of the well. However, a number of vectors point in other directions, including
away from the centre of the well. The characteristics of traction forces pointing towards
the middle of the cell has been seen before in 2D [66] and 3D [81]. It has also been
previously observed that traction forces are higher at the edges of the cell than in the
middle [201, 202]. This can be explained by the molecular clutch model mechanism and
the direction of the actin retrograded flow as described in Section 2.2.

In general, cellular traction forces detected with traction force microscopy range between
a few Pa up to hundreds of kPa [82]. This is in agreement with the traction forces mea-
sured in this work on ovarian cancer cells and summarized in Table 5.2. The cellular
traction forces measured at the bottom of the fabricated microstructured and protein
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Table 5.2: Measured traction forces of SKOV3 cells on PAA gels (shown in Figures 5.6
and 5.7) with a stiffness of 30 kPa and different well diameters.

Diameter [pm] Position in well Average Force [kPa] Maximum Force [kPa]

30 bottom 0.47 4.23
40 bottom 0.30 3.44
60 bottom 0.25 2.12
30 middle 0.19 1.25
40 middle 0.04 0.26
60 middle 0.03 0.28

patterned acrylamide gels had an average value of 0.47 kPa, 0.30 kPa and 0.25 kPa
for cells grown in wells with a diameter of 30 pm, 40 pm and 60pm, respectively. The
associated maximum forces obtained were 4.23 kPa, 3.44 kPa and 2.12 kPa. This means
the data obtained in this work show an inverse proportion between the diameter (and
therefore the volume) of the well the cells are cultured in and the average and maximum
traction forces of the cells. These results were unexpected as most experiments in the
literature have seen an increase of traction forces with in increase in spreading area as
discussed in Section 2.2.2. However, in this experimental set-up here the volume avail-
able for cell growth increases simultaneously to the spreading area, the data indicate
that volume can overwrite the effect of 2D spreading area on traction forces of ovarian
cancer cells. This thesis is supported by the work of Bao et al., who showed a decisive
influence of cell volume on the formation of actin stress fibres and focal adhesion forma-
tion in human mesenchymal stem cells [64].

The traction forces of ovarian cancer cells measured here are in good agreement with the
values found by McKenzie et al., who also used cells of the cell line SKOV3 [70]. They
found mean traction forces of around 0.35 kPa and 0.51 kPa on 25 kPa and 125 kPa stiff
gels, respectively, but did not observe a significant difference in the detected maximum
traction forces on the same gels. It would be interesting to verify if this increase of
applied traction force of ovarian cancer cells with increasing substrate stiffness is still
valid in case of an increase or reduction of volume available for cell growth. The mi-
crostructured and protein patterned polayacrylamide gels developed in this work could
be employed for such a study as stiffness and volume available for the cell can be tuned
independently.

Interestingly, we were able to observe some displacement of fluorescent beads embedded
within the wall surface of the fabricated wells 3 pm above the bottom of the wells. The
calculated forces at the middle of the wells with diameters of 30 pm, 40 pm and 60 pm
were 0.19 kPa, 0.04 kPa, 0.03 kPa on average and 1.25 kPa, 0.26 kPa and 0.28 kPa maxi-
mum, respectively. These forces show the same trends of increasing force with decreasing
volume as the results on the bottom of the well. However, it is not clear yet how exactly
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the displacements and forces measured in the middle of the gel are applied by the cell.
As the fabrication process of the gel only leads to a protein layer on the bottom of the
wells but not on their inside walls, there is nothing on the non-adhesive polyacrylamide
gel in this area for cells to attach and pull on. It is likely that these forces are not lateral
forces applied by the cell in the middle of the gel, but an effect of the cellular forces on
the bottom of the gel. It could be that if the cell pulls the outer area of the bottom of the
well, the sidewalls get pulled towards the middle simultaneously. Further investigations
of different focus levels of the CLSM, and therefore different heights above the bottom
of the gels, are necessary to prove this hypothesis.

However, it should be taken into consideration that the results presented here have only
limited significance as only one cell was measured for each diameter. Furthermore, the
average was calculated over the whole associated force map shown in Figure 5.6. To
obtain a more meaningful measurement, data for evaluation should be limited to the
area the cell actually grows on (thus the bottom of the well). Solely this data and the
data of a thin defined area around the well should be taken into account to calculate
the average traction force. Also, enough cells need to be investigated to be able to make
a statement about whether and how the cellular forces are influenced by the area they
can spread on or the volume they have available. This would be especially interesting
because it is not clear yet which physical characteristic of the microenvironment actually
influences the cellular traction forces the most.

5.2.3 Cell fluctuation analysis

Live cell videos were taken of ovarian cancer cells of the cell line SKOV3 on polayacryl-
maide gels with three different stiffnesses of 100 kPa, 30 kPa and 8 kPa and a diameter of
60 pm to investigate the influence of the substrate stiffness on the cell behaviour. These
videos were formed from images taken every five minutes and brightness fluctuations of
the wells cells adhered to were analysed as explained in Section 4.3.3.

The combined examination of cells in the videos and their corresponding fluctuation
traces revealed some correlations between fluctuation peaks and cell behaviour. In the
fluctuation traces, prominent peaks were detected for multiple stiffnesses of the sub-
strate the cells were cultured on, as shown in Figure 5.8 A. These peaks can be linked
to temporary rounding of the cells, which is in most cases caused by a cell division.
This striking fluctuation in brightness is evident when observing the cell in the video as
shown in the image sequence of Cell 1 in Figure 5.8 C. The bright edges of the dividing
round cell at 29:30 h after seeding are in stark contrast to the dark, flat cell/cells at
28:25 h and 31:20 h. Although most of the peaks are caused by a temporary rounding
of cells, not all of them automatically mean that there is also a cell division occurring.
46 prominent peaks were analysed, of which 34 were linked to cell division and the other
12 peaks were classified as “false peaks”. In three cases of cell division, no characteristic
peak was detected. However, the general shape of a curve is already a good indicator
for whether a prominent peak is linked to a cell division or not. If a low base line of
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Figure 5.8: Analysis of cell fluctuation traces: A) Examples of cell division peaks of
ovarian cancer cells in microstructured and protein patterned polyacrylamide gels with
a radius of 60 pm and various stiffnesses (Cell 1-3). B) Typical fluctuation trace of
a rounded cell (Cell 4) and a completely spread and surface active cell (Cell 5). C)
Brightfield images of cell division of Cell 1. Time in lower right corner is in hours after
seeding.
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fluctuation exists before and after the peak, it is very likely that the peak can be linked
to a cell division. It was also noted that the general “noise” of the fluctuation curve of
a well can give information about how much the cell has spread. A rounded cell which
was only loosely attached to the bottom of the well has a typical fluctuation trace such
as the example Cell 4 shown in Figure 5.8 B. The fluctuations were hectic and “noisy”.
Another observation was that the fluctuation curves do not contain information about
how active a cell surface is. Cell 5 shown in Figure 5.8 B for example had a very active
cell surface, but was completely spread out and covered the whole well bottom surface.
Therefore, the fluctuation trace has a low base line without much noise. Only move-
ments of cell edges lead to a change in brightness noticeable in the fluctuation traces.
Autocorrelation functions and the corresponding time constants of cells were analysed.
By fitting an exponential function to the autocorrelation function of the fluctuation
traces, time constants were calculated. In addition to the experiments used for analysing
fluctuation traces of cells on 100 kPa, 30 kPa and 8 kPa structured polyacrylamide gels
with a diameter of 60 pm, the effect of available volume on autocorrelation functions
and time constants of cells was analysed by taking videos of cells in structures with di-
ameters of 30 pm and 40 pm and keeping the stiffness constant at 100 kPa. The average
time constant for the different sizes of pattern and stiffnesses of the gel, were calculated
and are presented in Figure 5.9 A. Unfortunately, no clear trend was seen among the
time constants of the cells in different volumes. However, a big jump was noted in the
average time constant between the cells in structures with a diameter of 30 pm and the
one in structures with a diameter of 40 pm. This could be due to the lack of space
cells have in the smaller wells. Here, they only have enough space to “squeeze” in the
well and often fill the whole volume, without much space available to move around or
change their shape. It would be interesting to know how these ideas could be linked to
the higher traction forces observed in smaller volumes for ovarian cancer cells.

The results also show that there could be an increase of the average time constants of
cells on stiffer substrates. Nevertheless, all these statements are a bit bold due to the
large standard deviations of the results. If the time constant is understood as a decay
time, a high value would indicate a stable cell without many changes of shape, and a
low number a very active cell which changes its shape continuously. For the results in
Figure 5.9 A, this would mean that cells are more active or change their shape more
on soft gels than on stiff ones. On the other hand, this would also be plausible in
the context of more rounded and less adhered cells on soft substrates and the observed
fluctuation traces in Figure 5.8 B. For investigations of a possible correlation between
between substrate stiffness and cell activity, further experiments using both fluctuation
analysis and traction force microscopy are needed.

As the standard deviations of the averaged time constants are so large, the distribution
of the time constants of the cells depending on structure size and stiffness of the poly-
acrylamide gel were analysed. Histograms were plotted as shown in Figure 5.9 B-F. The
idea was to search for two populations of cells with a corresponding low and high time
constant. If two such populations existed, the group size of each population could be
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Figure 5.9: Analysis of time constants of autocorrelations functions of ovarian cancer
cells: A) Average time constants of cells (standard deviation as error bars) depending
on pattern size and substrate stiffness. B)-F) Distribution of time constants used for
the average time constants in A).
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effected by volume or stiffness of the wells. However, the distribution of the time con-
stants do not allow any such conclusions to be drawn. While the data in C, E and F in
Figure 5.9 could probably be fitted by a normal distribution, the distributions in B and
D are not that obvious. As analysis of distributions of average time constants do not
explain why the standard deviations are that high, it should be checked if a function
other than the exponential one used for fitting the autocorrelation functions would lead
to better results. This idea is supported by analysis of the shape of the autocorrelation
functions of the cells 1-3 in Figure 5.8, which are presented in Figure 5.10. Here it can
be seen that the correlations functions follow an exponential function around the first
30 images, but show significant oscillations afterwards. It may be possible to fit the ex-
ponential function to only the initial trajectory of the autocorrelation data and compare
influence of changes in the microenvironment on the short-time correlations of cells.
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Figure 5.10: Autocorrelation functions of cells 1-3 of Figure 5.8. Note: The time differ-
ence between two images was 5 min.
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5.3 Conclusion

The results presented in this chapter show that the development and establishment of
a fabrication protocol for microstructured and protein patterned polayacrylamide gels
for cell experiments was successful. Four diameters, 20 pm, 30 pm, 40 pm and 60 pm,
were used to create circular patterns of different sizes, first on Si-substrates. Etching of
these Si-substrates led to structures of pillars with a height of around 8 pm high which
were used subsequently as moulds during polymerisation of polyacrylamide gels. Four
different stiffnesses of polyacrylamide gels were successfully prepared and characterised.
The characterisation was performed with an AFM and confirmed that the expected stiff-
nesses of 100 kPa, 30 kPa, 8 kPa and 1 kPa were satisfactorily achieved.

The moulding process from the Si-mould to the polayacrylamide gels worked indepen-
dently of the diameter of the structures or the stiffness of the polyacrylamide gels used.
This was examined by analysing brightfield and 3D images of fluorescent beads embedded
in the polyacrylamide gels, taken with a CLSM. The protein transfer was implemented
by using a p-contact printing approach. In this work the structured Si-mould was em-
ployed to transfer protein from the PDMS surface to the polylacrymide gel as well as
for simultaneously forming the micro sized wells used for cell studies.

By culturing ovarian cancer cells of the cell line SKOV3 on these substrates, it was
shown that the microstructured and protein patterned polyacrylamide gels fabricated
can be used for cell experiments and analysis. The cells adhered and spread out on the
bottom of the wells as expected. However, an incomplete protein transfer and a resulting
low protein concentration in the structures can probably lead to a more rounded cell
shape. Investigations of cellular structures such as the actin cytoskeleton and focal adhe-
sions are possible by using fluorescent microscopy. Nevertheless, the microscope settings
used in this work need further improvements to avoid artefacts such as cross-correlation
of fluorescent dyes.

By tracking embedded fluorescence beads within the microstructerd polyacrylamide gels,
traction forces exerted by ovarian cancer cells were determined at the bottom and in the
middle of the wells. Traction forces could be detected in structures of different sizes.
For the results presented in this chapter, 30 kPa stiff gels were combined with pattern
diameters of 30 pm, 40 pm and 60 pm for the microstructured and protein patterned
polyacrylamide gels. The detected average forces were between 0.2-0.47 kPa and 0.03-
0.19 kPa and maximum forces of 2.12-4.23 kPa and 0.28-1.25 kPa, at the bottom and in
the middle of the gel, respectively. These results were in good agreement with values re-
ported in the literature for cells of the same cell line [70]. It was seen that cellular forces
increase with decreasing volume available for the cell, which applies for both the average
and the maximum forces exerted by the cells in differently sized wells. As these findings
are in contrast with results of 2D measurements in literature where traction forces in-

74



5 Results and discussion

crease with spreading area, we state that volume available for cell growth overwrites the
effect of 2D spreading on cellular traction forces. However, a statistical relevance was
not given yet, as more than one cell measurement per well size is needed. The forces
detected in the middle of the well are likely to be caused by a deformation of the wall
structure, rooted in the cell applying forces to the bottom of the well.

Brightness fluctuations of cell videos, made out of brightfield images taken every five
minutes, were analysed and showed that characteristics patterns in the fluctuation traces
can often be linked to cellular events such as cell division or a rounded shape. How-
ever, analysis of the autocorrelation functions and the time constant of an exponential
fit did not clearly show an effect of pattern size or substrate stiffness on the time con-
stant. Therefore, standard deviations are too large, which could also not be explained
by analysis of time constant distributions. More experiments are necessary to obtain
more meaningful data. A different approach for the definition of the time constant by
using a different fitting function for the autocorrelation data, other than the exponential
function used, could help to understand the impact of available volume and substrate
stiffness on the behaviour of cancer cells.

75



6 Summary and future outlook

Ovarian cancer is one of the most lethal gynaecological diseases due to its poor survival
rates at late stage diagnosis. A better understanding of when, why and how ovarian
cancer emerges and progresses is crucial for the development of better detection meth-
ods and treatment success. As it is known that the tumour microenvironment differs
greatly from a healthy tissue and that it can even influence drug resistance during cancer
therapy, changes of physical properties of the microenvironment on cellular responses
need to be investigated. For this, a framework is needed which allows systematic studies
of the influence of individual components of the microenvironment on cells.

In the work presented, an experimental set-up, in which physical properties of the cell’s
environment can be tuned independently of each other, has successfully been estab-
lished for cell analysis. Optical lithography and inductively coupled plasma etching
were used to fabricated Si-moulds, which served as a mould, as well as a stamp, during
a Jj-contact printing approach to simultaneously microstructure and protein pattern a
polyacrylamide gel during polymerisation. The reliability of the process was verified by
characterisation of Si-moulds and ployacrylamide gels while varying pattern sizes and
Young’s module of the polyacrylamide gels.

The produced polacrylamide gels were used as cell culture substrates to obtain a better
understanding of the impact of external stimuli on ovarian cancer cells. The analysis of
cellular responses included protein expressions (using fluorescent staining and a CSLM),
cellular forces (by traction force microscopy) and brightness fluctuations of the cell (with
live cell measurements). The cellular forces detected are in a expected range and indi-
cate that there could be a correlation between increasing forces applied by the cell and
decreasing volume available. Furthermore, the 3D structures allow to draw conclusions
about how far reaching these cellular forces are, especially in the vertical direction. The
analyses of protein expressions and brightness fluctuations need more data and further
improvements before the results can be analysed in a meaningful way.

Nevertheless, the results presented show that the experimental set-up developed, with
the ability of controlling parameters of the cell substrate easily during fabrication, is
suitable to investigate the influence of defined physical properties of the microenviron-
ment on cellular behaviour. The microstructured and protein patterned polyacrylamide
gels in this project can be varied in stiffness and volume available for cell culture. Ad-
ditionally to the properties already mentioned, it is possible to change the shape of the
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pattern of the structured gels, from a circular one to e.g. a square or triangle by changing
the design in the lithography step. Furthermore, another ECM protein can be used for
coating the wells, such as fibronectin or laminin. It could also be interesting to use a mix-
ture of these proteins to mimic a microenvironment closer to the natural ECM of the cell.

One of the big advantages of the experimental set-up developed is that in the case
that two parameters cause two opposite reactions of the cell, it is possible to combine
the changes of both parameters simultaneously. This will lead to insights into whether
the cellular response to a change of one parameter can be overwritten by another one.
Another big advantage of the developed fabrication process of microstructured and pro-
tein patterned acrylamide gels is the robustness. While almost the whole processes of
design, development and improvement of these gels were done in Christchurch, New
Zealand, only some of the cell experiments were carried out there. Most of the cell
experiments which led to the the results presented in this work were completed in the
last six months of the project in Gottingen, Germany. As polyacrylamide gels need to
be freshly prepared for cell measurements, the process of p-contact printing has been
established at both locations without any problems.

Possibilities and ideas how to use this flexible and robust experimental set-up to obtain
a better understanding on cells in general, and cancer cells in particular, are countless
and only a few of them will be mentioned here.

Further investigations of traction forces, cell fluctuations and correlation functions

The experiments presented in this work could be further extended by changing volume,
stiffness and protein coating of the microstructured and protein patterned polyacry-
lamide gels for further investigations of how these parameters influence cellular traction
forces, the (re)organisation of the actin cytoskeleton, the number and area of focal ad-
hesions and cellular fluctuation and correlation functions. More data obtained by the
developed experimental set-up presented here will provide clarification if there is a sig-
nificant correlation between cellular traction forces and volume available for the cell and
how these results could be influenced by the stiffness of the cell culture substrate. Flu-
orescence staining of cells could help to relate these results to changes at the molecular
level by indicating changes of numbers of focal adhesions and the appearance of the
actin cytoskeleton. The findings could also be linked to cell fluctuation and autocorre-
lation behaviour of the cell, after further development of the analysis processes. The
combination of all these experiments would already help to decipher the influence of the
microenvironment on the behaviour of the cells, however, they could be complemented
by analysing further cell reactions as explained in the next sections.
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Cell cycle investigation for a better understanding of tumour growth

A useful further development of the work explained here would be the establishment of
live cell traction force microscopy. Here, the same procedure for gel fabrication and cell
culturing would be used as explained for the traction force microscopy experiments in
Section 4.1.3. Instead of taking only one image, a time series could be taken. For each
time point, a brightfield image of the cell, as well as an image of the fluorescence beads,
could be captured. The reference image for the gel without a cellular force applied could
be taken at the end of the experiment as the last image. Establishing such a set-up
would allow many interesting experiments such as the investigation of the cell cycle,
cellular forces applied during cell division and the influence of volume and stiffness of
the microenvironment on these processes. For these experiments, fluorescent ubiquitin-
based cell cycle indicator (FUCCI) reporter system for cells could be used. The FUCCI
system enables the fluorescence staining of the cell depending on the cell cycle phase it
is in [203]. Vianay et. al used human epithelial cells of the cell line RPE1-FUCCI and
showed that traction forces depend on the cell cycle phase [204]. An investigation of
the cell cycle and how it is influenced by physical properties of the microenvironment is
especially of interest in the context of cancer and tumour growth.

Measuring the microrheology of cells

While the Young’s modulus is a characteristic value which describes how axial strain
and tensile or compressive stress are related to each other in linear elastic materials, rhe-
ology also takes into account the viscous properties, many substances have. To describe
the viscoelastic behaviour of a material with its solid-like and fluid-like component, a
complex shear modulus is used. The microrheology of cells is interesting, as it has been
shown that cancer cells are significantly softer than healthy cells [100, 205-207]. Partic-
ularly in connection with ovarian cancer can that parameter help to investigate which
external trigger could have the potential of increasing the metastatic potential of cancer
cells [208]. Microstructured and protein patterned polyacyrlamide gels lend themselves
nicely to the study of cells’ metastatic behaviour using microrheology in the context of a
changing tumour microenvironment, due to the possibility of tuning various parameters
such as stiffness, volume or protein coating.

Several methods exist to measure mechanical properties of cells, such as optical stretcher,
the AFM or intracellular particle tracking microrheology [205, 207, 209]. Based on the
experiments carried out in this work, intracellular particle tracking microrheology would
be a good choice. Here, fluorescence beads are ballistically injected into the cell and the
Brownian motion of these beads is captured with a high-speed camera and then used to
measure mean square displacements (MSDs) [210]. MSDs can then be used to calculate
the complex shear modulus.

78



6 Summary and future outlook

Drugs and the chemoresistance of cancer cells

Drug resistance of cancer cells is a major problem in cancer treatment and investiga-
tion of that resistance is an important branch of cancer research. Several potential
mechanisms were proposed to explain how drug resistance may arise. These mecha-
nisms include intrinsic and extrinsic factors such as tumour heterogeneity and tumour
microenvironment [6]. Even though it is known that the cell-microenvironment contact
influences the drug response and resistance of cancer cells, this field of research receives
surprisingly little attention. For ovarian cancer cells it is known that the chemoresis-
tance against chemotherapeutic drugs increases under shear stress and is altered when
cells are cultured on bioimprints of cells [211, 212]. On microstructured and protein
patterned polyacrylamide gels, thousands of ovarian cancer cells can be cultured under
exactly the same controlled conditions at a time, which allows to measure metabolic
assays or use cell lysates for protein quantifications. A systematic research study how
physical properties of the microenvironment alter the chemoresistance of cancer cells will
not only increase the understanding of the disease cancer, but can also help to support
the efforts of improving artificial cell culture conditions during drug discovery. If in
vitro microenvironments for cells can be matched more closely to those of the natural
environment, more meaningful data during the initial steps of drug development can be
obtained.

Evidently, there are many interesting ideas how the experimental set-up of microstruc-
tured and protein patterned polyacrylamide gels could be used to investigate the influ-
ence of the physical properties of the microenvironment on the behaviour of cells. Not
only the analysis of proteins within the cell or measurement of traction forces and cell
fluctuations as implemented in this work, but also many other cellular studies are pos-
sible. Unfortunately, there was not enough time during the project presented to realise
these ideas, but hopefully it could be shown how helpful the developed system can be
for future cellular measurements. This becomes particularly important in the context of
a better understanding of such an important disease as cancer.
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7.1 Protocols

All process steps are made at room temperature, if not other marked.

7.1.1 Optical lithography
Preparing a chrome mask

e Design pattern and create file for mask writer

Write pattern into photoresist covered chrome mask, using a mask writer

Develop resist on chrome mask (AZ326 for photoresist AZ1518)

Etch chrome (10.9 % ceric ammonium nitrate, 4.25 % perchloric acid and 84.85 %
water)

e Remove remaining photoresist on the chrome mask with acetone

e Clean chrome mask with methanol and isopropanol

Preparing Si-moulds

e Clean Si-wafer with acetone and isopropanol in an ultrasonic bath (5 min each)

e ICP etch of SiO; layer (1 min)
25 scem SFg, 25 scem Ar, HF power 10 W, ICP power 1000 W, chamber pressure
5 mTorr

e Spincoat liquid photoresist AZ1518 (3000 rpm; 1 min)

e Softbake (1:30 min, 90°C)

e Transfer pattern from mask to photoresist covered Si-wafer
e Hardbake (6 min; 120°C)

o ICP etch of SiOy etch 30 sec
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ICP etch of Si 5:30 min
(40 scem SFg, 80 scem CHF3, Helium backing 10 torr, HF power 50 W, ICP power
1000 W, chamber pressure 15 mTorr)

Remove photoresist with NMP

Ultrasonic bath (10 min)

Wash with DI water and dry

e Cut into right size

7.1.2 Polyacrylamide gels
Preparing glass substrates

e Oxygen plasma treatment (10 min)
e Ultrasonic bath in Ethanol (5 min)
e Dry the cover slips with a clean room wipe or carefully with nitrogen

e Cover with freshly prepared NaOH (250 pl/cover slip; 0.1 M; 5 min) Note: from
this step on it should always be ensured to know which side had been treated

e Dry and cover with APTMS (100 pl/cover slip; 3 min)
e Wash with water (3 x 10 min)
e Dry and cover with GDA (200 pl/cover slip; 0.5 %; 30 min)

e Wash with water (3 x 10 min)

Prepare PDMS stamping pad
e Mix PDMS 1:10 w:w and degas until no bubbles are left

e Pour into pedri-dish, cure at 80°C (1 h)
Note: Curing time may need to be adapted to thickness of PDMS layer

p-contact printing

e Premix 300 pl collagen stock (3 mg/ml) and 900 pl AA-NHS-ester stock (1000
pg/ml) in 7.8 ml PBS (1 h)

e Cover plain PDMS substrate with premixed collagen-AA-NHS-ester solution (1 h)

e Clean Si-moulds with plasma O, asher (10 min)
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e Clean Si-moulds in DI water (ultrasonic bath; 10 min)
e Dry Si-moulds and PDMS substrate
e Push Si-moulds on PDMS substrate (10 min, 5 g weight)

e Use Si-mould for PAA gel polymerisation

Polyacrylamide gels pre-solutions

Table 7.1: Composition and volumes used for the polyacrylamide solutions to prepare
gels with defined stiffnesses (E-modulus).

E-modulus [kPa] AA[%] Bis-AA [%] Overall vol. AA vol. [g] Bis-AA vol. [g]

1 3 0.14 4 ml 0.12 0.0056
8 4 0.25 4 ml 0.16 0.01
30 10 0.10 4 ml 0.4 0.004
100 10 0.50 4 ml 0.4 0.02

7.1.3 Polyacrylamide gel preparation with APS and TEMED

e 0.5 ml PAA stock solution + 5 pl APS (1:100) + 0.5 pl TEMED (1:1000) in eppi
and vortex

Place PAA pre-solution on Si -mould (150 pl/mould)

Put glass substrates on top

Polymerisation (45 min)

Incubate in PBS at 4°C overnight

Remove Si-mould
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7.2 Scanning Electron microscopy results

Figure 7.1: SEM images of Si-moulds. Scale bar left 50 ym, right 20 pm.
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