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Abstract

Traditionally, cell studies have focused mainly on the effects of biochemical signals on cellular
behaviour; however, there is a growing interest in investigating the effects of physical cues on
the behaviour of the cells. Development of fabrication techniques has allowed researchers to
design topographical cues at the micro and nanometer scale. In this study, we fabricated
fibronectin stripes, which mimic some of the frequent patterns that cells are exposed to in their
natural microenvironment, and studied the effects of these patterns on 3T3 fibroblasts and
human mesenchymal stem cells which are of significant importance in the field of regenerative
medicine and tissue engineering. Our results show that cells align and elongate in the direction
of the patterns and the morphological features of cell, nucleus and architecture of force-bearing
stress fibers of the actin cytoskeleton are all highly dependent on the stripe width. 3D confocal
measurements showed that the cell thickness and nuclear shape is regulated through the
different arrangement of perinuclear actin stress fibers depending on the stripe sizes. We also
observed that when the size of stripes (5 um) is significantly smaller than the size of cell nuclei
(subnuclear stripes), cells exhibit 3 different morphological responses to the patterns. Minimal
confinement, branching on the stripes and elongation on a single stripe. The majority of cells
and nuclei align themselves with the subnuclear stripes; however, a substantial number of
hMSCs nuclei are elongated perpendicular to the direction of the pattern, a finding which we
explained using a geometrical model based on cell size. The behaviour of 3T3 cell lines and
the hMSCs were compared for the different types of pattern.

We designed setups that allow us to perform Raman microspectroscopy both in 2D and 3D
topographical patterns in order to be able to study their morpho-chemical effects on cells. We
also genetically modified 3T3 fibroblasts to express fluorescent-tagged proteins that visualize
the actin cytoskeleton and the nucleus which allow us to perform live cell imaging to study the

dynamics of cell behaviour on topographical patterns.
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Chapter 1:
Introduction to the cell and its mechanical

structure

Cells are the building blocks of the life and similar to every other machine, they are made of smaller
building blocks that perform a cascade of coordinated functions and they influence each other via
numerous chemical and mechanical feedback circuits. These interactions result in complex cellular
behaviour. In order to understand the physics of cell function and the effect of substrate topography
on them, we first need to understand the physical structure of elements that bear, generate and
transmit mechanical signals inside a cell. In this chapter, we will try to give a brief overview of vital
organelles of a eukaryotic cell and elements of the cytoskeleton and nucleus that play key roles in
sensing and transducing mechanical cues of the microenvironment and generating mechanical
reactions of the cells to these cues. In addition, we will introduce briefly the composition and
mechanical properties of the extracellular matrix (ECM) that form the natural microenvironment of
the cell and the mechanism of interaction of the cell and ECM which regulates cell adhesion to this
matrix.

Chapter one will give necessary knowledge about the biology and structure of cells and their
microenvironment which is required for understanding the next chapters and particularly the findings

of this thesis.

1.1 Structure of a eukaryotic cell

Eukaryotic cells are the building blocks of various unicellular and multicellular living organisms such
as algae, yeasts, fungi, protozoa, plants and animals(‘Eukaryotic Cell’, 2011). As the etymology of their
name suggests (Greek: EU “’well”’+ karyon ’’nut’’), eukaryotic cells are enclosed by a cellular
membrane and are made of internal membrane-bound organelles which together make up the
endomembrane system (Burnap & Vermaas 2012) (Figure 1-1). The size of eukaryotic cells can vary
within the range of 10-100 um and this makes them huge cells in comparison with prokaryotic

cells (bacteria and archaea) with a typical size of 1-10 um.
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Figure 1-1: Internal structure and internal organelle of an animal eukaryotic cell. (Encyclopadia

Britannica.Inc, 2018).

Unlike prokaryotic cells, eukaryotic cells have a well-structured and enclosed nucleus inside a
membrane boundary that contains genetic material of the cells. The nucleus is the biggest
organelle of the cells and it can occupy approximately 10% of the cell volume with an
approximate diameter of 6 um in mammalian cells (Lodish 2000). The nuclear membrane
consists of a double-layer structure with an approximate distance of 10-50 nm between the
inner nuclear membrane (INM) and the outer nuclear membrane (ONM) which is called the
perinuclear space (PNS). On the nucleus membrane, there are pores with an approximate
diameter of 100 A that acts as a size exclusion filter that restricts diffusion of macromolecules
between the cytoplasm and the nucleus while permitting passage of smaller molecules with
vital functions, such as mRNA (Paine et al. 1975). The nucleolus is a dense domain inside the
nucleus, with an approximate diameter of 0.5 pm, that is not enclosed by a membrane
(sometimes it is called a suborganelle) and which acts as the ribosome factory of the cell by

synthesizing ribosomal RNA (rRNA) and assembling ribosomes (Hernandez-Verdun 2006).



Similar to the cytoplasm in the cell itself, the nucleus also has a nucleoplasm that accommodates
chromosomes and other nuclear structures and organelles (Lodish 2000).

Ribosomes are small (25-30 nm) but complex molecular machines that act as sites for protein
synthesizing inside the cell by linking messenger RNA (mRNA), which encodes a recipe for a
synthesizing protein, and transfer RNAs (tRNA) which carry amino acids sequence of the protein
(Wilson & Doudna Cate 2012).

The protein-synthesizing ribosomes are attached to a network of membranous tubules (known as
cisternae) that are continuous with the outer membrane of the nucleus and which is known as the rough
endoplasmic reticulum. The soft endoplasmic reticulum doesn’t play a role in protein synthesis as it
doesn’t host ribosomes; however, it is involved in lipid synthesis and metabolism and is abundant in
some mammalian cells such as liver cells (Endoplasmic Reticulum (Rough and Smooth) | British Society
for Cell Biology).

The synthesized proteins are packaged by the Golgi apparatus inside lipid bilayer membrane-enclosed
vesicles such as secretory vesicles before they are sent to their destination inside the cell (Short & Barr
2000).

The cell uses adenosine triphosphate (ATP) as the main source of chemical energy which is mostly
supplied by the mitochondria which vary in size (0.75 to 3 um) and number in different cells
(Wiemerslage & Lee 2016).

Lysosomes (0.1 to 1.2 um) and peroxisomes (0.5 to 1.5 um) are vesicles that are filled with enzymes
and help the cell to break down various types of biomolecules (Kiihnel & Kiihnel 2003),(Wanders &
Waterham 2006).

Centrosomes and the centriole produce structures that stretch chromosomes during cell mitosis cell

division (see 1.2.1)(Rieder et al. 2001).

1.2 Cytoskeleton structure

The main function of the cytoskeleton is to maintain cell shape and internal organization and provide
the cell with essential mechanical support and machinery to carry out key cellular functions such as
cell division, adherence and motility. In eukaryotic cells, the cytoskeleton is composed of
interconnected filamentous polymers and regulatory proteins. The cytoskeletal polymers can be
classified into three major groups based on their size and protein compositions: actin filaments or

microfilaments, intermediate filaments (IFs) and microtubules (Figure 1-2).



Figure 1-2: Cytoskeletal elements. The cytoskeleton of eukaryotic cells helps to maintain the cell
shape and carry out essential cell functions. It consists of three major building block polymers: actin
filaments (orange), intermediate filaments (purple) and microtubules (green). A neuron cell is selected
to demonstrate these filaments. (a) The axon is an extended part of the cytoskeleton that enables the
cell to transport materials from the cell body to axon terminal using a network of microtubules embed
in neurofilaments which is a class of intermediate filaments. (b) Microtubules with an outer diameter
of 25 nm and the inner diameter of 12 nm, the length of these polymers can grow to 5,000 pum. (c¢)
Intermediate filaments have a diameter of 10 nm and their length can grow to 0.5 um. They can create
many branches formed by Arp2/3 complex (blue). (d) A network of dendritic filaments and parallel
actin-filament filopodia enables the cell to migrate in response to chemical cues. (e) Actin filaments are
the smallest cytoskeletal elements with 7 nm diameter and they can grow to 13.5 um in length. After
(Fletcher & Mullins 2010a).

1.2.1 Microtubules

Microtubules are the largest building blocks of the cytoplasm. Their shape is that of a rigid hollow
cylinder with an outer diameter of approximately 25 nm and an inner diameter of 14 nm. Microtubules
consist of a dimer composed of two globular proteins, o and B tubulins, assembled into linear

protofilaments (Cooper 2000). In mammalian cells, a single microtubule is made up from 13



protofilaments; however, this number varies from 10 to 15 for other cells (Burton et al. 1975),(Voglis
& Tavernarakis 2005),(Lodish et al. 2000b). Microtubules can grow up to 5 mm in length to form a
linear track long enough to span the length of a cell (Jordan & Wilson 2004). The growing and shrinking
of microtubules is a result of a rapid polymerization and depolymerization process driven by energy
released from dephosphorylation of Guanosine Triphosphate (GTP), an ATP analogous molecule
(Figure 1-3). The possibility of a rapid switch between polymerization and depolymerization,‘dynamic
instability’, allows the cytoskeletal microtubules to search the cell 1,000 times faster than a polymer
that is only sensitive to the concentration gradient of its building units or to the actions of regulatory
proteins (Holy & Leibler 1994). Microtubules are the stiffest among the cytoskeletal filaments and are
polarized polymers with the fast-growing (plus) end and the slow-growing (minus) end. Microtubules
are the highways of cytoplasm with motor proteins like kinesin and dynein transporting cellular cargo
along with them. The polarity of microtubules is very important in defining the direction of movement
for motor proteins (Hirokawa et al. 2009). The third type of tubulin (y-tubulin), plays an essential role
in initiating microtubule assembly (Conde & Caceres 2009). In non-dividing cells, microtubules radiate
from the centrosome toward the plasma membrane. This way, the arrangement defines the basic
organization of the cytoplasm and positions of the cellular organelles (Conde & Caceres 2009) (Figure

1-3).
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Figure 1-3: Microtubules. (a) The molecular structure of the microtubules and mechanism of
polymerization (growing) and depolymerization (shrinking). (b) The schematic configuration of
cytoskeletal microtubule filaments (red) in a non- dividing eukaryotic cell. After (Conde & Caceres

2009) and (Miroslav Holecek 2011).

1.2.2 Intermediate filaments

Unlike microtubules and actin filaments, IF proteins come in many types and classes. In the human cell,
there are at least 65 genes that encode for intermediate filaments (Fuchs & Weber 1994). The average
diameter of these filaments is about 10 nm (9-11 nm). They are composed of eight smaller rod-shaped
protofilaments twist-bundled together to form rope-like filaments (Figure 1-4). The persistence length
of IFs can reach ~ 1 um and they are the least stiff of the three cytoskeletal filaments.

They are unusually extensible with a strong resistance to breakage compared to other filaments. They

can resist tensile forces more effectively than compressive forces (Kreplak & Fudge 2007). IFs can



be interconnected to each other or be crosslinked to the microtubules and actin filaments using a group

of large size (>500 KD) proteins called plectins, a subunit of plakins (Wiche 1998) (Figure 1-6).
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Figure 1-4: Molecular structure of Intermediate filaments. (a) The a-helical region in the monomer.
(b) Two monomer bundle together to make the coil-coiled parallel dimer. (¢) Two coil-coiled dimers
twist together to make the antiparallel tetramer. (d) Two tetramer pack together to make a protofilament.
(e) A bundle of eight protofilaments builds the rope-like conformation of an Intermediate filament.

After, Essential cell biology, 3™ edition, @ Garland Science 2010.

Most IFs are cytoskeletal filaments, however, one class of IFs are nuclear lamins. This class of
polymers is the main contributor to nuclear integrity and mechanical behaviour in the eukaryotic cells
(Gruenbaum & Foisner 2015). Unlike microtubules and actin filaments, IFs are not polarized;

therefore, they don’t support the directional movement of motor proteins.

1.2.3 Microfilaments (Actin filaments)

With a radius of 7 nm and a helical structure repeating every 37 nm, these filaments are the smallest

cytoskeletal filaments of eukaryotic cells. Filamentous actin (F-actin) is polymerized from the free
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monomer G-actin (globular actin). G-actin monomers bind to ATP in a process called activation. In
the presence of nucleation factors (i.e. Arp 2/3), an ATP-actin complex forms the nucleus of a growing
filament (nucleation). The formed filament elongates with the addition of more ATP-actin complexes
(elongation). The force that has been created during the elongation stage supplies the required force for
the advancing leading edge of a migrating cell (Gruenbaum & Foisner 2015). The filament is a polarized
molecule with ATP-powered growth at the plus end and shrinkage at the minus end due to the low
affinity of ADP-actin complexes. In the steady state, the rate of ATP powered polymerization is equal

to depolymerization at the minus end (Figure 1-5).
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Figure 1-5: Formation of actin filaments. (a) Activation of G-actin by ATP. (b) ATP-actin condensate

to form the nucleus of the emerging filament (nucleation). (¢) More ATP-actin monomers add to
elongate the filament (elongation). (d) The equal rate of depolymerization and polymerization gives the

steady-state length to the filament. After (Grzanka et al. 2013).

Actin filaments can make branched and crosslinked structures using Arp 2/3 junction proteins (Figure
1-2) and crosslinking proteins. Therefore, they can form highly organized and stiff structures, such as
bundled networks, branched networks and isotropic networks (Fletcher & Mullins 2010a). Unlike
microtubules that organize around one or two organization centres, the actin cytoskeleton constantly
gets polymerized and depolymerized in response to the local activity of signalling systems (Parent

2004). The polarized structure of the actin filaments builds intercellular highways for the ATP driven



myosin motor proteins. In non—dividing cells, actin filaments are locally aligned and the direction of
these aligned filaments are dynamically changing (see chapter 5) in the cell (cytoplasmic contractile

bundles) (Figure 1-6), as lamellipodia and filopodia in adherent cells (Figure 1-9) and in the microvilli.
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Figure 1-6: Network of cytoskeletal filaments. The configuration and interconnection of microtubules
(MTs), IFs and actin filaments (MFs) in the cytoskeleton of a non-dividing eukaryotic cell (Herrmann
et al. 2007).

1.3 Cytoskeleton mechanics and mechanotransduction

In general, the mechanical ordering that transforms the cytoskeleton from a chaotic collection of
proteins to a highly organized system can be classified into two categories: long-range order with an
effective range of tens of micrometers (cell dimensions) and a short, local order that dominates the

cytoskeletal events at a molecular level (a few nanometers). The long-range order is mainly established
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by actin and tubulin networks; however, the short-range order is governed by highly sophisticated
protein machinery (Fletcher & Mullins 2010b). A wide range of crosslinkers links cytoskeletal
polymers together to create an architecture that plays a central role in transmitting tensile and
compressive stresses as well as sensing the mechanical microenvironment (Janmey & McCulloch
2007). Most of the models which have been generated for the mechanical behaviour of the cytoskeleton
are based on in vitro studies on gels formed from purified cytoskeletal polymers. However motivated
by new microscopic and rheological techniques, there is a rising interest for more complex in vivo

studies of force transmission mechanisms (both internally and externally generated forces), of the cell.

The elastic modulus for the tissue matrix varies from ~100 Pa for less stiff tissues such as neurons to
~100 kPa for collagenous bone (Engler et al. 2006). The elastic modulus of single cells in culture has
been measured by various microrheological methods such as elongation between plates, atomic force
microscopy (AFM), microaspiration, optical stretchers, magnetic twisting rheometry, tracer diffusion,
uniaxial stretching rheometer global rheometry, uniaxial compression and global compression (Ahmed
et al. 2015). Although the measured value for elastic modulus is generally dependent on the method of
measurement and the region of the cell that the measurement is performed, the results illustrate that the
modulus for living cells varies ranges from ~100 Pa to ~30 kPa (Engler et al. 2006)(Guz et al. 2014).
This range can be linked to the stiffness of cytoskeletal polymers by consideration of some simple
estimations. /n vitro studies have shown that the elastic modulus of the actin (at a concentration of 15
uM (0.63 mg/mL)) when crosslinked by actin-binding proteins such alpha-actinin (is of the order of
1000 dyne/cm? (100 Pa) (Wachsstock et al. 1993). The concentration of actin is typically 2-3 mg/ml
(46-70 uM) in non-muscle cells and is approximately 10-30 mg/mL (230-960 uM) for muscle cells.
Therefore, an approximation of 10 mg/mL sounds reasonable. There is an experimentally supported
theory that shows the elastic modulus of semiflexible polymers is proportional to the square of the
polymer concentration (MacKintosh et al. 1995). Taking this into account the elasticity modulus of
actin at 10 mg/ml is of the order of 10 kPa, which is within the typical range of cell elasticity. It has
been shown that intermediate filaments also contribute to the cell stiffness only when they deform due
to other strains (Wachsstock et al. 1993). Microtubules’ contribution to the cell stiffness is less unless
their depolymerization causes disassembly or rearrangement of other filaments (Trickey et al. 2004).
The median Young’s modulus for the live NIH/3T3 fibroblast cells in an incubator measured by AFM
is about 5.2 kPa (Codan et al. 2013). However, when the cells are fixed by 3.5% paraformaldehyde, the
modulus increases dramatically to 82 kPa, as the fixation process crosslinks cytoskeletal proteins and
forms strong covalent imine bonds (Codan et al. 2013).

Although the exact response to mechanical force and force transmission in the highly sophisticated
architecture of the cytoskeleton depends on the exact configuration of polymers and crosslinks, there
have been efforts to describe cytoskeletal mechanotransduction. The main theory suggests that the

structure of mechanosensitive ion channel (Ca™?, K*, Na* channels) of the cell changes in response to
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the membrane and cytoskeleton deformation (Martinac 2004). This way, the mechanosensitive ion
channels can get either activated or deactivated as the result of the applied force. The alteration in the
state of these channels regulates the influx of ions to the cytoskeleton and consequently triggers a
chemical signalling (ATP dependent usually) pathway to alter the cytoskeletal architecture
accordingly (Janmey & McCulloch 2007).

1.4 Nuclear mechanics and mechanotransduction

The nucleus is the biggest and stiffest organelle inside the cell with a 2 to10 times greater stiffness than
the cytoskeleton (Guilak et al. 2000) and within the nucleus, the nucleolus is the stiffest domain as has
been shown by AFM measurements (Melling et al. 2001). The stiffness of the nucleus varies
significantly among different cell lines and the precise experimental method that has been used for the
measurement; however, it generally varies between 0.1 to 10 kPa (Dahl, Alexandre J.S. Ribeiro, et al.
2008). For example, for mouse fibroblasts, the nuclear Young’s modulus was reported about 1.8 kPa
when it was measured by AFM (Efremov et al. 2014). Micropipette aspiration method showed the
nuclear stiffness of chondrocytes is about 1kPa (Guilak et al. 2000).

As figure 1-5 shows, the chromatin network which consists of macromolecules that are made of
compact DNA strings woven around histone proteins occupies most of the nucleoplasm. However, it is
the nuclear lamina that provides physical support to the nucleus and regulates nuclear mechanics
(Lammerding et al. 2006). The chromatin network has a viscous nature (a tendency to flow) compared
to the elastic nature of filamentous nuclear lamina and can deform permanently (plastically) under
mechanical stress (Pajerowski et al. 2007). The nuclear lamina is a meshwork of intermediate filaments
with a thickness of about 30 to 100 nm that lies on the inner surface of the inner nuclear membrane and
acts as an anchoring site for interphase (the phase in which a cell copies its DNA in preparation for the
next mitosis cell division) chromatin at the nuclear periphery (Aebi et al. 1986) (Figure 1-7). The
nuclear lamina consists of lamins and proteins that are associated with the lamins in order to link the
lamins to the inner nuclear membrane or chromatins(Coutinho et al. 2009). Lamins are classified in two
(A and B) subtypes based on the homology of their encoding genes and their molecular weight. The A-
type lamins consist of Lamin A and Lamin C and B-type lamins consist of Lamin B; and Lamin B,
(Young et al. 2014). It has been shown the nuclear stiffness is mainly regulated by the A-type lamins
while the loss of type B lamins can result in moderate morphological changes to the nucleus such as
increased nuclear blebbing while having minor effects on the nuclear stiffness (Lammerding et al.

2006).
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The nuclear lamina is coupled with the cytoskeleton filaments through a set of proteins that are named

the LINC (linker of nucleoskeleton and cytoskeleton) (Crisp et al. 2006).
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Figure 1-7: The molecular structure of linkage between nuclear lamina, cytoskeletal filaments

and chromatins. (Gerlitz & Bustin 2011).

The SUN-domain (Sadl and UNC-84 homology domain) family of protein link with their partner
KASH (Klarsicht, Anc-1, Syne homology) domain protein family to build the molecular bridge across
inner and outer nuclear membrane that physically connects nuclear lamin to the cytoskeletal filaments
(Tzur et al. 2006). KASH proteins directly interact with actin filaments; however, plectin which is a
cytoskeletal linker protein helps KASH domain protein to bind to intermediate filaments of the
cytoskeleton. Dynein and kinesin which are microtubule motor proteins link the KASH domain proteins
and the microtubule filaments (Gerlitz & Bustin 2011) (Figure 1-7).

Mechanical cues of the ECM are transmitted via focal adhesions to the cytoskeletal filaments of the
cells and then are transduced via the physical connection that was discussed earlier to the nuclear and
chromatin content of the nucleus. It is believed that this physical connection provides a direct link

between the extracellular microenvironment and the genetic material of the cells and gives the cell
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opportunity to respond to the mechanical stimuli (Dahl, Alexandre J.S. Ribeiro, et al. 2008) (see cell
adhesion 1.5).

1.5 Cell Adhesion

Some cells can attach to the surface (substrate), ECM or to other cells. Cell adhesion plays a critical
role in the structural integrity of tissues, maintaining multicellular structures, pathogenesis of infectious
organisms and signal transduction. A complex set of proteins, such as selectins, the immunoglobulin
superfamily (IgSF), integrins, mucins, and cadherins, underlies the molecular mechanism of cell
adhesion (Gumbiner 1996). The aforementioned five groups of proteins are major classes of cell
adhesion molecules. These molecules are generally referred to as cell adhesion molecules (CAMs) or
adhesins. CAMs usually are classified based on their dependence on calcium for their action. IgSFs and
mucins are calcium (Ca*?) independent while selectins, integrins, and cadherins are calcium-dependent
(Brackenbury et al. 1981). CAMs are not only responsible for cell adhesion to adjacent cells and to the
ECM, but also they initiate intracellular signalling pathways that modulate crucial cell proliferation and
survival events. Lack of sufficient attachment of adherent cells to ECM initiates apoptosis cell death.
Anoikis is the term that refers to this particular category of apoptosis. Molecular initiators of anoikis
are integrins. Anoikis is a common mechanism of homeostasis. Failure of the cell response to anoikis
will cause cell survival under suspension conditions, which is an essential requirement for the initiation
of metastatic cancer (Zhong & Rescorla 2012). There are several types of CAMs on a cell surface and
they usually spread uniformly on those regions of the plasma membrane that contact other cells.
Integrins participate mainly in adhesion of cells to ECM whereas other major families of CAMs take
part in cell-cell adhesion. Integrins consist of a and 3 subunits. These subunits bind to the cell-binding
domain of fibronectin, laminin, or other molecules on the ECM (Figure 1-8). As Figure 1-8 illustrates,
cadherins and IgSFs mediate hemophilic cell-cell adhesion whereas mucins and integrins are involved
in heterophilic adhesion interaction (Lodish et al. 2000a). Binding of similar adhesion molecules
facilitates hemophilic adhesion whereas heterophilic adhesions are associated with binding of unlike

adhesion molecules.
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Figure 1-8: Diagram of the adhesion mechanism of major types of CAMs. (Lodish 2000).

Cytosol facing tails of CAMs are usually connected to the cytoskeleton. Adhesion is closely connected
with the protrusions of the leading edge of the adherent cell. A nascent adhesion usually starts from
broad lamellipodia or spike-like filopodia (Figure 1-9). The formation rate of protrusions is a
determining factor in the assembly of a nascent adhesion. The transition zone (the convergence of the
lamellipodium and lamellum) is the site at which the nascent adhesion may elongate or disassemble.
Bundling and cross-bridging of actin filaments allow the adhesion to mature and lead to the formation

of focal complexes and focal adhesions (J Thomas Parsons et al. 2010a).
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Figure 1-9: Diagram of an adherent cell, illustrating the close connection between adhesion
process and cell protrusions. Cell adhesion: integrating cytoskeletal dynamics and cellular tension

after (J. Thomas Parsons et al. 2010).

Focal adhesions are the sites at which cells adhere tightly to the underlying ECM. They are regions for
growth control signal transduction and secure a structural link between the actin cytoskeleton and the
ECM (Burridge & Chrzanowska-Wodnicka 1996). At the focal contact points, ECM-bound integrin
interacts with other integrin-binding molecules such as paxillin and talin inside the cytoskeleton and
these proteins recruit focal adhesion kinase (FAK) and vinculin to the site of focal complexes. Activated
FAK phosphorylates actin-binding alpha-actinin and makes it bind to the vinculin and cross-link actin

stress fibres and tether them to the focal point (Figure 1-10) (Mitra et al. 2005).
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Figure 1-10: The molecular machinery of changing actin cytoskeleton in the focal complex sites.
(Mitra et al. 2005).

Focal complexes are small focal adhesions at peripheral sites of a migrating or spreading cell (Nobes &
Hall 1995). The distinction between focal complexes and focal adhesions is not completely clear
(Pankov et al. 2000). It has been revealed that inserting a local mechanical force on cells can cause the

development of focal complexes into larger focal adhesions (Riveline et al. 2001).
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1.6 Structure of extracellular matrix

The ECM is an organized meshwork of extracellular molecules that are secreted locally mainly by the
cells in the matrix and mainly provides essential physical scaffolding for the cell within all the tissues
and organs (Alberts B, Johnson A, Lewis J 2002). Alongside physical support to the cell, the ECM
provides crucial biochemical and biophysical cues that, by a dynamic and reciprocal interaction with
the cells, play a pivotal role in tissue morphogenesis, homeostasis and differentiation (Frantz et al.
2010). It has been shown that by ageing the ECM becomes less deformable and stiffer and this is linked
with many age-related diseases and tissue dysfunctions (Phillip et al. 2015). The main macromolecules
that build the ECM are proteoglycans, which are covalent bonded proteins and chains of
glycosaminoglycans (GAGs), a class of polysaccharides, and fibrous proteins such as collagens,
fibronectins, elastins and laminins (Figure 1-11). Proteoglycans form a “’ground substance’’ that is a
hydrated gel-like base and fibrous proteins of the ECM are embedded in this hydrated gel. (Alberts B,
Johnson A, Lewis J 2002).

Figure 1-11: Composition and schematic view of ECM. Proteoglycans act as a base gel-like support
for ECM while interconnected fibril proteins such as collagens, Laminin and fibronectin make a
scaffold that gives physical support to the cells adhering to the network via integrins on the cell surface

(Karp 2010).

The ECMs are usually classified into two major categories of the interstitial and pericellular matrices.
Interstitial matrices completely surround the cells; however, pericellular matrices are partially in contact

with cells (Theocharis et al. 2016).
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Collagens are insoluble proteins, the most abundant fibrous proteins in ECM (about 90%) and
comprising about 30% of the total protein content of the human body (Gilkes et al. 2014)(Ricard-Blum
2011). There are at least 28 types of collagen; however, 80-90 % of collagen in the body consists of
collagen type I, II, III which pack together and form long thin fibrils structure (10-300 nm in diameter)
(Heino 2007). Fibroblasts synthesize and secrete most of the collagen in the connective tissue, however,
epithelial cells also can make collagens. Fibroblasts organize the collagen that they have secreted into
sheets and cables by crawling on and exerting a force on the collagens (Lodish 2000).

Elastins are highly elastic proteins that give elasticity to the ECM and can be in the form of microfibrils
or as a major constituent of tissues (Theocharis et al. 2016).

Laminins are mostly found in the ECM, the basement membrane under the epithelial cells. Laminins
make a web-like structure in the basement membrane which can resist tensile forces (Timpl et al. 1979).
Fibronectins are high molecular weight multi-domain proteins that usually exist in a dimer form
consisting of two nearly identical monomers of disulfide-bound polypeptides near their C-termini with
a molecular weight of approximately 250 kDa (Figure 1-12 (a)). Fibronectin exists in both soluble and
insoluble form in vertebrates. The soluble fibronectin is mainly synthesized by the liver and is found in
plasma at a concentration of 300 pug/mL and is also present in other bodily fluids. The insoluble
fibronectin, which is known also as the cellular fibronectin, is one of the fibrous proteins of the ECM
(Pankov & Yamada 2002). The fibronectin that is secreted from fibroblasts is very similar to the plasma
fibronectin; however, some structural and functional differences have been observed (McKeown-Longo
& Mosher 1984). The cellular fibronectin binds to numerous members of the integrin family via a
tripeptide Arginylglycylaspartic acid (RGD) domain and therefore plays a key role in the adhesion of
many cell types (Van Agthoven et al. 2014). Fibroblasts secrete and also help the formation of a fibrillar
network when they are seeded on fibronectin-coated surfaces (Figure 1-12(b))(Corall et al. 2014). In
vivo, lack of fibronectin is associated with impaired cell migration during embryogenesis, poor cell
differentiation and highly metastatic tumours (Ruoslahti 1984). Fibronectin also binds to collagens and
fibrins and this gives them a very important role in wound healing as the fibronectin is present in two
critical part of the healing process; the formation of fibrin clots and collagen aligned fibrils coated with
the fibronectin(Grinnell et al. 1981).

The pivotal role of fibronectin in cell adhesion and migration has made it one of the most frequently

used in micropatterning for the study of cell adhesion (M.-C. Kim et al. 2013)(Fitzpatrick et al. 2017).
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Figure 1-12: Structure of fibronectin molecule and fibronectin matrices. (a) Fibronectin is a
multidomain dimer consisting of two almost identical monomers that are linked with a disulfide bond
near their c-termini. (b) Epifluorescence microscopy of a fibronectin network that has been formed by
seeding human fibroblasts on a cellular fibronectin-coated substrate (after cell lysis). Scale bar is 20 pm
(Corall et al. 2014). The cited source is only for Figure 1-12 (b). Figure 1-12(a) is result of my own

work.
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Chapter 2:
Materials and Methods

2.1 Cell line

2.1.1 NIH/3T3 fibroblasts

The NIH/3T3 cell line, which is known as the standard fibroblast cell line was used in the first part of

this study (Figure 2-1). 3T3 cells are mouse embryonic fibroblast cells. The name of this cell line refers
to its cell transfer and incubation protocol, “3-day Transfer, inoculum 3 x 10° cells” (Wells 2005).
Statistical analysis of standard-bright field images of 3T3 cells has revealed that the peak of Gaussian
distributions of their size is approximately 17 um (see chapter 5.2). The NIH/3T3 cell line used in this
project was purchased from ATCC- LGC Standards (Middlesex, UK).

Figure 2-1: Phase contrast image of adherent NIH/3T3 cells on a 25 cm? cell culture flask. Scale
bar is 50 pm.

2.1.2 Human mesenchymal stem cells

Bone marrow is the main tissue that mesenchymal stem cells (MSCs) are isolated from. MSCs
comprise a tiny fraction (10-10) of total bone marrow cells and therefore isolating them is not a
trivial task (Alvarez-Viejo et al. 2013). Poietics™ Human Bone Marrow-Derived Mesenchymal Stem

Cells (hMSC) used in this study was purchased from Lonza (Basel, Switzerland) (Figure 2-2). The
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cells were withdrawn from bilateral punctures of the posterior iliac crests of healthy nondiabetic
volunteers and cryopreserved after the second passage. hMSCs mostly express polygonal fibroblast-
like morphology when they are seeded in low concentration and show a polarized elongated shape at
higher concentrations (see Figure 6-1). Suspended hMSCs are slightly larger than fibroblasts with a

peak of Gaussian distribution around 22 pm (see chapter 6-1).

Figure 2-2: Phase contrast image of adherent hMSCs cells on a 25 cm? cell culture flask. Scale bar

is 50 pm.

2.2 Cell culture

We used 25 cm? sterile TC-treated screw red cap flasks (Cell star, Stonehouse, UK) for culturing the
cells. Cell cultures were performed in a 5% CO humidified incubator with the maintained

temperature at 37 °C (BINDER, Tuttlingen, Germany).

2.2.1 Recovery and maintenance of NIH/3T3 cells

1 mL vials were used for the cell storage. The cells were stored at ~10° cell/mL and in the liquid
nitrogen tank (<-150°C). The maintenance medium for cells consisted of Dulbecco’s Modified Eagle’s
Medium enriched with 1 g/L D-glucose, L-glutamine, and pyruvate (Life Technologies, Paisley, UK),
supplemented with 10% v/v foetal bovine serum (Sigma-Aldrich, Dorset, UK) and 1 % v/v (100
units/mL) 100xpenicillin/streptomycin (Life Technologies, Paisley, UK).

First, the vials of cells and maintenance medium were thawed in a 37°C water bath. Afterwards, the 1

mL of thawed cells were transferred to a 25 cm? flask containing 10 mL of fresh maintenance medium.
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The maintenance medium was warmed to avoid thermal shock. At least 3 cell passages were performed
before using newly thawed cells in experiments. The passaging was carried out when the cell
concentration reached ~ 2x10%cm?. Usually, at this stage, NIH/3T3 cells reach about 95% confluency
and they are ready for the next passage. 3T3 cells are capable of surviving approximately 3 days after
reaching 95% confluency (Huang 2015). The cell passage (for cultures with 10 mL medium) was
performed according to the following protocol: 1- Old medium was disposed of. 2-The cell-adhered
surface of the culture flask was carefully rinsed twice with 6 mL of Dulbecco’s Phosphate-Buffered
Saline (D-PBS) in order to remove old residual medium as this medium may interfere with the trypsin
action in the third step (D-PBS should aspirate off afterwards). 3-The cells were incubated with 2 mL
01 0.25% trypsin-EDTA solution (Sigma-Aldrich, Dorset, UK) at 37°C for 3 minutes to detach from the
growing surface. 4-8 mL of pre-warmed growth medium was added to dilute trypsin in order to avoid
its potential toxic effect on cells after the incubation period. 5-The cells were centrifuged at 1000 rpm
for 5 minutes. 6-The supernatant was removed and the cells re-suspended in 6 mL of the fresh growth
medium. 6- Cells were counted by a haemocytometer (Hawksley, Sussex, UK) and ~ 7.5x10* cells
(enough for 3x10° cells/cm?) were extracted and diluted in the pre-warmed fresh medium to start a fresh
culture.

The viability, cell size and cell density were measured by the haemocytometer on a regular basis to
check the performance of the cells. The cells were stained with 0.4% trypan-blue dye (Sigma-Aldrich,
Dorset, UK) to monitor cell viability using the haemocytometer. The growth curve of the cells was

monitored to ensure that the cells were in exponential growth phase prior to starting experiments.

2.2.2 Recovery and maintenance of hMSCs

STM

For both recovering the cryopreserved and culturing of hMSCs we used MesenPRO R
(ThermoFisher Scientific, Loughborough, UK) medium which is constituted of MesenPRO RS™
Basal Medium (97% v/v), MesenPRO RS™ Growth Supplement (2% v/v) and 200 mM L-Glutamine
(Life Technologies, Paisley, UK) (thawed in 37 °C water bath ,1% v/v, 2 mM final concentration).
The growth supplement was stored in a -20°C freezer and was thawed in the 4°C fridge overnight and
immediately on withdrawal from the fridge was mixed with the other constituent of the MesenPRO™

S™ was covered with aluminium foil to

RS medium. The supplemented complete MesenPRO R
protect it the light and were stored at 4°C for up to 2 weeks. For recovery and culturing of hMSCs,
the complete MesenPRO RS™ medium was warmed always at room temperature as warming it at

37°C would harm the MesenPRO RS™ Growth Supplement found in the complete medium.
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2.2.2.1 Recovery of cryopreserved hMSCs

hMSCs were cryopreserved in 1 mL vials (~ 10° cells per vial) inside the liquid nitrogen tank (<-150
°C) according to the supplier protocol (Thermofisher scientific 2014). For the recovery of
cryopreserved cells, they are rapidly thawed in a 37 °C water bath for less than a minute and the whole
content of the vial immediately was pipetted into a sterile 50 mL conical tube. The complete
MesenPRO™ RS medium was prewarmed at room temperature until it was not cool to touch and 5
mL of the prewarmed medium was added dropwise with an approximate rate of 2-3 drops per 10
seconds into a 50 mL tube. The tube was gently swirled and another 5 mL of the prewarmed complete
MesenPRO™ RS medium was added carefully while swirling. The whole content of 50 mL conical
tube was transferred to a 25 cm? culture flask that was incubated in 37°C and 5% COx (see 2.2 for
details). The medium was exchanged after 24 hours with fresh prewarmed complete MesenPRO™

RS medium.

2.2.2.2 Subculturing hMSCs

After recovery of cryopreserved hMSCs, cells were allowed to grow for 3-5 days and observed under
the inverted bright field microscope to confirm that they had reached about 60-80% confluency in order
to be subcultured. The subcultring procedure was carried out according to the supplier protocol
(Thermofisher scientific 2014). The The old medium was aspirated and subsequently, cells were washed
10 mL of CTS™" (Cell Therapy Systems) Dulbecco’s Phosphate Buffered Saline (DPBS) which
doesn’t contain calcium chloride, magnesium chloride or phenol red (ThermoFisher Scientific,
Loughborough, UK). The DPBS was aspirated off and 5 mL of CTS™ TrypLE™ Select Enzyme that
was prewarmed at room temperature was added to the culture flask and cells were incubated at 37°C
for 5 minutes as more aggressive Trypsin may negatively influence hMSCs (see chapter 6.1 for details).
Afterwards, the culture flask was removed from the incubator and the cells observed under a bright field
inverted microscope to ensure that the monolayer of hMSCs was fully detached. Immediately, 10 mL

of prewarmed complete MesenPRO RS™

medium was added to the culture flask in order to stop the
dissociation activity of the detachment enzyme. The liquid inside the flask was gently pipetted in and
out in order to dissociate conjoined cells from each other. The suspension was transferred into a 50 mL
sterile conical tube afterwards. The flask was washed with an additional 5 mL prewarmed complete
MesenPRO RS™ medium to ensure detachment of the remaining hMSCs in the flask and the medium
was combined into the 50 mL conical tube. The cell suspension was centrifuged at 100xg acceleration
for 10 minutes. The supernatant was aspirated off and the cell pellet was resuspended in 5 mL of fresh

prewarmed complete MesenPRO RS™ medium. In order to assess cell count and viability, a small

fraction of cells were stained with 0.4% trypan-blue dye and was counted in C-Chip haemocytometers
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(Source BioScience LifeSciences, Nottingham, UK). After making sure that cells have at least 90%
viability, the required number of cells were transferred to either 25 cm? or 75 cm? to culture cells at
5x10%/cm?. The required volume of prewarmed complete MesenPRO RS™ medium was added
accordingly to the flask to achieve the final optimum medium volume in the culture flask (25 cm?: 10
mL, 75 cm? 30 mL). Cells were moved to 37 °C incubator with 5% CO, level and the culture was re-
fed with the fresh prewarmed complete MesenPRO RS™ medium after 3 days in order to achieve

optimal cell growth.

2.2.3 Cell Banking

2.2.3.1 Cell banking of NIH/3T3 cells

The NIH/3T3 cells used in this study had originally been bought from ATCC- LGC Standards
(Middlesex, UK) and were stored in1 mL vialsat 10x10°cells/mL in the cryopreservation
medium consisting of 95%(v/v) of the growth medium and 5%(v/v) DMSO (Sigma-Aldrich, Dorset,
UK). For banking, cells in exponential growth were recovered from a fed-batch culture and centrifuged
at 1000 rpm for 5 minutes. The supernatant was removed and the cells re-suspended in the
cryopreservation medium at 10x10° cells/mL. The cells were then transferred to 1 mL labelled
cryovials (Starlab, Blakelands, UK) and placed in Mr. Frosty™ (ThermoFisher Scientific,
Loughborough, UK) freezing container filled with 100% isopropanol at -80°C. After 24

hours, the vials were transferred to cryostorage boxes at -150 °C under liquid nitrogen.

2.2.3.2 Cell banking of hMSCs

2x cryopreservation solution was prepared by mixing 80% v/v complete MesenPRO RS™ medium and
20% DMSO and was stored at 4°C until use. hMSCs were harvested and counted according to the
protocol that was used in subculturing of the hMSCs (see 2.2.2.2) and the cell pellet was reconstituted

S™ medium at a density of 2x10° cells/mL (twice

in 0.5 mL of the prewarmed complete MesenPRO R
the desired final cell density). 0.5 mL of 2x cryopreservation solution was slowly added to the cell
suspension and was mixed gently in order to achieve a homogenous cell distribution. 1 mL cell
suspension was then transferred quickly to cryovials that were pre-chilled at 4°C. Cryovials were placed
in Mr. Frosty™ containers and transferred to the liquid nitrogen tank similar to the banking

procedure of NIH/3T3 cells (see. 2.2.3.1)
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2.3 The Polydimethylsiloxane (PDMS) substrate

Polydimethylsiloxane is a polymeric organosilicon. The chemical formula of PDMS is
CHj3[Si(CH3)20],Si(CH3)3 in which 7 is the repeating polymer number of [Si(CH3)20]. PDMS
belongs to a group of polymers referred to as the silicones (Seethapathy & Goérecki 2012). It is widely
used for many biological applications such as micro and nano-pillars, stretchable cell substrates,
micropatterned substrates and microfluidic channels and chips. Its properties including optical
transparency, thermal stability, cost-effectiveness, simple fabrication techniques and biocompatibility
have made PDMS a very common choice for biological setups (Bartalena et al. 2012). The toxic
effect of PDMS on living cells is a subject of controversy. There are some reports claiming non-
toxicity of PDMS for the living cells (Bartalena et al. 2012), (Wipff et al. 2009) while there are
reports claiming low-grade toxic properties of PDMS. It has been observed that culturing of mouse
mammary fibroblasts (MMF) in PDMS micro-channels has increased basal level of glucose
consumption and caused hyper-activation in the ribosomal subunits, which is a possible indicator of
elevated endoplasmic reticulum stress (Paguirigan & Beebe 2009). Even though it is not obviously
clear whether PDMS micro-channels cause the toxic effect or microscale culturing is the source of
toxicity (Paguirigan & Beebe 2008), it has been suggested that possible interference from the long
chain PDMS molecules with the signalling pathways of the cells may be the underlying reason for the
observation (Regehr et al. 2009).

There are also observations implying a non-toxic effect of PDMS on the biological mechanisms of the
cell. It has been observed that uncured oligomers of PDMS can leach from the substrate to the cell
culture medium and at the same time small hydrophilic molecules such as estrogen can be absorbed by
PDMS bulk from the culture medium. PDMS oligomers were found in membranes of NMuMG cells
that were cultured in PDMS micro-channels for 24 hours. MCF-7 cells that are sensitive to both
prolactin (a water-soluble hormone) and to estrogen (a hydrophilic hormone) were cultured on a PDMS
substrate. Cells expressed less estrogen-triggered luciferase activity in the presence of PDMS, an
indication of estrogen absorption by PDMS substrate; however, there was no obvious change in the

prolactin-triggered luciferase activity (Regehr et al. 2009).
2.3.1 PDMS preparation

PDMS used in this study (Sylgard 184, Onecall, Leeds, UK) consists of two fluid components, the
polymer base (silicone elastomer) and the curing agent or cross-linker (consists mostly of dimethyl,
methyl hydrogen siloxane). Silicon elastomer and cross-linker were carefully weighed using a sensitive

electrical scale and were mixed manually at a 10:1 (w/w) ratio. The mixture was covered with a parafilm
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membrane (with small pores in it) and was put under a vacuum chamber at room temperature in order
to degas the mixture. The vacuum pump was turned on until approximately 2/3 of the containing glass
beaker was filled with bubbles. The pump was turned off at this point and the mixture was left in the

vacuum chamber for about 30 minutes to let all the mini bubbles escape the mixture.

2.4 Soft Lithography

The template pattern to generate PDMS stamps for micro-contact printing was fabricated using a
photolithography technique (Qin et al. 2010). First, the photoresist SU-8 2015 liquid (Chestech Ltd,
Rugby, UK) was coated on a single side polished (SSP) type P silicon wafers (thickness: 320-350 um,
diameter: 50.8 mm, resistance: 0-100 ohm-cm) (University Wafers, Massachusetts, USA). The
following program setting was set for the spin coating machine:

1- Initial spin coat at 500 rpm for 5 seconds.

2-Ramp up to 2,000 rpm within 35 seconds. Spin-coated wafers were then left for 10 minutes in order
to allow SU-8 liquid to flow back from the edges and equilibrate.

Afterwards, SU-8 coated silicon wafers were baked on a hot plate at 60 °C for 1 minute and at 95 °C
for 2 minutes subsequently. Wafers were left to cool down and placed in a mask aligner (Karl Suss
MJB4, Garching, Germany) and put into soft contact with the chromium mask that contains desired
strip pattern (Compugraphics, Glenrothes, UK) afterwards. Wafers were exposed to UV light for 4
seconds and baked on a hot plate for 1 minute at 60 °C and for 3 minutes at 95°C subsequently in
order to crosslink the exposed SU-8. Cooled wafers were immersed in the SU-8 developer (Chestech
Ltd, Rugby, UK) for 1 minute in order to remove un-cross linked SU-8 polymers. The prepared
template (figure 2-5(a)) was rinsed twice with isopropyl alcohol, dried with pressurized nitrogen and

baked at 150°C for 10 minutes (Figure 2-3).
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Figure 2-3: Schematic view of the fabrication process of pattern printing on the SU-8 film using
soft lithography technique. Patterns were transferred from a photomask template to the SU-8 coated

silicon wafer.

A layer with approximately 5 mm of PDMS prepared with the preparation method described in section
2.3.1 was poured onto prepared SU-8 patterns. Wafers were put into the vacuum chamber to remove
trapped bubbles and baked at 150°C for about 15 minutes to cure PDMS. Patterned PDMS film (Figure
2-5(b)) was peeled off after completion of the process (Figure 2-4).

PDMS Pattern
Peel off

Silicon Wafer

Silicon Wafer

Figure 2-4: Fabrication of PDMS stamps from SU-8 patterns. The liquid PDMS was poured on
the SU-8 coated silicon wafer template and the transferred pattern on PDMS was peeled off after

curing.

2.5 Substrate preparation

Uncured PDMS prepared with the method described in section 2.3.1 was poured onto a circular

coverslip (diameter: 22 mm, thickness: 0.19 mm). The coverslip was pre-rinsed with isopropanol,
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sonicated for 10 minutes in an ionized water bath and blow-dried with pressurized air in order to clean
it. Afterwards, the coverslip was spin coated at 1700 rpm for 35 seconds in order to fabricate a 55 pm
layer of PDMS. The PDMS coated coverslip was baked at 150°C for 15 minutes for curing. A narrow
circular line of uncured PDMS was streaked on the edge of a custom-made metal ring and the pre-
prepared coverslip was mounted on the ring. The coverslip mounted ring was baked at 150°C for 15

minutes to cure the PDMS glue.

Figure 2-5: Materials used in the pattern preparation. (a) A patterned silicon wafer. (b) PDMS
stamp from patterned silicon. (¢) Cut PDMS pattern. (d) Standard weight (~100g) used for pattern
transfer. (¢) The custom-designed metal ring. (f),(g) Samples of PDMS ridge-groove patterns. (Ridge
50 um, Groove 50 um) (f) and (Ridge: 25 um, Groove: 50 um) (g). Scale bars are 100 um.

2.6 Micro-contact printing

The desired PDMS stamp was cut from the patterned PDMS film that was made earlier (Figure 2-5(c)).
The cut PDMS stamp was sterilized by immersion in 70% ethanol. Afterwards, the ethanol was washed
away gently with 1x autoclaved PBS from the stamp. PDMS stamps were exposed to 50 pg/mL
fibronectin from bovine plasma (Sigma-Aldrich, Dorset, UK) and were incubated at 37°C for 1 hour.
Stamps were gently rinsed three times with autoclaved 1x PBS and once with autoclaved ionized water
subsequently. PDMS substrate embedded in the custom-made metal ring was treated with oxygen
plasma treatment inside a plasma cleaner machine (FEMTO plasma cleaner, Diener Electronic,
Ebhausen, Germany) at 90W and 25 Standard cubic centimetres per minute (sccm) flow rate for 20
seconds before being stamped with fibronectin inked PDMS stamp. Oxygen plasma treatment enhances
pattern transfer in the stamping process by increasing the hydrophilicity of the PDMS substrate. The

PDMS stamp was put in contact with the PDMS substrate and a gentle pressure, using a standard mass
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(~ 100g) (Figure 2-5(d)), was applied in order to transfer the pattern to PDMS substrate. The substrate
stamp complex was incubated at 37°C for 3 hours subsequently (Figure 2-6). Afterwards, the stamp
was removed and the PDMS substrate was rinsed twice with 1x PBS and twice with ionized water. The

PDMS substrate was moved and kept in 4°C fridge at the end of the process. Cells were cultured

on the patterns at a density of 6,000 cells/cm? and were cultured for 200 minutes in 37°C incubator.

Exposing PDMS stamps to Rinse the patterns Printing the pattern on Final product with
Fibronectin stamps applying gentle pressure desired pattem on it
2
ey T

PDMS Stamp

wg [oronectn soiution
WF;&W;;W ¢dG Je Lhnia ;

PDMS Stamp PDS Stamp

Substrate Substrate

Figure 2-6: Micro-contact printing of the fibronectin stripe patterns from PDMS stamps.
Fibronection was deposited on a ridge-groove patterned PDMS stamp and subsequently, the
fibronectin stripe pattern was printed on the substrate by applying a gentle pressure on the stamp. The

diagram is not to scale.

2.7 Fluorescent staining

2.7.1 Filamentous actin staining

16% formaldehyde stock (Polysciences Inc., Eppelheim, Germany) was diluted to 4% with 1xPBS.
Cells were fixed with 4% formaldehyde for 10 minutes at room temperature and gently rinsed with PBS
twice. Afterwards, the cells were soaked in 1x PBS with 0.1 % Triton X-100 (Sigma-Aldrich, Dorset,
UK) for 3 minutes. The cells were again rinsed twice with 1x PBS and exposed to 1% BSA blocking
solution (Sigma-Aldrich, Dorset, UK) for 30 minutes. The cells were stained with 6.6 uM Alexa Fluor
488 Phalloidin (Life Technologies, Paisley, UK), incubated for 30 minutes at room temperature and
rinsed twice with 1x PBS afterwards. Stained cells were covered with aluminium foil and kept at 4°C.
Phalloidin is a bicyclic peptide toxin that is isolated from a very toxic mushroom called Amanita
phalloides or simply “death cap” and it has a very high affinity to filamentous actin. Therefore when it

is conjugated with a fluorescent dye such as Alexa Fluor® 488 (excitation/emission: 495/518 nm), it
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makes a highly selective stain for actin cytoskeleton of the cell (dlexa Fluor 488 Phalloidin - Thermo
Fisher Scientific).

2.7.2 Nuclear staining

Cells were fixed with 4% formaldehyde and gently rinsed with 1xPBS three times. Cells were covered
with 1 pM of TO-PRO®-3 (Life Technologies, Paisley, UK) solution in 1xPBS and incubated for 30
minutes at room temperature protected from light. Subsequently, the staining solution was removed and
cells were rinsed three times with 1xPBS. Fluorescent microscopy was performed using the same setup
as filamentous actin with 632 nm He-Ne excitation laser and emitted light was captured around 661 nm.
TO-PRO®-3 is a cell impermeant monomeric nucleic acid stain with far-red fluorescence
(excitation/emission: 642/661 nm) and has a very strong affinity for double-strand DNA (dsDNA) (70-
PRO-3 lodide (642/661) - 1 mM Solution in DMSO - Thermo Fisher Scientific).

For the visualization of suspended cells, the medium was removed after trypsinization (TrypLE for
hMSCs) and cells were re-suspended in 1% PBS (for measurement of nuclei after relaxation time (see
chapter 5.1 and 6.1), cells were re-suspended in their pre-warmed usual culture medium). Cells were
stained with 5 pug/mL Hoechst® 33342 (Thermofisher scientific, Paisley, UK) for 10 minutes and
quickly were imaged. Hoechst® 33342 is a fluorescent nuclear dye that emits blue fluorescence
(excitation, emission: 350461 nm) when is bound to the dsDNA and as it is a cell-permeable dye, it can
be used to stain the nucleus of both fixed and live cells (Hoechst 33342 Solution (20 mM) - Thermo
Fisher Scientific).

2.7.3 Image analysis

2.7.3.1 Maximum cell thickness measurement

Confocal images were taken with 0.5um steps in the z-direction. Subsequently, the images were
reconstructed using LAS X software (Leica Microsystems, Wetzlar, Germany). Comparing x-z and z-
y cross sections, the approximate region of interest (ROI) was found and subsequently, the exact point
that maximum thickness occurs were found enabling the thickness to be calculated.

2.7.3.2 Volume measurements

Captured images were analysed with Image J software. The area of each cell and nucleus has been
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measured and subsequently volume measured by integrating the cell area multiplied by the z stack

thickness.
Viotat = ZAidi = dZAi

In which A; and d; are the area and thickness of the z stack number i respectively. The z-stack
micrographs for each cell or nucleus was imported to Image J and each z-stack image was carefully
inspected and the area was approximated by freehand selection.

To estimate the error of area measurement by freehand selection for each z-stack image, we selected

the area of a 3T3 fibroblasts for 10 times separately and measured the area (Figure 2-7). The ratio of
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the z direction.
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Figure 2-7: Error estimation for area measurement. (a) The area selected by freehand selection for
a 3T3 fibroblasts on unpatterned fibronectin coated PDMS substrate (only 3 of 10 area selections is
shown here). The distribution of area measurement for the same cell. The cell is fixed with
formaldehyde and stained with Phalloidin for F-actin (green). Scale bar is 10 um. (b) The distribution
of cell area by different freehand selections. The vertical axis range is set to better show the difference

between the selections.

2.8 Transfection

2.8.1 Principles of cell transfection

In order to genetically modify a cell to permit visualization of the desired cell structures, we used a
technique called “transfection” which is a process of introducing a naked (unprotected) or purified
foreign DNA to eukaryotic cells (U.S. National library of Medicine 2016). In this technique, a DNA
plasmid is introduced to the host cell. This DNA plasmid usually is made of a DNA sequence that
encodes a protein that binds to the target cell structure, the DNA sequence that encodes a fluorescent
tag fused to the binding protein, a DNA sequence that encodes anti-bacterial resistance for selection
of the cells that don’t express the introduced plasmid vector and a backbone that contains DNA

sequence to facilitate expression of the introduced plasmid by the host cell (Figure 2-9(a)).

Usually, the negatively charged DNA plasmid is enclosed by a liposome. The process of DNA
plasmid delivery to the host cells using liposomes is called “lipofection”, “lipid transfection” or

“liposome-based transfection” (Matt carter, 2015). In this method, a DNA/liposome complex fuses
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with the phospholipid bilayer of the host cell. The cell absorbs the DNA/liposome cargo via
endocytosis and carries it within endosomes into the cell cytosol. The DNA plasmid is released upon
lysing of the endosome inside the cytosol. The nuclear membrane dissolves during mitotic cell
division and allows the plasmid DNA to enter the nucleus. The majority of the introduced DNA is
expressed transiently in the transfected cell. However, a tiny proportion of the transfected cells
absorbs the introduced DNA into their genome and pass it on to future generations (stable

transfection), (Figure 2-8)
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Figure 2-8: Liposome-based transfection schematic diagram. A foreign plasmid DNA is
embedded in a liposome and is introduced to the host cell via endocytosis process. In a small number

of the cases, the DNA plasmid gets stably integrated into the genome of the host cell.

2.8.2 Transfection for the visualization of the actin cytoskeleton

Cells were transfected with the plasmid p“™VLifeAct-TagGFP2 (Thistle Scientific, Glasgow, UK) in

order to visualize actin cytoskeleton in living cells. p“VLifeAct-TagGFP2 transfection genetically
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modifies the cells to express a protein that binds to filamentous actin (F-actin) structure of the cells

and express a GFP tag (Excitation/Emission: 483/506 nm) (Thistlescientific.co.uk).

The transfection was carried out according to a protocol from the plasmid supplier. A detailed
protocol of the Lipofection transfection can be summarized by the following steps:

1- 3T3 cells were seeded in a 24-well plate (Cell star, Stonehouse, UK) for approximately 3 days to
reach 80%-90% confluency.
2- 1pL of the transfection reagent Lipofectamine LTX (Life Technologies, Paisley, UK) was diluted
in 25pL Opti-MEM medium (Life Technologies, Paisley, UK) in one vial.
3- 0.5 pL of PLUS reagent (Life Technologies, Paisley, UK) and 500 ng of plasmid DNA were mixed
in a separate vial. The plasmid DNA came in the form of a lyophilized plasmid. The DNA was
resuspended in 20 uL of TE buffer to obtain plasmid solution with the concentration of 1 pg/uL. The
resuspended DNA solution was stored at -20 °C.
4-These two vials were mixed in a 1:1 ratio and incubated for 10 minutes subsequently.
5-The old medium of the cells was aspirated off and 500 pL of fresh growth medium was added to the
multi-well plate.

6- Incubated DNA/lipid complex was added to the 24-well plate.

7-The cells were incubated for 48 hours.

8-The cells were subjected to selection pressure by adding 1.2 mg/mL of G418 sulfate antibiotic (Life
Technologies, Paisley, UK), which kills those cells that do not express the antibiotic resistant gene.
9- Cell passage was performed every 3 days for two weeks with the addition of fresh medium and the
antibiotic in order to achieve stable LifeAct-mTagGFP expressing 3T3 cells. Fluorescence

microscopy on the cells was performed afterwards.

2.8.3 Transfection for the visualization of nuclear Lamin A

In order to visualize the nuclear structure in live cells, we transfected our cells with pBABE-puro-
GFP-wt-lamin A DNA plasmid using liposomes (Addgene plasmid, Cambridge, Massachusetts). The
plasmid originally was a gift from the Tom Misteli group which has designed the plasmid originally
(Scaffidi & Misteli 2008a). The transfection was carried out using a protocol from the plasmid
supplier.

pBABE-puro-GFP-wt-lamin A is a 8170 bp circular DNA sequence (plasmid vector) which has genes
that encode N terminal enhanced green fluorescent protein (EGFP) (~600bp) as the tag protein
(Excitation/Emission: 488/509 nm), pPBABE-puro (5200bp) sequence as the backbone of the
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sequence, GFP-Lamin A as the inserted gene and genes that make the cell resistant to Puromycin
which acts as the selectable antibiotic marker (Figure 2-9(a)).

The plasmid vector was introduced to the host bacteria (Escherichia coli) in a process called bacterial
transformation. The plasmid also contains genes to make sure that the host bacterium replicates the
plasmid during bacterial growth and gives the same plasmids to the daughter bacterium. The pBABE-
puro-GFP-wt-lamin A plasmid, therefore, was shipped as transformed bacteria in the form of a
bacterial stab (Figure 2-9 (b)) which basically is a type of Lysogeny Broth (LB) Agar media that
supports living of transformed bacteria. The bacterial stab was stored at 4°C upon arrival and then
bacteria were streaked in a zigzag pattern using a sterile inoculating loop on an LB agar plate (Figure
2-9 (c)) and incubated at 37°C overnight in order to get a single colony of bacteria. Isolating a single
colony for inoculating the bacterial culture to amplify the plasmids eliminates the risk of a

heterogonous plasmid population growing after DNA purification.

2.8.3.1 LB agar plate and liquid LB preparation

35 g/L Broth with agar (Lennox) (Sigma-Aldrich, Dorset, UK) was diluted in distilled water in a glass
container (usually 500 mL in each preparation). The solution was autoclaved at 121°C for 20 minutes
to sterilize and was left for approximately 30 minutes until the solution was cold enough to handle and
Ampicillin (100 pg/mL) antibiotic was added. The solution was shaken and approximately 25 mL was
poured in 100mm Petri dishes (Greiner Bio-one, Kremsmiinster, Austria). The bubbles were burst with
a sterile tip and plates were left to cool. Plates were labelled and stored upside down in a 4°C fridge
(Figure 2-9(d)).

For the preparation of liquid LB, 20g/L LB Broth (Sigma-Aldrich, Dorset, UK) were diluted in distilled
water and the solution was autoclaved at 121°C for 20 minutes to sterilize and then allowed to cool
before adding Ampicillin (100 pg/mL) antibiotic. The medium was stored at 4°C fridge.

The transformed bacteria have a gene that makes them resistant to the Ampicillin antibiotic and the
LB agar plates have 100 pg/mL Ampicillin added to ensure that no foreign bacteria can grow on the
agar plates. Using a sterile tip, the single colony was transferred from the agar plate to the LB liquid
(Figure 2-9(e)) to incubate an overnight (~16 hours) bacterial culture in a shaking incubator (200 rpm)
at 37°C in order to amplify the number of bacteria that contain the plasmid.

For longer-term storage, 25% (v/v) Glycerol (Sigma-Aldrich, Dorset, UK) was added to the bacteria
culture and 1.5 mL of the mixture was added to labelled 2 mL cryovials (Starlab, Blakelands, UK)

and stored in a -80°C freezer (Figure 2-9(g)). Plasmids are stable in such a -80°C glycerol stock for
years (Addgene: Protocol - How to Create a Bacterial Glycerol Stock).

The bacteria culture which looks cloudy (Figure 2-9 (f)), was removed from the incubator and used

for plasmid DNA isolation using a minipreparation plasmid DNA kit (QIAGEN, Hilden, Germany)
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according to the protocol of the supplier of the kit. A minipreparation plasmid DNA kit (called also
‘miniprep’) is a fast and small-scale method to isolate plasmid DNA from the bacteria. In this method,
first the bacteria culture medium is centrifuged and the bacterial pellet is removed in order to obtain a
high concentration of bacteria. Afterwards, a strong lysing alkaline solution is used to disrupt the cell
membrane of bacteria. The alkaline denatures both chromosomal DNA and plasmid DNA of bacteria.
By acidifying the solution with potassium acetate, plasmid DNA reverts to its original shape while the
chromosomal DNA remains denatured and gets filtered out by a gravity-derived column filter. A final
centrifuge treatment removes remaining debris and gives a pure solution of plasmid DNA (Birnboim

& Doly 1979).
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pBABE-puro-GFP-wt-lamin A

pBABE-puro

Figure 2-9: Structure and experimental items for storing, amplification, stocking and
transfection of pBABE-puro-GFP-wt-lamin A plasmid DNA. (a) The genetic map of pBABE-
puro-GFP-wt-lamin A DNA plasmid. (b) Bacterial stab containing transferred E. coli bacteria that
carry the DNA plasmid. (¢) Streaking the transferred bacteria to harvest a single bacterial colony. (d)
Agar plates with 100 pg/mL Ampicillin antibiotic. (e) Liquid LB culture medium for E. coli
amplification. (f) The cloudy culture of E. coli liquid culture after an overnight inoculation in a
shaking incubator. (g) Transferred bacteria in 25% Glycerol solution stored in cryovials for long-term
stocking. (h) Optimization of transfection of 3T3 fibroblasts with the DNA plasmid in different

concentration of Lipofectamine® 2000 reagent.

The concentration of purified DNA was measured using a NanoDrop™ 2000 spectrophotometer
(ThermoFisher Scientific, Loughborough, UK). 2 pL of tris(hydroxymethyl)aminomethane-
Ethylenediaminetetraacetic acid (Tris-EDTA) buffer solution that contains purified plasmid DNA was
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put on the spectrophotometers (Figure 2-10(a)) and DNA absorbance was measured (Figure 2-10(b)).
The DNA absorbance of the buffer solution was measured as the background control signal (Figure 2-
10 (¢)). Results showed a yield of ~ 140 ng/uL purified DNA plasmid which means that we were able
to isolate 40 ug Plasmid DNA purified from 5 mL of LB bacterial culture. The transfection was
carried out using Lipofectamine® 2000 (Thermofisher Scientific, Loughborough, UK) in a similar
protocol used for transfection using Lipofectamine LTX (see 2.8.2). The following steps were
changed accordingly:

2-1,2,3,4 pL of the transfection reagent Lipofectamine® 2000 was diluted in 4x50 L. Opti-MEM
medium (Life Technologies, Paisley, UK) in one vial to find out the optimum amount of the reagent
(Figure 2-9(h)).

3- 50 uL Opti-MEM medium and 1pg of plasmid DNA were mixed in a separate vial.

4-These two vials were mixed in a 1:1 ratio and incubated for 5 minutes subsequently.

6- 50 uL Incubated DNA/lipid complex (500 ng DNA final use per well) was added to the 24-well
plate.

8-The cells were subjected to selection pressure by adding 1 pg/mL of Puromycin Dihydrochloride

antibiotic (Life Technologies, Paisley, UK) for two weeks in order to select cells that express the

transfected gene.
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Figure 2-10: Measurement of purified DNA plasmid concentration. (a) A 2 uL drop of DNA
plasmid in Tris-EDTA buffer solution on the spectrophotometer. (b) A DNA plasmid absorbance

curve. (¢) The absorbance curve for Tris-EDTA buffer solution as the control.

2.9 Microscopy

An inverted confocal scanning laser microscope (Leica TCS SP5) was used for fluorescent microscopy,
bright field microscopy and Interference reflection contrast microscopy (RICM). 40x, 63x and 100x oil
immersion objectives of the microscope were typically used. Type F 1.518 oil from Leica was used as

the immersion oil. Images were analyzed with the LAS AF Lite software suite from Leica. Bright field
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microscopy for regular cell status checking during the cell passages, the cell counting by the
haemocytometer and controlling the morphological effects of transfection process on the cells was
performed on a Motic® AE31 Inverted Microscope. Captured images were analyzed with ImageJ
software. In addition, we used this microscope for visualizing the nuclei that was stained with Hoechst®
33342 dye.

2.9.1 Live cell microscopy setup

To perform live cell microscopy without compromising the cell viability, temperature and pH should
be maintained at 37°C and 7.4 respectively. As Figure 2-11 illustrates, the microscope stage is enclosed
in a chamber and a feedback loop helps to maintain the temperature via an air circuit powered by a fan
heater. A CO; tank combined with a carbon dioxide sensor and a control circuit helps to maintain the
CO; level at 5%. This concentration of the carbon dioxide keeps pH of the growth medium at the desired
7.4.

Microscope chamber

Growth Medium
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Figure 2-11: Microscope setting for live cell imaging. (a) Schematic view, the diagram is not up to

scale. (b) The lab setup. The microscopic chamber provides the living cells with a constant flow of air

at 37°C and 5% CO; level.

The working distance for different objective lenses varies from a few centimetres for 10X air to about
100 micrometres for the 100X oil immersion lens. Given the thickness of conventional coverslips
added to the thickness of the PDMS patterned substrate, there can be limitations to the use of high
magnification oil immersion lenses in the inverted microscope. The application of upright microscopy
is not feasible for live cell imaging because of the possible contamination by the lens. To overcome

the aforementioned challenges, we have designed a custom-built ring setup that consists of a thin
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coverslip (0.19 mm) with a 55 pm layer of PDMS on top of it, which makes it possible to use a high

magnitude lens to monitor the cells on the patterns. (Figure 2-5 (e)).

2.9.2 Confocal microscopy

Patented in 1957 by Marvin Mersky, this technique improves the resolution of the optical microscope
by eliminating out of focus light (red beam in Figure 2-12) both laterally and vertically by means of a
pinhole in front of the detector. The method enhances contrast by reducing noise at the cost of a
reduction in intensity. The confocal setup gives a thin optical sectioning possibility, which makes it

particularly useful in 3D imaging.
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Figure 2-12: Schematic view of confocal microscopy. After (Confocal microscopy).

A pinhole in front of the illumination source increases the degree of collimation for the non-laser
broadened light source. As laser beams have a very high degree of collimation, point illumination of
the sample by them can enhance resolution and contrast of confocal microscopy by restricting the noise
from outside the focus point. As the monochromatic beam of the laser is not subject to chromatic
aberration, less light is excluded from the focal point compared to polychromatic sources. A minimized
size of the illumination spot in confocal microscopy gives another advantage over wide-field fluorescent

microscopy by reduction of the photobleaching in the specimen outside the focus point. The thickness
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of the focal plane is calculated by the wavelength of illuminating light divided by the numerical aperture
of the objective lens. However, it should be taken into account that the optical properties of the specimen

are also important in the thickness of the focal point.

2.9.3 Differential Interference Contrast (DIC) microscopy

The method was patented in 1952 by Georges Nomarski; it is also known as Nomarski Interference
Contrast (NIC) microscopy and operates on the principle of interferometry to acquire information from
the specimen. As Figure 2-13 illustrates, unpolarized light gets polarized at 45° to the original direction
as it passes through the primary polarizing filter. The light enters a Nomarski-Wollaston prism, which
consists of two inclined slabs of a crystalline material, such as quartz, which has a refractive index
dependence on the polarization of the light; it then gets split into two different rays polarized at 90° to
each other (the sampling and reference rays). A condenser lens focuses the two rays on the specimen
and they pass through the sample from two adjacent points with approximately 0.2 um separation (this
separation distance approximately is the resolution of the microscope). As the optical thickness of the
sample at these two adjacent points are different, the two rays experience different optical paths and the
phase of one ray changes relative to the other one (phase shifting). The second condenser lens (objective

lens) focuses two the rays into the second Nomarski-Wollaston prism.
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Figure 2-13: Schematic view of DIC microscopy. After Richard Wheeler (en.wikipedia.org).

This prism recombines the two rays into one polarized beam at 135°. Interference between the two rays

occurs during this recombination. Different phases translate to amplitude variations and result in darker
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or brighter pixels on the image. A secondary polarizing filter removes the directly transmitted light
before the detector.

The dependency on the sample being transparent and oversensitivity on the phase polarization are the
most important limiting factors for DIC microscopy. The method is not suitable for highly pigmented
cells and thick specimens such as tissue slices. The method is much used in biological applications, in
particular in the imaging of unstained samples as it enhances the resolution when the refractive index
of the sample is fairly similar to the surroundings. However, it is not compatible with highly
polarizing materials and this limits its non-biological applications.

DIC is blind to features of the sample that are parallel to the orientation of the Wollaston prism
(apparent lighting direction). Imaging of the sample from different angles with the rotation of the

specimen can help overcome this limitation.

2.9.4 Reflection Interference Contrast (RIC) microscopy

This technique was initially used to study oil layers and only in 1964 was it introduced for the first time
to biological fields to study the contact points of an adhering cell on a glass substrate (Curtis 1964). In
a typical RIC microscope, light from a polychromic light source, such as a halogen lamp, passes through
a monochromatic filter. Generated monochromatic light passes through a polarizer and subsequently
gets reflected towards the objective lens via a dichroic mirror. A quarter-wave plate circularly polarizes
the incident light before it hits the sample (Figure 2-14). The incident circularly polarized light ({y) gets
reflected by the transparent substrate, usually glass, to form the first reflected ray (/;). Those parts of
the incident beam that are not reflected, get refracted by the substrate and hit the sample. When the
membrane of the sample (cells in our case) is attached to the substrate, the phase of reflected ray from
the membrane is 180° shifted compared to the reflected light from the substrate. Therefore, these two
rays of light cancel each other out by destructive interference and create a dark spot on the image.
However, when the membrane is not attached to the substrate, the phase difference the between reflected
ray from the membrane (I;) and I; is not 180° anymore and these two rays recombine together to make
the final reflected ray (I), which gets captured by the detector, usually a CCD camera, as a lighter spot
(Figure 2-15).
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Figure 2-14: Schematic view of a RIC microscope. After (Barr & Bunnell 2009).

Cytosol
ng=1.35

Image intensity: 'l B

Figure 2-15: Conceptual illustration of image formation in RIC as a result of interference

between reflected rays from the sample and the substrate. After Jhpbroeke (en.wikipedia.org)
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The intensity of I is given by the following equation:

I=1+1,+ 2,1, cos (2kh + 1) Equation 2-1
Where k = 2

nlnl, n; is the refractive index of the medium, A is the wavelength of incident light and 4 is
the distance between the sample membrane and the substrate.
Intensities of I; and I, are dependent on Io:

I =111

L=~01- 7"021)7"12210

Equation 2-2
Equation 2-3

where rj; are Fresnel reflection coefficients and depend on refractive indexes (no, n; and ny).
ni—n

Tij = n.+n]: (ij =0,1,2) Equation 2-4
it
As equation 2-1 illustrates I is a function of the distance /. Figure 2-16 depicts this dependency (IL) for
0

a light beam within the visible range (dashed curves shows the dependency of / on illumination
Numerical Aperture (INA)). This way, the variations in the proximity of the sample to the substrate
gives rise to image contrast. This image forming mechanism makes RIC microscopy an ideal option for

the imaging of close contacts between sample and substrate (i.e. cell periphery and pseudopodia).
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Figure 2-16: Dependency of the intensity of reflected ray to the distance between sample and
substrate. After (Limozin & Sengupta 2009).
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2.9.5 Phase contrast microscopy

Phase contrast microscopy was invented in the early 1930 by Frits Zernike and due to the importance
of the techniques especially in the study of living cells, he was awarded the Nobel Prize in Physics in
1953 (Zernike 1955). The technique is widely used in microscopic observation of unstained biological

samples.
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Figure 2-17: The phase contrast microscopy. (a) Schematic view of the ray path in a phase contrast
microscope. (b) The formation of the hollow cone in the phase contrast microscope. (¢) The phase
plate with reduced/increase (positive/negative contrast microscope) thickness and
destructive/constructive of surround waves (S) and diffracted waves from the specimen (D) to make
the resultant particle waves (P) on the image plane in positive/negative phase contrast microscope. (d)
The darker /brighter phase contrast image compared to the background in positive/negative phase
contrast microscope. (¢) Micrographs of a 3T3 fibroblast by bright field microscopy (left) and the
bright field microscopy (right). Scale bars are 50 um.(a),(c)&(d) after (Introduction to Phase Contrast
Microscopy | MicroscopyU), (b) after (File: Darkfield and phase contrast microscopies.ogv -

Wikipedia), (€) is a result of my personal work.
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Unstained biological samples such as cells, usually are transparent and have a refractive index that is
very similar to the surrounding medium and therefore they are not highly visible (low contrast) under
bright field microscopy (Figure 2-17(e), right panel). Phase contrast microscopy is a technique that can
translate small phase shifts of the light that passes through the specimen into changes in the brightness
of the resulting image (Figure 2-17(e), left panel).

As Figure 2-17 shows, in a phase contrast microscope, a condenser annulus which is made of a black
flat (opaque) disk with a transparent annular ring is put in front of the light source and makes it possible
to illuminate the specimen by parallel wavefronts emanating from the annulus (usually described as a
hollow cone with a dark centre). Usually, for most of biological specimens, the majority of the light
passes through the specimen and around the specimen without interacting with it to create the
background light in the image; it is referred as surround waves (S) which have a planar wavefront.
However, a small portion of the light waves is diffracted by the specimen and comprise the diffracted
waves (D) with a spherical wavefront. D waves have lower amplitude and are retarded (due to the
thickness and refractive index difference between the specimen and surrounding medium) by about a
quarter wavelength (-90 degrees) compared to S waves. Both D waves and S waves pass through the
objective and are focused on the rear focal plane of the objective where the phase plate is placed.
Because of the planar wavefront, the S waves occupy a small portion of the objective rear aperture
(because they are focused) and therefore S waves and D waves occupy distinct portions of the objective
rear focal plane. Therefore, the phase plate which is made of a ring with reduced (or increased for
negative phase contrast microscopy) thickness etched into the glass can selectively shift the phase S
wave by 90 degrees (an advance for positive phase contrast microscope or retardation for negative phase
contrast microscopy) and therefore retard the D wave by 180 degrees compared to the S wave (positive
phase contrast microscopy) or eliminates the phase difference between D and S waves (negative phase
contrast microscopy). Usually, the ring on the phase plate has a light absorbing metal coating which
reduces the amplitude of the S wave by 60-90%. Most phase contrast microscopes are positive phase
contrast and therefore D waves and S waves combine in a destructive interference and lead to a resultant
particle wave (P) with lower amplitude compared to the S wave. Therefore in these phase contrast
microscopes, the cell appears darker than the surrounding medium (Introduction to Phase Contrast

Microscopy | MicroscopyU)(Yin et al. 2012).

2.10 Raman spectroscopy

Raman microspectroscopy is a technique that gives comprehensive morpho-chemical information
about the cell non-destructively and therefore it is highly used in cell science (see details of the

technique in chapter 7.1).
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A confocal Raman micro-spectroscopy system (Alpha 300, WiTec, Ulm, Germany) was used for the
acquisition of all Raman measurements. Spectra acquisition was performed at room temperature and
samples were kept at 4 °C while they were not being analyzed under the microscope. A 20X objective
lens (Zeiss Epiplan Neofluar, Cambridge, UK) with 12.1 mm working distance was used for cell
imaging. Raman scattering was generated by a laser with 785 nm (visible red light) wavelength and
200 mW power. The laser was used with a groove density of 1200 g/mm grating (blaze wavelength
was 750 nm). The spectral collection range was usually set from 400 cm™! to 1150 cm™ in order to
optimize between spectra acquisition time and deriving the maximum possible biochemical
information from the specimen. As Figure 2-18 shows, the calibration of the Raman microscope is
performed prior to the start of data collection with standard silicon-based wafers designed for
calibration purposes. Scattered Raman signal from silicon is centred at ~521 ¢m™ Raman shift. All the
tuning knobs were set to get maximum laser intensity in every experiment. The Raman microscope
used in this study gives 200-300 nm lateral resolution (diffraction limited) and its ultra-fast scanning
option makes it possible to acquire about 1300 spectra per second (0.76 milliseconds integration time
per spectrum). This is particularly important in live cell imaging when time and laser toxicity are the

main limiting factors.
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Figure 2-18: Calibration spectrum of Raman microscope using silicon wafer. The left panel is the

bright field image of the calibration silicon wafer and the right panel is the calibration spectrum.

For the experiment in which we needed to perform Raman spectroscopy on a gold mirror (see chapter
7.1), we used a 19 mm Round Protected Gold mirror (Thor labs, Exeter, UK) (Figure 2-19(a)). These
mirrors consist of a 6 mm quartz fused base with a 1-micron gold coated layer on top and an ~80 nm

silica layer as protector (Figure 2-19(b)). Some part of the spectral acquisition of the cells on these
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mirrors was performed with another Raman micro-spectroscopy system (InVia, Renishaw,

Gloucestershire, UK).

2.10. 1 Sample preparation on the gold-coated mirrors

For methanol fixation, approximately 10° cells were collected from a given culture. The cells were
centrifuged for 5 minutes at 1000 rpm and the supernatant was carefully removed and discarded. The
cell pellet was re-suspended in 5 ml of PBS solution and shaken gently by hand. The cells were re-
centrifuged for 5 minutes at 1000 rpm and the PBS removed carefully without disturbing the cell pellet
(it is important to remove all the PBS to minimize interference with the Raman spectra). The cell pellet
was re-suspended in 5 mL cold methanol (100%) at -20°C. The suspension was gently shaken and left
at -20°C for 30 minutes. The solution was then centrifuged for 5 minutes at 1000 rpm and the methanol
removed and discarded. Approximately 100ul of wet cells were collected with a pipette and placed on
a gold mirror and left until the methanol evaporated from the mirror surface. The cell samples on the

gold carrier mirrors were then covered and stored at 4 °C until analyzed (Figure 2-19 (d)).
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Figure 2-19: A gold mirror for Raman microscopy. (a) Schematic top view of the mirrors after
(Mid-Infrared Enhanced Protected Gold Mirrors,www.thorlabs.com). (b)The material composition of

the mirror. (¢) Cell culture on the mirrors. (d) Methanol-fixed cells on the mirrors.

For adherent cells on the mirrors, ~10* were collected from a given sample and seeded on the mirrors.

Approximately a 500pl droplet of phenol-free DMEM/F12 (Life Technologies, Paisley, UK) was put
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on cells (Figure 2-19 (¢)). The old medium was removed every 4 hours and replaced with a fresh
medium droplet.

Matlab 11.0 (The MathWorks, Natick, MA) was used for spectral processing and data analysis.
Background spectra were collected from an empty site on the mirror close to the data collection region
and subtracted from original spectra. Afterwards, all spectra were processed using a custom built Matlab
software (Mamaghani 2015) by automated cosmic spike removal, baseline flattening using a moving

average, peak sharpening, and automated smoothing steps.

2.10.2 Metal coating of the patterned substrate

For coating the patterns we used a physical vapour disposition (PVD) electron beam (E-beam)
evaporator (KJ Lesker, Jefferson Hills, Pennsylvania) which is a thin film deposition system fitted with
a four pocket electron beam source. The system can be used for deposition of thin films of Titanium
(Ti), Gold (Au), Aluminum (Al), and silicon dioxide (Si02). The film thickness and rate of deposition
are accurately computer-controlled using quartz crystal monitoring. In an electron beam evaporator, the
anode source material gets bombarded with a beam of electrons and therefore evaporates under a very
high vacuum. The beam is generated by a hot filament (usually made of tungsten) and gets accelerated
by a high voltage and is targeted on the source material using a magnetic force. The evaporated particles
of the sample rise and get deposited on the sample (Figure 2-20). The process allows precise control of
the thickness of deposition and therefore is frequently used in the semiconductor industry (Mahan

2000).
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Figure 2-20: Schematic illustration of E-beam evaporator function’s principle.

For coating, the pattern was transferred from the silicon template to PDMS (Figure 2-4 (b)) and was
loaded into the centre of the sample holder and was attached using Kapton tape (Kapton tapes, Torrance,
California). The venting process was started and the sample holder was loaded in the E-beam evaporator
and was rotated clockwise to make it firm in its place. Afterwards, coating source materials (gold, silica
and titanium) crucibles were loaded into the machine and the door was closed carefully and the vacuum
pump was turned on and after approximately an hour the vacuum pressure reaches about ~5x107° Torr
(6.6x 107 Pa). The sample was set to rotate at a rate of 2 rotation/minute in order to achieve a uniform
coating. The deposition rate was set to 1 angstrom/second for gold and 0.5 angstrom/second for titanium
and silica. The crucible that contains the bottom layer (titanium) was selected and the E-beam
evaporation was turned on by setting the acceleration high voltage (was set to 10kV or 8kV depending
on the crucible’s number) and waiting until the desired thickness was achieved. A gap of approximately
5 minutes between the deposition of two different materials was used and the second and third (gold
and silica) deposition was carried out. Afterwards, the beam was turned off and the venting process was
started to bring the chamber pressure back to ambient pressure and the sample was removed from the

machine.
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Chapter 3:
Review of the effects of topographical

patterns on cell behaviour

In this chapter, we give a brief review of the utilization of topographical patterns to aid understanding
and help to control cell behaviour. The review starts with a brief history of the early application of
topographical cues in cell studies and continues by introducing different types of topographical patterns
that are used in contemporary cell research.

Later we focus on the important works that have been carried out to use topographical patterns in the
study of cytoskeletal and nuclear mechanics. We review studies that are comprehensive about the state
of the art in the field and also contain results that we will need to understand subsequent result chapters.
Finally, we narrow down our review to the effect of ridge groove and stripe patterns that are printed
using ECM adhesive proteins such as fibronectin. The ridge-groove patterns are well-studied patterns
and are the 3D template patterns used to print the fibronectin stripe patterns that we use in this study.
Furthermore, both cytoskeleton and the nucleus of the cells on the ridge-groove patterns exhibit
morphological responses that are similar to responses that are observed among cells on microprinted
stripe patterns and therefore reviewing the works on the ridge groove patterns can help us to better

understand our results.

3.1 Origin of the subject

In the early years of the 20" century, there was a huge rush and scientific excitement about the
possibility of the cultivation of tissues of higher animals outside the body. There were successful
attempts to isolate some vital tissues, nourish the tissue with a proper extraneous medium for hours or
days while the tissue continued its impaired function and then regraft the tissue inside the original
animal without seriously damaging the tissue. However, when they tried to isolate cells which were the
constituent parts of those tissues, culture and expand them in order to regenerated the tissues, they soon
realized that it is not just the composition of chemical reagents that influence the cell; but, physical cues
such as the substrate material and morphology have an important impact on the cells (Harrison 1912).
For example, they realized that locomotion, the polarity of the cells and direction of migration plays a
key role in embryogenesis (Harrison 1914). In order to investigate the effect of the microenvironment

on this process they set an experiment in which cells from chicken embryos were seeded on three
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different microenvironments: clotted plasma which gives a fibril network to the cells, a solid surface of
a glass coverslip which gives the cells symmetric solid support and a network of spider web fibers. As
there was not mitotic cell division, membrane formation was due to cell migration and alignment to the
substrate texture (Harrison 1914). Epithelium like cells from a chicken embryo that were cultured in
clotted plasma featured a characteristic ring formation in which mesenchyme cells were presented and
epithelium-like cells expressed a tendency to form a membrane (Figure 3-1 (a)). Cells on the coverslip
surface spread and migrated on the surface and formed a monolayer cell membrane although union of

the cells from adjacent parts of the membrane at some point made large holes in the structure.

mesenchyme cells

Figure 3-1. The effect of substrate texture on the chick embryonic cells (duodenum of 9-day
chick embryo). (a) Cells were seeded in clotted plasma which has a fibril structure feature a ring-like
structure. (b) Cells on a glass coverslip formed a monolayer membrane with some holes and large
branched mesenchyme cells in the periphery. (¢) A group of cells on spider-web formed a smaller
membrane (m), a small group migrated along the fibres (a), a group attached to the web (b), a group
polarized along the fibres (c), another group became necrotic (d). The magnification is x 39. (Harrison

1914).
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Highly branched mesenchyme cells with big cell areas were observed in the periphery of the membrane
(Figure 3-1(b)). Cells on the spider web formed a smaller membrane (m), a small group of cell migrated
along the webs (a) a bigger group of the cells firmly attached to the web (b), a group of cells polarized
along the webs and showed a spindle-like morphology that resembled embryonic nerve cells (¢) and
some cells became necrotic (d) (Figure 3-1 (c)).

To further investigate the polarization of the cells on the web, cells from medullary cord were seeded
at lower density on the spider web and they showed a great degree of alignment to the webs creating
spindle-like cells, bipolar cells, tripolar cells, cells adhering to the web with a right angle, and cells that

cross over each other.

Figure 3-2: The polarization of medullary cord cells on the patterns made of a spider web. Cells
polarized along the web fibres to form (a) spindle-like elongate bipolar and tripolar single cells, (b)
bent and attached to a right angle crossed web fibres, (¢) confined to a set of star-like web fibres, (d)

two cells cross over each other on crossed fibre web. The magnification is x 39 (Harrison 1914).

After the early works that were carried out by Harrison in 1914, the effect of solid structures on cells
were generally referred as the “thigmotaxis (from Greek thigma ‘touch’+ taxis ‘arrangement')” or
“stereotropism (from Greek stereos ‘solid’ + tropos ‘to turn’)’’ or “contact sensibility” or “tactile
adhesion”. However, from 1941 onwards the phenomenon has got a different technical word of “contact

guidance” when Paul Weiss observed that culturing of nerve fibres in a plasma clot that was stretched
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by an external force, resulted in an oriented growth of neurons and therefore oriented growth of nerve
processes (Weiss 1941)(Jacobson 1978).

By the middle of the century, researchers started to use non-organic materials or simple fabrication
methods to create texture and patterns on the substrate in order to study cell and tissue polarization in
vitro. A variety of pattern could be made by grooves that were created by scratching of mica substrates

(Figure 3-3).

+
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Figure 3-3: Diagram illustration of different groove patterns on mica substrate used by Weiss in

1945 to study nerve growth. Cells from embryonic spinal ganglia were cultured in the darker area on
the grooves and cells were spread to the stippled area after several days. The circles indicate the area of

culture medium (Weiss 1945).

In 1945, Paul Weiss examined more than 5000 tissue cultures and published one of the milestones in
the field using grooved mica substrates which were used to study nerve growth using cells from
embryonic spinal ganglia (Weiss 1945). He placed the cells in the crossing points of a pair of
intersecting grooves and observed that the cells were spreading outwards in the form of a “tongue”
along the direction of the grooves. The extending nerve tongue tapers towards an apex which lies in the
groove (Figure 3-4(a)). The cells on two neighbouring nerve tongues can merge at their tips. He showed

that the alignment of the cells to the patterns is more significant when the scratches are deeper.
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He also used glass fibres with a size range from 8 to 26 um to see the effect of the fibres on the
polarization of nerve fibres. He observed that the cells build stronger adhesion to the surface of the glass
fibres compared to the fibrin fibres of the surrounding plasma clot so that cells in the interface of plasma
clot and glass fibres were attached and dragged from the plasma to elongate themselves along the fibres
(Figure 3-4(b)). He previously had measured that the size of advancing cell filopodia of the nerve cells
was approximately 0.2 um and therefore he was not able to explain how the cells can sense the direction
of the fibres with the width of 15 um and align themselves with that direction. He set up experiments
to examine the possible molecular orientation of glass fibre surface in the longitudinal direction of the
fibres, the possibility of alignment of surrounding fibrin fibres to the direction of the glass fibres and
the possibility of the sensitivity of advancing filopodia to the curvature of the fibres. However, in all

cases, he was able to reject these hypothesizes with experiments that he designed.

Figure 3-4: Contact guidance of cells on grooved mica and glass fibres. (a) Pattern alignment and

orientation of cells from embryonic spinal ganglia that were cultured on right angle intersected grooves
on mica substrate in the presence of liquid cell medium. X30. (b) Schwann cell (also called neurilemma
cells) are elongated and aligning themselves to the interface of glass fibre and plasma clot. Nuclei are
the dark dot on the cells. X360 (c¢) Extension of rat nerve exudates driven by capillary force along
contact line between glass fibres and surface of the coverslip in the presence of plasma clot medium.

Nerve cells are following the exudate in alignment to the glass fibres. X34. (Weiss 1945).
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He finally concluded that the orientation of nerve fibres is derived by deformation of the exudates by
the capillary force. Similar to surface wetting that allows water to wet a glass rod, the exudate also
tends to coat the glass fibre. The capillary force makes the exudates to move along the fibres and this
spreads a mesh of molecules that are secreted from the cells along the glass fibres which he calls the
“ground mat”. The elongated ground mat which with today’s terminology consists of polarized ECM
fibres guides the rest of cells in the tissue to elongate alongside the glass fibre (Figure 3-4 (c)). However,
nowadays we know that the locomotion of the cell is a more complex active process that involves in
the formation of the focal points and reorganization of the cytoplasm depending on the topographical

and chemical cues of the substrate (see chapter 1.5 for more details).

3.2 Different types of topographical cues

Synthetic biomaterials have been used to mimic the ECM and also to build customized experimental
setups with controlled geometrical and chemical (usually by changing the coating of the surface)
parameters to study different aspects of cellular and tissue behaviour. Development in fabrication
techniques has given the researchers options to create a diverse range of 2D and 3D topographical
patterns at the nano and micrometre length scale to study cell migration, cell adhesion and alignment,
stem cell differentiation (see chapter 4), quantified cell and nuclear deformation and quantified study

of cellular forces. (Guillotin & Guillemot 2011)(Ermis et al. 2018).

A wide range of techniques which mostly originally were used in the electronics industry has been used
to fabricate topographical cues on a surface to study mammalian cells. For nano-scale structure
topographies, methods such as electron beam lithography, nanoimprint lithography, photolithography
(interference), colloidal lithography, polymer demixing, acid etching, sintering of nanophase materials,
anodisation, electrospinning, coating with nano-objects and for micro-scale structures methods such as
photolithography, soft lithography and microprinting, Electrochemical micromachining, Laser ablation,
Sandblasting or shot peening, Plasma spraying, Machining, Mechanical polishing, Electropolishing,
Acid etching, Electroerosion and Electric glow discharging are used (Anselme & Bigerelle 2011).

The geometry of micropatterns is also diverse depending on the purpose of the study; however, it is
possible to classify them into the following categories: microgrooves (with different groove cross-
section and sizes) (Berry et al. 2004), micropillar arrays (Ghibaudo et al. 2009), micro-pits (Berry et al.
2004), and microscale shapes printed with ECM adhesive proteins (Figure 3-5).
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Figure 3-5: Typical geometries of micropatterns in biomaterials. (a) SEM images of 3T3
fibroblast on arrays of PDMS micropillars (height (H): 10 um, diameter (D): 5 pm, spacing(S): 5 um)
from top-view (upper row) and side-view (lower row) of the micropillars (H: 6 um, D: 5 um, S: 5 um)
with an extended lamellipodium of an adhering cell. Scale bars are 20 pm. (Ghibaudo et al. 2009). (b)
SEM images of primary human fibroblasts on a micro-pitted quartz substrate (depth: 4.8 pm, D: 7

um, S: 20 um, upper row) and (depth: 4.8 um, D: 15 um, S: 40 um, lower row). (Berry et al. 2004)
(¢) SEM images of rat epitenon fibroblasts on polyurethane (Elastane) grooves showing substantial
morphological differences of the cells on the patterns in comparison to the cells on the flat substratum
(Curtis 2004). (d) Fluorescence microscopy of fibronectin micropatterns (red) with different shapes
(upper row) to study the mitotic spindle orientation in human HeLa cells. Actin-rich retraction fibres
(green, lower row), spindle poles (red) and chromosomes (blue) are shown. Scale bar is 10 um (Théry

et al. 2007).
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3.3 Application of topographical patterns in study and control of

cellular and nuclear mechanics

In the last 70 years, topographical patterns with different shapes have been used to study various

properties and behaviour at both the cellular and tissue level (Anselme & Bigerelle 2011).
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Figure 3-6: Fibronectin-doted micropatterns for the quantitative study of actin edge bundles.
(a)&(b) SEM images of 3T3 fibroblasts showing concave circular arcs (arrows) with varying sizes
formed at their edge between adhesion points. Scale bars are 10 pm (Albrecht-Buehler 1987). (¢) The
original diagram of actin edge-bundles showing that the concave bundles form between two adhesion
plaques (points) and the bundles develop a tension (T) to oppose the cortical tension (F) (Zand &
Albrecht-Buehler 1989). Fluorescent microscopy of actin edge bundles arcs of cells on PDMS patterned
with fibronectin dots (blue) showing F-actin (green) and Paxillin labelled focal adhesion (red), (d) &(e)
buffalo rat liver (BRL) cells, (f) mouse melanoma cell line (B16) cells. (g),(h) & (i) show arc actin edge
bundles fit circles respectively. (j) Schematic view of the simple tension model, the surface tension (o)
which pulls the cell membrane inwards balances the line tension (1) which stretches the actin edge
bundles between two adhesion points. (k) Arc radius increases (R) with spanning distance (d) for both

BRL (blue) and (B16) cells. Scale bars are 10 um (Bischofs et al. 2008).
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One of the fields in which the patterns are most widely used is to understand, probe and control the
mechanics of the cytoskeleton and nucleus. Micro-patterns gives a very strong tool to researchers to
deform cells in a very well defined geometry and therefore the patterns act as an ideal platform to

quantitatively observe and model mechanical structures of the cells and nucleus.

It has been known for a long time that adherent cells often form concave circular arcs in the webbed
edges (Albrecht-Buehler 1987) (Figure 3-6(a)). The arcs later were called an “actin edge bundle” and
it was shown that these bundles are composed mostly of actin, alpha-actinin and microtubules fibres.
These bundles are more resistant to actin depolymerizing drug treatment compared to normal actin
stress fibres. It was suggested that edge bundles are specialized cytoskeletal structures that support the
webbed edges of interphase 3T3 fibroblasts (Zand & Albrecht-Buehler 1989)(Figure 3-6(b)).
Micropatterns composed of fibronectin dots printed on PDMS substrate which mimic spatial
distribution ECM ligands in vivo were used to study the actin edge bundles quantitatively (Bischofs et
al. 2008). The results revealed that the arc morphology of actin edge bundles was universal regardless
of the cell type, varying size of lattice constant (5, 10, 15, 20, and 25 pum) and dot sizes (0.5-3 pm)
(Figure 3-6(c,d,e.f,g,h& 1)).

Classically the radius of actin edge bundles is calculated using the Laplace law for cell adhesion which
assumes both surface tension (¢) and line tension (1) are local quantities. Therefore, the radius of the
arc curvature (R) is constant (R = 1/¢) and independent from the spanning distance (d). This model is
also called the simple tension model (Bischofs et al. 2008) (Figure 3-6 (j)) . However, the data from
micropatterns showed that the curvature radius (R) increases with the spanning distance (d) and the
experimental results were consistent only when the effect of elastic deformation of the arcs is considered
in the line tension of the bundles (tension-elastic model) (Figure 3-7 (k)). By monitoring the distribution
of arc radius (R) among the cells that were cultured on the micropatterns and were treated by actomyosin
inhibition drugs, it was shown that the cell shape is regulated by both myosin motor contractility and

structural changes in the actin filaments.

Vertical PDMS nanopillar arrays (radius= 50-350 nm, height= 0.7-2 pm) with micrometre spacing (2-
10 um) were used to study nuclear mechanics of 3T3 fibroblasts and to develop models for pressure
exerted from the cytoskeleton on the nucleus (Hanson et al. 2015¢) (Figure 3-7 (a)). Although there was
no significant change in the cytoskeletal morphology (Figure 3-7 (b)), the nucleus was deformed
significantly around the pillars (Figure 3-7(c)). Quantitative analysis of 3D confocal microscopy images
of the nucleus showed that the nuclear deformation is highly dependent on nuclear stiffness, cell type,
the integrity of cytoskeletal components and the geometry of patterns.

When 3T3 fibroblasts were genetically modified to express more lamina A (50-90% more compared to

control 3T3s) and as a result got stiffer nuclei, their nuclei (deformed over 50% less on the patterns

58



compared to the control cells. Among different cell types, neurons have the most nuclear deformation
on the patterns followed by MCF7 (a type of breast cancer cells), HL-1 cardiomyocytes and 3T3
fibroblasts. The difference between nuclear deformations of different cell lines is statistically significant
and this makes the patterns useful as a potential method for studying nuclear deformability among

various cell lines (Figure 3-7(d)).
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Figure 3-7: Using nanopillar arrays to probe the mechanics of the nucleus. (a) SEM images of
PDMS made nanopillars (75 nm radius, 1.4 um height and 2 um pitch). Scale bar is 1 um (b) Overlay
of differential interference contrast (DIC) and fluorescence images actin cytoskeleton (red) of 3T3
fibroblasts on the patterns showing minor visible morphological effects of the nanopillar arrays on the
cell cytoskeleton. Scale bar is 10 pm. (¢) Transmission electron microscopy (TEM) of a 3T3
fibroblast on the nanopillar showing nuclear deformation of conforms to the surface of each pillar.
Scale bar is 2 pm. (d) The diagram of main forces exerted on the nucleus, uniform pressure exerted by
perinuclear actin cap fibers (blue) and localized pressure exerted by the fibers underneath the nucleus
(red). (e) Average nuclear deformation of different cell types normalized to the 3T3 fibroblasts.
Nuclei of neurons deform the most and are followed by MCF7 cancer cells and HL-1 cardiomyocytes
and 3T3 fibroblasts. (f) Indentation depth of deformed nuclei of 3T3 as a function of nanopillar pitch
measured by experiment and simulated by the pressure profile model, the graph shows the
contribution of uniform pressure (green), localized pressure (purple) and the combination of the two

pressures (red) (Hanson et al. 2015¢).

This study shows the nuclear deformation is highly dependent on cytoskeletal filaments. The nuclear

deformation of the cells that were treated with the actin depolymerization drug (low dose latrunculin B
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or cytochalasin D) decreased drastically compared to control cells. However, when cells were treated
with the microtubule depolymerization drug (colchicine), the nuclear deformation was not significantly
different from the control cells and unexpectedly treatment of the cells with the intermediate filament
depolymerization drug (acrylamide) increased the nuclear deformation (Figure 3-7 (e)). Based on these
results, it was suggested that the actomyosin network generates the contractile force that pulls the
nucleus towards the cell membrane while the intermediate filaments provide mechanical resistance
against actin generated force.

Nuclear deformation also depends on the geometry of the patterns. The depth of nuclear deformation
decreased with the increasing nanopillar radius and increased with increasing spacing between pillars
(pitch) (Figure 3-7 (g)).

To model the observations, the nucleoplasm was considered as a soft material that is surrounded with
a stiffer nuclear envelope and lamina and the actin force on the nucleus was considered to come either
from perinuclear actin cap (actin stress fibres on the top of nucleus, see chapter 5) or basal actin fibres
under the nucleus (Figure 3-7 (f)). The force from the perinuclear actin cap fibres generates a uniform
pressure that pushes the nucleus towards the cell membrane and the force from actin fibres underneath
the nucleus generates a localized pressure on the nucleus close to each pole. The modelling results gave
the best fit to the experimental data when the effect of both uniform and localized pressure were
considered on the nucleus. However, it was shown that the effect of localized pressure was dominant at
the pillars with the smallest pitch (2 um) and the relative contribution of the uniform pressure increased
as the pitch of pillars increased (Figure 3-7(g)). This trend may indicate that the force of perinuclear

actin cap has the dominant effect on the nuclear deformation for larger topographical cues.

3.4 The effect of ridge-groove and microprinted stripes on the cell

Ridge groove arrays are a family of topological patterns that have been used frequently for
observation and interpretations of guiding effects of the substrate on the cell. The ridge groove
patterns are also the master patterns for microprinting of the fibronectin stripes that we used in this
study and act as the 3D counterpart for the stripes. Some of the cytoskeletal and nuclear
morphological deformations such as elongation and alignment that are observed among cells on ridge-
groove patterns have a similar counterpart among cells on the stripes printed with adhesive proteins.
Therefore, in order to get an insight into the effects of micropatterned stripes on the cell, it will be

useful to review the main effects of ridge-groove patterns on the cell morphology.

The patterns captured the interest of researchers as they mimic some of the frequently occurring
structures in the living microenvironments of cells such as aligned collagen fibres. A majority of cell

types that were cultured on these patterns were found to be aligned in the direction of the major axis
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of the grooves (Nikkhah et al. 2012). O’hara and colleagues first introduced patterns in 1979 (Ohara
& Buck 1979). They used these patterns to explain previously observed contact guidance among
spreading chick heart fibroblast and kidney epithelial cells induced by fine grooves in plastic culture
dishes. Their results revealed that the adherent fibroblasts and epithelium cells align more effectively
on narrower structures as 75% of cells were aligned to grooves segregated by 5 wm ridges while only
60% of the cells were aligned to grooves separated with 30um ridges. They also observed that cells
have the potency to bridge over the grooves without contacting their surface. They concluded that
bridging is a characteristic behaviour of the cells as they observed the phenomenon in both grooves
with different widths (2um and 10pum) and regularly arranged collagen substrates made from fish
scales. They hypothesized that the cell is stiff enough to bridge over the grooves even when only a
limited area of the substrate is available for the establishment of cell to substrate contacts (focal

contacts).

Later, Clark and colleagues used the ridge-groove pattern to compare the effect of lateral and vertical
dimensions on the contact guidance of cells (Clark et al. 1990). They cultured three different cell lines
(Baby Hamster Kidney cells (BHK), Madin-Darby Canine Kidney Epithelial cells (MDCK) and chick
embryo cerebral neurons) on groove patterns with different depths (0.2, 0.56, 1.1 and1.9 um) separated
with different ridge sizes (4,6,12 and 24 um). Their results revealed that the ridge dimension has a small
effect (alignment inversely proportional to the ridge size) on cell alignment (the direction of the
maximum calliper diameter of each cell relative to the grooves); however, the groove depth is a much
more important factor in the determination of the cell alignment. They observed about 99% alignment
among the cells spreading on the grooves with 1.9 um depth separated by 12 um ridges (groove width:
12 um) while only 20% of cells aligned to the groove with 0.2 um depth separated by the same ridges.
For all ridge sizes, they observed the same significant effect of the groove depth in cell alignment. In
addition, they also observed a substantial variation among different cell lines in their reaction to the
dimension of ridge-groove patterns. For example, BHK cells tend to align with the grooves that were
deeper than 0.56pm while MDCK cells aligned effectively on groove deeper than 1.1um. The alignment

of MDCK cells depended on whether or not the cells were isolated or part of an epithelial cell island.

In a more recent study, Stevenson and colleagues observed three regimes of attachment depending on
the ridge-groove dimensions: bridging, confinement and connection (Stevenson & Donald 2009)
(Figure 3-8). They cultured 3T3 fibroblasts on the ridge-groove patterns with a range of groove width
(10—80 pum), ridge widths (25—55 um) and two ridge heights (15 and 21 um). They observed that cells
that were cultured on the patterns with the highest ridges (21 pm) and narrowest grooves (~10—20 pm)
were able to bridge between grooves without touching the groove floor below (bridging). At the
moderate groove sizes (~30—50 um) cells were confined and aligned with either a single ridge or groove

(confinement). The alignment happened in an increasing degree among the cells on the patterns with
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narrower ridge widths. With the highest groove size (>~50 um) cells were able to transverse between
a ridge and a groove (connection). These connections mostly happened at angles nearly perpendicular
to the pattern. Decreasing ridge height to 15um allowed cells to connect on substrates with narrower
grooves (40 um) without affecting bridging or alignment. They proposed the existence of a critical
length (roughly around the cellular size) for any cell protuberance that makes a ridge—ridge or

ridge—groove connection.

Figure 3-8: Three different attachment regime observed on 3T3 fibroblast spreading on ridge-
groove substrates with different ridge/groove sizes. (a) Cell bridging between neighbouring ridges
on the pattern with 10um grooves size. (b) Cells mostly confined and elongated along the ridges on
the pattern with 30 um groove size. (¢)&(d), Cells traversing (connecting) between ridge and grooves
when they are cultured on the pattern with 60pum grooves. (¢) is showing the ridges and (d) is confocal
microscope focus of the same region (dashed region) to show grooves. The height and width of ridges

in all images are 21 and 45um respectively. Scale bars are 50 um. (Stevenson & Donald 2009).

Development of microscopy techniques and the invention of novel live-cell staining methods has
allowed the acquisition of deeper insight into cell adhesion dynamics on the patterns over time. In a
study (Kung et al. 2011), 3T3 fibroblasts were stained with a live-cell dye with minimum cytotoxic
effects and were cultured on ridge-groove patterns with two different ridge widths (25 pm and 55
um). Cells were tracked individually using confocal microscopy for several hours. It was observed

that there is a time scale (~2-4 hours) over which cell morphology transitioned from the original
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isotropy to anisotropy, where the preference was for cells to lie in a parallel direction to the patterns.
In agreement with previous studies, they found that anisotropy occurred more rapidly and distinctly

among the cells that were cultured on the narrower ridge. Furthermore, they observed a statistically

significant correlation between cell orientation and morphology while there was no correlation

between cell orientation and migratory direction.

The time scale introduced by Kung and colleagues is consistent with the timescale that has been
observed for cytoskeletal filaments’ alignment on ridge-groove patterns. Studies on the alignment and
cytoskeletal organization of human gingival fibroblasts spreading on a ridge-grooved substrate with a
range of groove width between 1-30 um have revealed that microtubules were the first cytoskeletal
filaments that were oriented to the parallel direction of grooves and were first aligned to the bottom of
the grooves (~20 minutes after seeding) (Oakley & Brunette 1993). However, aligned actin filaments
were observed 40-60 minutes after initial seeding and aligned focal contacts were not seen until 3

hours after initial seeding.

Recent studies have been focused on the quantitative study of the dynamic of cell migration and
spreading on micropatterns made of CAMs in order to obtain a better understanding of the biological
mechanism of cell adhesion and spreading. In a study, 3T3 fibroblasts were cultured on
polydimethylsiloxane (PDMS) substrate fibronectin stripes with varying widths (50, 25 and 10 um)
(Huang & Donald 2014a). The kinetics of classical three-phase sigmoid spreading of the fibroblast
cells within these three different size grooves were observed. It was revealed that during the early
rapid expansion phase (E-phase) cells spread radially in a way that the total cell area is proportional
with t'8 (t represents the time) until they reach the PDMS spacing (Figure 3-9). When they reach the
PDMS spacing, cells start to spread lengthwise in a way that means the total area of the cell is
proportional to t'. Assuming that the cell spreading in the early E-phase is directly linked to the F-
actin elongation rate, that membrane tensions are negligible in the early stage of spreading and that
molecular factors responsible for F-actin polymerization (such as G-actin, profilin, Arp2/3, etc.) are
abundant and uniformly distributed, a model has been derived based on simple geometrical
calculations that predict a t* law for the radial spreading cells and a t' law for the lengthwise spreading

cells (Huang & Donald 2014a).
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Figure 3-9: Dynamics of project cell area in 3T3 fibroblasts spreading on fibronectin printed
stripes with different widths. (a),(b)&(c) Spread curves of fibroblasts cultured on the 50, 25 and 10
um stripes, derived from reflection interference contrast microscopy of the cells. (d) A differentiated
form of the spread curves of the four patterns. Revealing the dependence of cell spreading kinetics
onits spreading morphology using micro-contact printed fibronectin patterns. (Huang & Donald
2014a).

Although previous studies have given us a substantial knowledge about the effect of ridge-groove and
microprinted stripe patterns on the cellular behaviour; however, many aspects of these effects such the
effect on cellular thickness, cellular volume and nuclear deformation remain poorly understood,

which we aim to shed light on these aspects in this study.
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Chapter 4:
A review on stem cells and how they are

affected by physical cues

Stem cells are types of cells in multicellular organisms that are distinguished by two properties

(Figure 4-1). Potency and self-renewal (Potten & Loeffler 1990).

Potency means that they can differentiate into other types of cells which can be either somatic cells or

other types of stem cells (progenitors).

Self-renewal: Unlike fully differentiated somatic cells they have the ability to divide and produce

more of the same stem cells. This ability is called self-renewal (Figure 4-1).

The exact history of stem cells discovery is a little bit ambiguous. In 1909, Alexander A. Maximow
for the first time proposed the theory of stem cells in full-grown organisms by observation of
“’undifferentiated primitive blood cells’’ that can differentiate to haemoglobin-rich and haemoglobin-
free cells which resemble large lymphocytes (Maximow, 1909). Later, he discovered that in very
young embryo elements of mesenchyme, the embryonic connective tissue, which arises from
mesoderm form ’blood islands’’. The cells of the blood islands later differentiate in two directions.
One type of cell formed are round and have been called “’primitive blood cells’” which float in the
plasma and the other type of cells are those which form the wall of the first blood vessels or the first
endothelium (Maximow 1924).

In 1963, James Edgar Till and Ernes McCulloch who are mostly known for the discovery of stem
cells nowadays discovered mouse bone marrow-derived hematopoietic cells that have the potential for
self-renewal (Becker, McCulloch and Till, 1963). In 1965, it was discovered that undifferentiated
neural cells in rats migrate postnatally from the forebrain ventricles to the hippocampus and become
differentiated there (Becker, McCulloch and Till, 1963). The early knowledge about stem cells
already was clinically used when the first successful bone marrow transplant in 1968 was performed

to treat two siblings with combined immunodeficiency (Buckley 2011).
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Figure 4-1: Division and differentiation of stem cells. Stem cells ((S), green) can renew themselves
through many symmetric mitoses or they can undergo an asymmetric cell division to divide into one
stem cell and one progenitor cell ((P), red). Progenitor cells can go through several symmetric mitoses

and finally differentiate to a fate determined cell ((D), yellow).

Since then, there have been many landmarks in the field of stem cell research. Many different kinds of
human stem cell lines have been successfully isolated and have been used for an ever-growing

number of studies.

Indefinite (or effectively so) self-renewal and differentiation features of stem cells give them a huge
potential in the future for regenerative medicine and restoration of malfunctioning tissues and organs
(Mahla 2016a). Application of stem cells in repairing failed organs started in the early 21st century
with trials on mostly animal models initiated by a successful repair of injured spinal cord of rats
(Nandoe Tewarie et al. 2009). In 2008, the first tissue-engineered synthetic human organ was
transplanted into a 30 years old woman. This organ was cultured in a bioreactor from denuclearized
trachea who was donated from a human source as organ matrix and was seeded with patient’s own
epithelial cells and mesenchymal stem-cell-derived chondrocytes (Macchiarini et al. 2008). This
transplant considered a breakthrough in medicine and got huge attention in public and scientific
world. However, unfortunately, 7 out 9 patients that received the organ died and 2 were forced to
replace it with an artificial one (Law et al. 2016). This failure made a long-standing controversy in the
scientific society that resulted in the retraction of two main publications (Jungebluth et al.

2011)(Badylak et al. 2012) of the group. In addition, researchers involved in the study were convicted
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of scientific misconduct (The Lancet 2018). This shows that we need much more knowledge about
stem cells in order to unleash the huge potential of stem cell-based treatments. Nowadays, there are a
growing number of clinical trials for stem-cell based treatments which cover many areas including
cancer medicine, transplantation medicine (Trounson & McDonald 2015), anti-aging therapies

(Honoki 2017), HIV cure (Hiitter 2016) and etc.

Blastocyst
Morula (Pluripotency)
(Totipotentcy)

Sperm-egg fusion

~o @)

Inner
Cell Mass (Embryoblast)
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Time origin, single cell 3-4 days, 16 cells 5-6 days, 200-300 cells

>
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Figure 4-2: Zygote is the first totipotent stem cell created by the fusion of sperm and Oocyte
cells. Cells in Morula cellular ball created by the first few division of the zygote remain still
totipotent. The cells of inner cell mass inside blastocyst are pluripotent as they can differentiate to any

cell within a germ layer.

4.1 Differentiation hierarchy of stem cells

Stem cells are usually labelled with their potential to differentiate or simply their potency. There are

several classes of potency for stem cells.
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4.1.1 Totipotent

Also known as omnipotent is defined as a stem cell that has the potential to differentiate into any
other cell type with no exception (Scholer 2016). In other words, a totipotent stem cell is a cell that
can give rise to a whole viable organism (Mitalipov & Wolf 2009). Some sources define totipotent
stem cells as * the true stem cell’’(Nandoe Tewarie et al. 2009). The zygote which is the first cell
formed in the body as a result of a fusion between an oocyte and sperm is the first totipotent cell. In
the first few cell division cycles in a forming embryo, cells still maintain their totipotency as they can
still differentiate into both embryonic stem cells and extra-embryonic placenta cells (Figure 4-2). The
number of division cycles that cells can undergo before losing totipotency is different between
species. However, it is known that universally it is at least until the stage consisting of 4 cells

(Mitalipov & Wolf 2009).

4.1.2 Pluripotent

After several cycles of cell division in the developing embryo and the formation of a blastocyst,
totipotent cells either differentiate into embryonic stem cells in the inner cell mass or into trophoblasts
(Figure 4-2). Trophoblasts form the outer layer of the blastocyst and provide nutrition to the embryo.
Trophoblasts later develop to the placenta which gives the necessary support structure for embryonic
development. The cells of Inner cell mass (known also as the embryoblast) are pluripotent stem cells
that have the potential to differentiate into any cell type within any of the three germ layers (Figure 4-
3).
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Figure 4-3: Blastula undergoes a gastrulation process and becomes a gastrula which consists of
three groups of cells or three germ layers. Endoderm (green), Mesoderm (red) and Ectoderm
(yellow). These three groups of cells later differentiate into multipotent stem cells that create all
organs and tissues. Information in this graph was deduced from (Evseenko et al. 2010),(Cheng et al.

2013),(Tchieu et al. 2017).

4.1.3 Multipotent

Multipotent stem cells have the ability to differentiate into a number of cell types of a closely related
cell family in a specific tissue or organ (Bindu A & B 2011). For example, Hematopoietic Stem Cells
(HSCs) which are located in bone marrow can differentiate into various cell types in blood such as
erythrocytes (red blood cells), T lymphocytes, Plasma cells, Natural killer cells, Macrophages,
Neutrophils etc. (Figure 4-4)(Ng & Alexander 2017). Mesenchymal Stem Cells (MSCs)(Bianco
2014), Pancreatic Stem Cells (PSCs)(Noguchi 2010), Neural stem cells (NSCs)(Bianco 2014) are

other major types of multipotent stem cells.
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Figure 4-4: Differentiation hierarchy for HSCs as an illustration for multipotent, oligopotent

and terminal mature blood cells.

4.1.4 Oligopotent

These cells can differentiate into a smaller number of cell types in comparison to multipotent stem
cells (Wagers & Weissman 2004). For example, lymphoid or myeloid stem cells are oligopotent stem
cells that have differentiated from HSCs and can differentiate into various different mature blood cell

(Schoéler 2016)(Figure 4-4).

4.1.5 Unipotent

These cells can only differentiate into one specific cell type. However, their self-renewal ability
allows them to be classified as stem cells and distinguishes them from stromal cells. Unipotent stem

cells are sometimes called precursor cells (4. The Adult Stem Cell | stemcells.nih.gov).
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Figure 4-5: Classification of human stem cells and the origin of their isolation (yellow).

4.2 Human stem cell classification

Stem cells usually are classified based on their origin into several categories (Figure 4-5).

4.2.1 Embryonic stem cells (ESCs)

Embryonic stem cells are pluripotent stem cells that form the inner cell mass (ICM) in the blastocyst
(Figure 4-2). In the human embryo, the blastocyst forms 5-6 days after fertilization during the pre-
implantation stage and is made out of approximately 50-150 cells (Hardy et al. 1989). During the
gastrulation process, embryonic stem cells form three germ layers. Endoderm, mesoderm and
ectoderm (Figure 4-3). These three embryonic germ layers later differentiate into many cell types and
form all the tissues and organs in the body. ESCs have a great potential for self-renewal and can go
through many cell division cycles without differentiation. Because of this special property, they are
also referred to as immortal cells (Embryonic Stem Cells | stemcells.nih.gov). Pluripotency and
immortality of ESCs give them a unique potential in clinical, therapeutic and research applications.
ESCs play a critical role in key research areas such as developmental biology, tissue engineering,
regenerative medicine, functional genomics, pharmacological testing and cell therapy (Gepstein
2002). The ability for the infinite division of ESCs has made them a unique source for a large quantity
of cells for therapeutic applications (L.M. Khoo et al. 2011).ESCs are being heavily used as models
for prenatal screening for genetic disorders such as fragile-X syndrome and cystic fibrosis (Ben-

Yehudabh et al. 2012).

ESCs are harvested from 5-6 days old embryos by destroying the embryo during the pre-implantation

stage. Therefore, there is a huge controversy about the ethical concerns of harvesting ESCs as some
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people argue that the embryo could give rise to a fully developed human being. However, some
researchers advocate using ESCs in contrast as they argue that a 5-6 day cellular mass is too young for

possible consideration of personhood (King & Perrin 2014).

4.2.2 Foetal Stem cells

Foetal stem cells are isolated from various parts of a developing foetus such as foetal blood, bone
marrow or foetal tissues such as the liver and kidney (O’Donoghue & Fisk 2004). A foetus is a
prenatal human after the embryonic stage and before birth. The foetus stage is usually regarded as
starting about 8 weeks after fertilization (Bindu A & B 2011). Foetal blood is a rich source of HSCs,

MSCs, endothelial stem cells, epithelial stem cells and neural stem cells.

Foetal-derived stem cells have some advantages compared to stem cells isolated from an adult human
source. Ageing of stem cells is a factor that limits the potential of stem cells. The quantitative and
qualitative effects of ageing on stem cells is yet to be understood. However, there is a generally
accepted belief in stem cell research that stem cells derived from younger individuals have better
quality and potential (Van Zant & Liang 2003). As a result, foetal stem cells are assumed to have
better quality in comparison to adult stem cells. Foetal HSCs have a higher proliferation rate in
comparison to HSCs that are isolated from blood cord and adult bone marrow (O’Donoghue & Fisk
2004). MSCs that are isolated from human foetal pancreas also known to be highly proliferative (Hu
et al. 2003).

The majority of foetal cells are harvested from aborted foetuses. Consequently, there are some ethical
controversies about the use of foetal tissue because it is associated with the highly contentious

abortion issue (Lo & Parham 2009).

4.2.3 Cord blood stem cells

Umbilical cord blood (CB) is a source for multipotent stem cells that are genetically identical to the
new-born infant. This eliminates the problem of immune rejection when these cells are being used for
therapeutic purposes in the body. Since umbilical cord is normally considered as medical waste,
harvesting blood from the cord is simple and non-invasive. Because of this advantage, multiple public
and private agencies and blood banks have been created for storing CB for possible future

transplantation for the individual or closely related family members.
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The first CB stem cell transplant was carried out in 1988 between two identical twins in order to cure
Fanconi anaemia (Gluckman & Rocha 2005). As of 2007, 8,000 patients had benefited from CB
transplant worldwide (Rubinstein 2006). These numbers have been rapidly increasing since then and
only in the United States and as of 2017, it is estimated that 700,000 umbilical CB units have been
donated, over 40,000 umbilical CB transplantations have been carried out and more than 25,000

patients have been cured using CB transplantation (Ballen 2017).

CB is mostly known as a rich source for highly proliferative HSCs that are able to form cellular
colonies and consequently, an alternative to bone marrow-derived HSCs (Rubinstein 2006). MSCs
have also been isolated from CB which gives an alternative for bone marrow-derived MSC
(Gluckman & Rocha 2005). Liver and Neural stem cells also are successfully isolated from CB (Lee
et al. 2004),(Rogers & Casper 2004).

4.2.4 Adult stem cells

Adult stem cells are undifferentiated cells that are found in various developed tissues and have the
basic properties of stem cells, self-renewal and potency to differentiate into somatic cells. These cells
make up only a small fraction of cells in developed tissues and are known also as somatic stem cells,
tissue stem cells (Nature reviews, Molecular cell biology. 2000) or tissue-specific-stem cells (Pizzute
et al. 2015). There are several tissues that have been used as a source for isolation of adult stem cells
including bone marrow, central nervous system, retina, skeletal stem cells and dermis of mammalian
skin (Toma et al. 2001), Adult stem cells are primarily responsible for maintaining and repairing the
organ in which they are found. They remain in a quiescent state in their niche (in vivo or in vitro
microenvironment that stem cells reside in and which interacts with the cell to regulate its fate) in the
tissue in which they reside and start division and differentiation when they are activated by
appropriate signals to start the repairing process. Therefore, these cells have a pivotal role in the
future of regenerative medicine and organ synthesis for replacing failed, injured or aged organs
(Mahla 2016b). Most adult stem cells are multipotent and they differentiate into cells within the organ
that they reside. However, there are studies that indicate that some adult stem cells such as bone
marrow stem cells may have the plasticity to differentiate into cells found in other organs, cardiac

muscle cells in this case (Valarmathi & W. Fuseler 2011).

There are fewer ethical concerns about adult stem cells compared to ESCs as they are derived from
developed individuals. As a result, there are fewer restriction and regulation about these cells which
makes it easier for scientists to explore these cells as an alternative source of cells to ESCs (Pizzute et
al. 2015). Because adult stem cells are harvested from the patient in most of the cases, there is no

issue with transplant rejection which gives a big advantage for therapeutic methods based on these
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cells (Aghazadeh & Nostro 2017). Due to the low ratio of adult stem cells number to total stromal
cells, harvesting these cells for therapeutic or in vitro studies remains a challenging task (Greggio et

al. 2013).

4.2.5 Induced pluripotent stem cells

Ethical concerns and immune rejection issues that are associated with ESCs set a race among stem
cell researchers to find a method for making pluripotent stem cells from stromal cells of fully
developed individuals. Soon it became clear that by transferring the nucleus of a stromal cell to a
nucleus-removed oocyte, it is possible to reprogram the stromal cell to a pluripotent stem cell which is
able to give rise to a fully developed viable offspring (Wilmut et al. 1997) ’cloning’. Later it was
shown that by chemically fusing of stromal cells and ESCs, it is possible to make hybrid cells that are
able to maintain tetraploid DNA content. These hybrid cells show characteristic features that are
associated with ESCs such as morphology, growth rate and antigen expression patterns (Cowan et al.
2005), These studies suggested that oocytes and ESCs contain factors that can reprogram stromal cells
to pluripotent stem cells. In 2006, a study published by the Takahashi group showed that by
transducing (a process of introducing foreign DNA into a cell using a viral vector) adult mouse
fibroblast with genes that express a set of four transcription factors which are known as Yamanaka
factors (Oct3/4, Sox2, c-Myc, and Klf4), it is possible to reprogram them to pluripotent cells. These
cells were called ** Induced pluripotent stem cells or iPSCs’’ and exhibited characteristic features of
ESCs. When they were transplanted into nude mice, they created a variety of tissues from all three

germ layers (Takahashi & Yamanaka 2006).

The ideal goal in the medical application of iPSCs is to produce desired cells or organs that are
differentiated from iPSCs which are transduced from the patient’s own cells (Figure 4-6). However,
there are still many challenges in the field of cell reprogramming such as the low efficiency of the
reprogramming process (Takahashi & Yamanaka 2006) or the risk of introducing genetic mutations
(Selvaraj et al. 2010) or tumour generation as a side effect of transduction process (Camara et al.

2016).

The first clinical application of iPSC was performed in 2017. In this trial, fibroblasts of two patients
suffering from advanced Neovascular age-related macular degeneration were used to make iPSCs.
These iPSCs were differentiated into retinal pigment epithelial cells (RPEs) and a sheet made of RPEs
were transplanted into one of patient’s eye. The transplanted retina remained intact after a year;
however, no significant improvement or worsening symptoms was reported in the patient’s vision

(Mandai et al. 2017).
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Figure 4-6: The proposed cycle of application of cell reprogramming in regenerative medicine.
1-Adult stromal cells are harvested from the patient. 2- Isolated donor cells get reprogrammed by
transducing them with genes that encode reprogramming factors. 3- Resulted iPSCs get selected using
antibiotic selections and amplified in vitro. 4- iPSCs get differentiated into desired stromal cells for

the therapy. 5- The stromal cells/tissue transplanted into the patient.

4.3 Mesenchymal stem cells (MSCs)

MSCs are multipotent adult stem cells that are present in the bone marrow and most of the connective
tissues (Augello & De Bari 2010). MSCs have been isolated primarily from bone marrow
(Friedenstein et al. 1970). Bone marrow-derived MSCs are labelled as a gold standard for MSCs as
they are the most studied type of MSCs (Hass et al. 2011). However more recently human
Mesenchymal Stem cells (hMSCs) have been isolated from a variety of other developed tissues
including adipose tissue (Arafa et al. 2013), peripheral blood (Chong et al. 2012), lung (Jarvinen et al.
2008), brain (Paul et al. 2012) and dental pulp (Shi & Gronthos 2003). In addition, they have been
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isolated from multiple organs the foetus including placenta (Vellasamy et al. 2012), amniotic fluid (in

't Anker et al. 2003), umbilical cord blood (Lee et al. 2004) and foetal heart (Garikipati et al. 2018).

MSCs are known as common predecessors of mesenchymal tissues and initially are known to
differentiate into mesodermal lineage cells such as adipocytes, chondrocytes and osteocytes both in
vitro and in vivo after transplantation (Friedenstein et al. 1974). MSCs can differentiate into

fibroblasts when they are exposed to various chemical or physical stimuli (Lee et al. 2006).

Later studies have shown that MSCs are capable of differentiation into cell lines from ectodermal and
endodermal lineages in a process labelled as transdifferentiation (Uccelli et al. 2008) (Figure 4-7). It is
reported that MSCs can differentiate into neurons (Scuteri et al. 2011), astrocytes (Wislet-Gendebien
et al. 2005) and epithelial cells (Paunescu et al. 2007) from ectodermal lineage. Other studies have
shown that MSCs can differentiate into cells from endoderm lineage including gut epithelial cells,
lung cells (Uccelli et al. 2008), smooth muscle cells (Lee et al. 2006), cardiomyocytes (Shen et al.
2017) and skeletal myocytes (Hodgson et al. 2018).

Mesynchemal stem cells
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Figure 4-7: Differentiation of MSCs into cells with different lineages. MSCs mainly differentiate
into mesenchyme tissue cells with mesodermal lineage (solid arrows). When exposed to specific
physical or chemical signal cues, they can transdifferentiate into endodermal and ectodermal lineage

cells (dashed arrows).
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4.3.1 Mechanical and cytoskeletal properties of MSCs

Many of the effects that mechanical cues in the microenvironment or in vitro have on MSCs’ growth,
differential and morphology are understandable only when we know the mechanical and cytoskeletal
characteristics of MSCs and the primary cell lines that are differentiated from MSCs. Therefore, many
studies have been recently focusing on measuring and quantifying these properties (Mathieu & Loboa

2012).

The stiffness of hMSCs has been measured using different methods. AFM measurement shows that
the Young’s modulus of MSCs is about 2.5 kPa in detached spherical form and increases to 3.2 kPa
when adhering to Poly-L-Lysine (PLL)-coated Petri dishes (Darling et al. 2008). The same study
shows that among cell lines that are believed to be differentiated from MSCs, adipocytes are the
softest with Young’s modulus of 0.9 kPa. Chondrocytes are intermediate, with an elastic modulus of
1.4 kPa in the spherical detached shape and 1.8 kPa in the adherent configuration. Osteoblasts have
almost the same stiffness as MSCs in the detached spherical form with an elastic modulus of 2.6 kPa.
However, they become very stiff when they adhere to the substrate with a Young’s modulus of 6.5
kPa. The AFM measurements for fibroblasts’ elastic modulus lies in the range between 1-2 kPa when
they adhere to glass coverslips which have been coated with collagen I (Jaasma et al. 2006) (Figure 4-
8).
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Figure 4-8: Stiffness range of MSCs and cell lineages that are differentiated from them
measured by AFM.

Similar results have been observed when the stiffness of bone marrow-derived hMSCs was monitored
during exposure to a differentiation-inducing medium using micropipette aspiration. Both the

instantaneous (Eo) and equilibrium (E.) Young’s modulus of hMSCs were almost doubled compared
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to the control from 457 & 88 Pa and 98 + 37 Pa to 890 + 219 Pa and 224 + 40 Pa respectively when
the cells were cultured in osteogenic induction medium for 3 weeks. On the other hand, both moduli
decreased to 420 + 52 Pa and 87 + 23 Pa, respectively when hMSCs were cultured in adipogenic
inducing medium for 3 weeks (Yu et al. 2010).

Cell stiffness of hMSCs is mostly dependent on the actin cytoskeleton. Studies have shown that
inhibition of actin polymerization with cytochalasin D has significantly decreased the elastic modulus
of both hMSCs and osteoblasts. The decrease was even more notable on the hMSCs stiffness.
However, disruption of microtubule structure of the cytoskeleton using nocodazole have not any

significant effect on the stiffness of hMSCs and osteoblasts (Titushkin & Cho 2009).

The stiffness difference between detached spherical and adherent form of a cell may indicate how
dependent the stiffness is on the cytoskeletal actin structure. The elastic modulus of the cell varies
considerably between adherent and detached form in osteocytes and fibroblasts. However, the

variance is negligible among chondrocytes and adipocytes (Figure 4-8).

It has been shown that osteoblasts show more polygonal and flattened shapes and they are less prone
to proliferate in comparison to the hMSCs. However, there are two categories of cells among hMSCs
with distinct morphological features; rapidly self-renewing cells (RS) which are spindle-shaped cells
and large flat cells (FC). FCs adhere strongly to the substrate and form more focal adhesions
compared to RSs. FCs and osteoblasts express very similar thick stress fibres while RSs have thin
actin filaments in the cytoskeleton and demonstrate some actin accumulation in the lamellipodia and

many filopodia (Docheva et al. 2008).

Differentiated adipocytes are usually round (GREGOIRE et al. 1998). The round shape allows
adipocytes to store lipid in fat tissue in a very effective way while the spreading form of osteoblasts
allows them to effectively deposit bone matrix (Parfitt 1984). hMSCs that were cultured in adipogenic
induction medium showed a significantly higher percentage of adipogenic differentiation when were
cultured at higher cell density(25000 cells/cm?). In contrast, hMSCs that were cultured in osteogenic
induction medium showed notably higher osteogenic differentiation when they were cultured at lower
cell density (3000 cells/cm?) (McBeath et al. 2004) indicating that more space to spread is a positive
factor in osteogenesis of hMSCs. A similar effect was observed on single hMSCs spread on
microprinted fibronectin islands which shows that the effect of shape on the differentiation is not due

to cell-cell interaction (McBeath et al. 2004).

Mature articular chondrocytes usually display a round morphology in vivo. However, when
chondrocytes are cultured in a monolayer culture at low density in vitro, they adhere and spread on
the substrate and their morphology changes from a polygonal or round shape to amoeboid-like

flattened shape (Von der mark et al. 1977).
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Both configuration of the actin cytoskeleton and microtubule filament in the cytoskeleton play a key
role in chondrogenesis (the process of cartilage formation from condensed mesenchymal tissue).
Initial studies have revealed that disruption of the actin cytoskeleton of monolayer cultured chick limb
bud MSCs by cytochalasin D induces chondrogenesis (Lim et al. 2000). However, later studies
supported the initial results when either inhibition of actin polymerization by cytochalasin D or
stabilization of existing actin filaments by jasplakinolide in mesenchymal limb bud cells increased
chondrogenic transcription factor Sox9. In contrast, disturbing of microtubule polymerization by

colchicine totally blocks expression of Sox9 (Woods et al. 2005).

4.3.2 The effect of physical cues on MSCs

MSC:s are isolated from various body tissues and can differentiate into multiple cell lines in the body.
It happens that these cell lines build up frequently damaged tissues in an adult human being such as
articular cartilage or fibrocartilage (Ma et al. 2012). Therefore, MSCs have great therapeutic potential
in tissue engineering and regenerative medicine. Because of this promising potential, numerous
studies have been dedicated to understanding and possibly controlling the role of biological and
chemical signals in differentiation and optimization of pre-differentiation culture conditions of MSCs
(Delaine-Smith & Reilly 2011). Mesenchymal tissues and subsequently MSCs in their niche are
exposed to various mechanical stimuli. Therefore, it is not surprising that an increasing number of
studies suggest that mechanical cues play an equally important role in the fate and behaviour of
MSC:s. In vivo, MSCs are exposed to mechanical forces in the forms of ECM mechanical and
topographical properties, shear stress forces of surrounding bodily fluids, mechanical forces of cell-
cell interactions (Nava et al. 2012). In vitro, these mechanical factors are simulated by models that
study the effects of substrate stiffness (Xu et al. 2017) and topography (Nakamoto et al. 2014), fluidic
shear stress (Yourek et al. 2010) and regulation of cellular and nuclear morphology using external

hydrodynamic forces (Heo et al. 2016).

4.3.2.1 Effect of matrix stiffness of MSCs

Similar to other adult stem cells, MSCs egress from their niche and circulate around in the body until
they finally get implanted in the microenvironment of destination tissue and differentiate (Katayama
et al. 2006). The stiffness of destination tissue or matrix microenvironment for MSCs varies
significantly from very soft tissues such as brain tissue (~1kPa) (Budday et al. 2015) and adipose
tissue (~2kPa)(Yuan et al. 2015), or muscle tissue (~10kPa)(Gilbert et al. 2010) to stiffer tissues such
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as cartilage (~1 MPa)(Chizhik et al. 2010) and hard tissues such as cortical bone (~10GPa) (Figure 4-
9).
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Figure 4-9: The approximate elastic modulus of tissues and matrix microenvironments that host

different cell lines differentiated from MSCs.

Among differentiated cells, matrix stiffness can alter the cytoskeletal and focal adhesion structures
(Discher et al. 2005) and consequently influence the cellular mechano-sensory and
mechanotransduction machinery (Ingber 2006). Therefore, it was expected that substrate stiffness in
vitro may have an effect on the commitment of MSCs to different lineages. In 2006, a study published
by the Discher group demonstrated that MSCs differentiate into different lineages depending on the
different stiffness of polyacrylamide gel substrates coated with collagen (Ingber 2006). The Young’s
modulus of the substrates was controlled through crosslinking and was set to soft (0.1-1kPa), stiff (8-
17kPa) and rigid (25-40kPa) ranges in order to mimic the typical range of matrix stiffness in the brain,
muscle and collagenous bone. It was shown that MSCs that are cultured on soft brain-mimicking
substrates show branched and filopodia-rich neurogenic morphology; cells on stiffer muscle-
mimicking substrates express myogenic spindle morphological features and MSCs on comparatively
rigid bone-mimicking substrates manifest polygonal osteogenic characteristics (Figure 4-10). In
addition, microarray profiling of MSCs transcription factors among cells cultured on soft, stiff and
rigid substrates also clearly confirmed that cells on a soft substrate express a high level of neurogenic
transcription factors while cells on stiff substrates express myogenic factors and cells on rigid
substrates highly express osteogenic factors. The study showed that substrate stiffness-derived
commitment is only reprogrammable in the first week and after several weeks of matrix-stiffness
commitment the differentiation is stable, irreversible and consistent with the differentiation induced

using biochemical factors. Furthermore, it was demonstrated that the matrix stiffness-derived
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commitment is highly dependent on cytoskeletal actin-myosin machinery so that by inhibiting non-

muscle myosin Il using blebbistatin, all differentiation processes were completely blocked.
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Figure 4-10: Bright field microscopy of morphological evolution of MSCs cultured on collagen

type I coated polyacrylamide substrate with different stiffness. The soft substrate with Young’s
modulus of 0.1-1kPa mimics brain tissue stiffness and induces branching neurogenic cell shape. The
substrate with Young’s modulus of 8-17kPa mimics muscle tissue stiffness and induces spindle like
elongated myogenic features and the rigid substrate with Young’s modulus of 25-40kPa which

mimics collagenous bone triggers polygonal osteogenic cellular morphology (Ingber 2006).

Later studies have tried to integrate the substrate—stiffness-derived differentiation with conventional
biochemical differentiation factors in order to gain a more comprehensive control of the MSCs fate
commitment process. Transforming growth factor B (TGF-p) is one of the best-known factors that
promote the differentiation of MSCs into either chondrocytes or smooth muscle cells (SMCs). On the
other hand, culturing MSCs on stiff collagen-I coated glass substrates increases expression of SMCs
markers such as a-actin; while, culturing the MSCs on soft collagen-I coated substrate (~ 1kPa) result
in cells that express higher levels of chondrogenic markers such as collagen-II and adipogenic

markers. These cells are also less prone to spread, have fewer stress fibers and lower rates of
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proliferation compared to cells on the stiff substrate. When cells on the stiffer substrate were exposed
to TGF-P, even higher levels of SMCs markers were observed. However, when cells on the soft
substrate were exposed to TGF-f, only chondrogenic markers were boosted and adipogenic markers
were completely surpassed (Park et al. 2011). The result shows that matrix stiffness can be a powerful

tool in parallel to conventional biochemical factors to increase the yield of MSCs differentiation.

Sulphur-containing acidic groups are among the best known chemical factors that can induce
chondrogenesis both in vitro and in vivo which is very important in cartilage regeneration. A study has
shown that when MSCs are cultured on Sulphonate-coated polyacrylamide gels (S-PAAm gels) with
lower Young’s modulus (~1kPa), cells express high chondrogenic markers and exhibit very low
undifferentiation factors even in the absence of conventional chondrogenesis differentiation factors.
However, cells that are cultured on the stiffer S-PAAm gels (~150kPa), did not express
chondrogenesis markers in the absence of a differentiation supplement. In addition, cells on the soft
gels show morphological characteristics of chondrocytes such as high cortical actin, round shape and
few stress fibers while the cells on the stiffer gels demonstrate strong expression of stress fibers and
are more spread out. Similar to the previous studies, inhibition of myosin II by Blebbistatin

completely suppressed the chondrogenesis on the soft gels (Joon Kwon & Yasuda 2013).

Although cytoskeletal actin-myosin has a very decisive role in the action mechanism of matrix
stiffness on MSCs, the actual mechanotransduction mechanism involved has proved to be a more

complex system of feedback and sensory loops.

Cytoskeletal stress fibers generate a contractile force which is balanced by the compressive resisting
forces of cytoskeletal microtubules and the traction force that is exerted on the extracellular matrix
(ECM) across focal adhesion points. As a result of this force transfer, the microtubule compression is
directly determined by the substrate stiffness. Through cytoskeletal feedback loops mediated by
several molecular chains, the cell stiffness changes its maximal sensitivity close to the microtubule
compression value which is determined by ECM stiffness. In fact, computational models show that
cell sensitivity is not a constant and has a bell-shaped behaviour over the range of physiological
matrix elasticity and the position of sensitivity peak depends on the cytoskeletal organization and in
particular F-actin structure. The model suggests that the reorganization that is observed in F-actin in
MSCs when they are seeded on substrates with different elasticity is a cellular process that shifts the
sensitivity peak towards the value of the substrate elasticity. If microtubule compression, which is
determined by the matrix stiffness, is outside the range of cell sensitivity (or the cell is too soft or too
stiff for the substrate in other words), the cell starts to either reinforce or dismantle the stress fibers

through polymerization or depolymerization processes of actin bundles (De Santis et al. 2011).

Traction force on the ECM also triggers the integrin-mediated transduction pathway and the pathway

influences the cytoskeletal actin polymerization which controls the contractility of stress fibers. Both
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the contractile force of actin filaments and microtubule compression forces are transmitted to the

nuclear Lamin-A and therefore are sensed by the nucleus and will influence transcriptional pathways.
In addition, some direct signal from the integrin-mediated signal transduction cross-talks with Lamin-
A transmitted signals in determining the transcriptional factors which govern stem cell differentiation

and influence actin contractile stress fibers and Lamin-A structures (Figure 4-11)(Lv et al. 2015).

integrin-mediated signal transduction

Microtubule

Figure 4-11: Mechanotransduction mechanism of matrix stiffness mediated stem cells

differentiation. (Lv et al. 2015).

MSC:s that are cultured on rigid substrates spread more, have well-aligned stress fibers and enhanced
focal adhesion assembly which results in a cytoskeleton with high tensile stress. On the other hand,
MSCs growing on the soft substrate, have a smaller cell projected area, diffuse and poorly defined
actin cytoskeleton and fewer focal adhesions which result in an overall low tension cytoskeleton
(Ingber 2006)(Figure 4-12). There is accumulating evidence that shows cytoskeletal based feedback
loops are highly sensitive to the tensile stresses in the cytoskeletal elements (Swift et al.
2013)(Pajerowski et al. 2007)(Sun, Chi, Xu, et al. 2018) and therefore we can rationalise how the cell
fate is highly dependent on the stiffness of the substrate matrix (Lv et al. 2015).
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11 kPa . .

Figure 4-12: Cytoskeletal structure and adhesion state of MSCs cultured on substrates with

different stiffness. (A): Paxillin labelled focal adhesions (green) are diffused and poorly defined in
the neurogenic soft gel (1kPa) and they grow as the elasticity of the substrate increase in the myogenic
gel (11kPa), osteogenic (34kPa) and the rigid glass substrate. (B) Projected cell area and F-actin (red)

organization increase as the substrates become stiffer. Scale bar is 20 um (Engler et al. 2006).

4.3.2.2 The effect of substrate patterns on the MSCs

In vivo, MSCs are exposed to a complex microenvironment in their niche. ECM is one of the most
important elements of the microenvironments that provides physical support to the cell when they are
adherent cells and mediates various mechanical and chemical signals to the MSCs. Therefore, it plays
a crucial role in cellular behaviours such as cell differentiation, migration and proliferation (Kelleher
& Vacanti 2010). Advances in the microfabrication and nanofabrication techniques have been used to
fabricate biomaterials in order to mimic the topographic features of the ECM in vivo as well as the
other mechanical and chemical ECM properties such as elasticity, porosity, surface charge,
architecture, hydrophobicity, functional groups and protein composition (Kaivosoja et al. 2012).
These biomaterials play a key role in understanding the role of mechanical cues on MSCs and also
can be a powerful tool to control the MSCs behaviour which is crucial for the improvement of MSC-
based tissue regeneration strategies (Li et al. 2017). It is difficult to control temporal and spatial
concentration gradients for chemical factors; however, scaffold-based cues such as substrate patterns
are easier to control. This gives a significant advantage to the pattern-based techniques to control the

behaviour and fate of MSCs cells (Subramony et al. 2013).
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Basically, it is possible to classify the 2D substrate effects on MSCs into the effect of substrate
roughness and the effect of the patterns of the substrate. The substrate patterns that have been used
also can be classified into two major categories: isotropic and anisotropic patterns (Metavarayuth et
al. 2016) (Figure 4-13). Currently, different fabrication techniques are being used to fabricate these
biomaterials including microcontact printing, photolithography, self-assembly systems, sandblasting,
electrospinning, replica casting or molding and particle synthesis. These techniques synthesize nano
and microscale topographic features on the substrate (Ross et al. 2012) while the length scale of the
patterns that can affect MSCs is varied widely between tens of nanometers to tens of micrometres
(Dalby et al. 2007),(Thery 2010).

Surface roughness is a quality of a surface that shows how smooth the surface is. The surface
roughness is quantified by the measurement of the deviation of the normal vector of the real surface
from a smooth curvature that has the same geometric shape and dimension (Ohtsuki et al. 2013).
Therefore, surfaces with higher roughness are rough and with lower roughness are smooth. Surface
roughness can be quantified with several parameters; however, the most frequently used roughness
parameter in biomaterial field is the average value of filtered roughness Ra and is defined by

following equation (Anselme & Bigerelle 2011):
1l .
Ry = 7 Jolzx| dx Equation 4-1

Where Z, is the profile ordinates (vertical distance from the mean line) of filtered roughness profile
and [ is the total abscissa (horizontal length) of the roughness profile. The profile of the rough surface
is filtered to make small changes to the profile that smoothen it and make it integrable function.

(Roughness Parameters - Rubert &amp; Co Ltd).
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Pillars/islands Pits Tubes/Columns

Figure 4-13: Classification of different topographic features of synthetic substrates
(biomaterials) that affect MSCs behaviour and fate. (Metavarayuth et al. 2016).

The effect of surface roughness on MScs is particularly important in the case of the response of the
body to bone and dental implants (Wennerberg & Albrektsson 2009). Most of the studies have shown
that substrates with an average roughness (Ra) about 1um optimally enhances the osteogenic
differentiation of the hMSCs (Yang et al. 2016). Other studies have shown that coating implants with
an isotropic coating composed of a fibre network enhance cell proliferation, cell viability and
osteogenic differentiation of the hMSCs. The enhancement was more significant among the MScs that
were seeded on the fibre networks with a spacing between the fibres that allowed them to penetrate
deeply in the network (Symeonidou et al. 2013). This finding illustrates the importance of anchorage
of the cell through their FAs which are significantly involved in mechanotransduction pathways of the
cell (Shemesh et al. 2005).

A similar phenomenon of the optimized reaction of MSCs to a particular length scale was observed
on isotropic aligned titanium dioxide (Ti0,) nanotubes. Aligned TiO, nanotubes with different
diameters ranging from 15 nm to 100 nm have been fabricated (Figure 4-14 (a)) and MSCs were
cultured on these nanotubes. In comparison to the smooth (TiO,), surface and nanotubes with other
sizes, the 15 nm nanotubes were found universally to promote MSCs cell adhesion, migration,
proliferation and differentiation to osteoblasts (Park et al. 2009). Fluorescence microscopy of focal
complexes that were stained by paxillin shows that osteoblasts express a more mature structure for

focal adhesion complexes on the 15 nm nanotubes compared to 100 nm nanotubes, which is an
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indication of stronger cell adhesion. As another indication of stronger adhesion of differentiated
osteoblasts on 15 nm nanotubes, these cells deposit higher levels of fibronectin to ECM in comparison
to the 100 nm nanotubes. Scanning electron microscopy (SEM) images revealed that differentiated
osteoblasts on 15 nm nanotubes form extensive and thick filopodia and lamellopodia-forming is
observable in fluorescence microscopy while there is no stable extension of filopodia among MSCs
on 100nm nanotubes and lamellopodia are almost absent which together is an indication of impaired
cell spreading (Figure 4-14(b)). It is hypothesized that the 15nm spacing may cause a more
accelerated and compact clustering of integrin CAMs which have extracellular domain size of
approximately 10nm (Giancotti 2003) into focal contacts and therefore result in more efficient signal
transduction (Park et al. 2007) and consequently more enhanced cellular activities such as
proliferation, differentiation, migration and adhesion (Park et al. 2009). Integrins are one of the most
important CAMs that are connected to both cytoskeleton and the ECM and activate
mechanotransduction cascades by mediating extracellular mechanical signals through focal adhesion

complexes into the nucleus and cytoskeleton (Giancotti 2003).

-
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Figure 4-14: The effect of aligned TiO2 nanotubes with different diameters on MSCs and

=

Paxillin

Fibronectin

SEM

osteoblasts. (a) SEM images of self-assembled layers TiO.nanotubes in the vertical orientation. Scale
bars: 200nm. (b) Paxillin stained focal adhesion complexes (upper panel, scale bars:100pm),
extracellular fibronectin deposition on the substrate by osteoblasts (middle panel, scale bars:50um)

and filopodia formation imaged by SEM (lower panel, scale bars:10um) (Park et al. 2009).
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Size and shape of the patterns can enhance or inhibit MSCs differentiation into different lineages.
Culturing MSCs on ridge/groove micropatterns (Figure 4-15(a)) on a Polyimide (PI) substrate
enhance either osteogenic or adipogenic differentiation of MSCs depending on the size of the patterns
(Abagnale et al. 2015). As was observed in other adhesive cells, the patterns contact guide MSCs
parallel to the grooves (Figure 4-15(b)). It was shown that patterns with 15 um ridges and 5 um
groove (2 um deep) optimally enhances adipogenic differentiation compared to flat PI control surface
and patterns with 2 pm ridges and 5 pm groove (2 um deep). However, patterns with a 2 pm ridge
(groove width: 5 pm) significantly increased osteogenic differentiation compared to 15 um patterns
and control PI substrate. Fluorescence microscopy revealed that the actin cytoskeleton was aligned to
the patterns and patterned substrate reduce the area of cells. Focal adhesion (FA) complex stained by
vinculin showed that patterns with 15 um ridge reduce both the number per cell and area of FA
compared to a control flat PI substrate; however, cells failed to form FAs on the patterns with the 2
um ridge (Figure 4-15(e)). When they examined nano-scale patterns (Figure 4-15(d), nano-groove
patterns with a periodicity of 650 nm and depth of 200 nm, the MSCs were still aligned to the patterns
and migrated parallel to the grooves (Figure 4-15 (c), (f) and(g)). The 650 nm patterns increased both
osteogenic and adipogenic differentiation of MSCs compared to the control unpatterned substrate
when it was exposed to the oestrogenic and adipogenic differentiation medium. Fluorescence
microscopy of the actin cytoskeleton revealed the partial polarization of actin fibres on the patterns
and the cell areas almost did not change compared to the control flat substrate. Vinculin staining
revealed that patterns slightly reduce the number and size of FAs; however, different from 2 um ridge
patterns, the visible FAs formed (Figure 4-15 (f)). In the absence of differentiation media, both micro

and nano-scale ridge-groove patterns failed to detectably induce differentiation among MSCs.
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Figure 4-15: The effect of micro and nano-scale ridge-groove pattern on PI on MSCs. (a)
Schematic side view of micro-meter ridge patterns. (b) SEM and fluorescence microscopy of MSCs
on flat and 15 um ridge-groove patters showing cell alignment. The nucleus was stained with DAPI
(blue) and the cell membrane was stained with PKH26 (red). (¢) SEM images of MSCs on flat PI and
650 nm ridge-groove pattern shown cell polarization on the patterns. (d) AFM measurement of nano-
groove patterns with 650 nm showing the structure of the pattern. (¢) MSCs on the micro ridge-groove
patterns and flat PI were stained for actin cytoskeleton (green) and vinculin marked FA complexes
(red). (f) MSCs on the 650nm ridge-groove patterns and flat PI were stained for actin cytoskeleton
(greed) and vinculin marked FA complexes. (g) The straight direction of cell motility of MSCs on the
650 nm ridge-groove PI patterns and random walk-type motility of cells on the flat PI substrate
(Abagnale et al. 2015).

These results make it possible to conclude that the formation of FAs, which have a size of
approximately 1 um?, is mostly inhibited or minimized on a pattern with the size of the same order as
the FAs; the formation process is almost indifferent to patterns with length scales bigger or smaller

than their size.

The nano-scale topographical cues also have been used to study the dynamics of nuclei deformation
of hMSCs (Chalut et al. 2010a). hMSCs were cultured on collagen-I coated nanogratings (350 nm
width, 350 nm height, and 700 nm pitch) made of either PDMS or Polystyrene (PS) and deformation
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of actin cytoskeleton and nucleus was monitored over time. The result revealed that the hMSC nuclei
start to elongate along the direction of the gratings approximately 3 hours after seeding on the patterns
and continue to elongate for 24 hours after seeding. In addition, it was shown that the alignment was
more significant on stiffer PS patterns (Young’s modulus ~ 3GPa) compared to softer PDMS
counterparts (Young’s modulus ~ 400 kPa). It was speculated that as the formation of stress fibres is
more efficient on stiffer substrates, this may increase mechanical forces on the nucleus which is
mechanically coupled with the actin cytoskeleton. (see chapter 1.4). The nuclear deformation was
more pronounced 6-8 hours after the seeding when filamentous actin fibers oriented in the direction of

the nanogratings.

The cellular shape can significantly influence the differentiation of MSCs independent from the
soluble chemical and biological factors. MSCs were cultured on fibronectin-coated islands with
different shapes and sizes on PDMS in a medium that had a mix of both osteogenic and adipogenic
differentiation cues (Kilian et al. 2010). It has been shown that the medium induces a similar level of
osteogenic and adipogenic differentiation among MSCs cultured on unpatterned substrates. However,
when cells were cultured on islands of different sizes, they showed different differentiation
tendencies. MSCs that were cultured on small patterns (1000 um?) primarily express adipocytes
markers while cells on the patterns with a larger area (5000 um?) express markers of osteoblasts and
cells on the patterns with an intermediate area (2500 um?) express a mixture of both osteoblasts and
adipocytes. The results were consistent on rectangle, star and flower shapes. Immunofluorescence
microscopy revealed a profound difference between cytoskeletal structures of MSCs on these patterns.
MSCs on the 1000 pm? patterns have a rounder morphology with a disrupted organization of actin and
microtubule filaments, while cells that were allowed to spread on the 5000 pm? patterns expressed

much more and better-organized actin and microtubule filaments (Figure 4-16 (a), (b), (¢) and (d)).

Pattern area is not the only geometric factor that influences the MSCs fate: the polarization of the
patterns also plays an important role in the MSCs polarization and commitment to a specific lineage.
MSCs were cultured on rectangular fibronectin patterns with different aspect ratios (1:1, 3:2 and 4:1)
in the presence of a medium with a mix of adipogenic and osteogenic differentiation inducing
reagents. It was shown that the rate of osteogenesis increases with the aspect ratio and the percentage
of adipogenic cell differentiation reduces with the aspect ratio. Fluorescence microscopy revealed that
cells on the rectangular patterns with higher aspect ratio have more organized actin filaments with
long thick actin stress fibres along the edge of patterns (Figure 4-16 (e)). Furthermore, larger and
more numerous FAs were formed at the corner and short edge of the cells on the rectangular patterns

with a higher aspect ratio (Figure 4-16 (f)).

Symmetry and curvature of the shapes also can influence the MSCs’ fate. MSCs which were cultured

on flower shape patterns with large convex curves along each edge showed a higher level of adipocyte
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differentiation while star-like shape patterns with concave edges and sharp points at the vertices
showed a greater tendency towards osteogenesis. MSCs that were cultured on a pentagon shape with
straight lines for the edges showed almost an equal tendency to osteogenic and adipogenic
differentiation. Fluorescent microscopy showed that in flower patterns actin filaments are
concentrated at acute corners between petals, whereas in star patterns the contractile filaments are
concentrated at the concave regions between points of the star (Figure 4-16 (g)). Flower patterns have
stronger and evenly distributed FAs across the cell, while FAs concentrated at the edges of MSCs on
the star patterns (Figure 4-16 (h)). Immunofluorescent heatmaps that are the average of fluorescent
images of many cells show that overall MSCs on star patterns form larger FAs and actin stress fibres

compared to the cells on the flower patterns with the same pattern area (Figure 4-16(i),(j),(k),(1)).

Myosin II is a motor protein that primarily is responsible for cytoskeletal contractility. Although there
is not a clear difference in the structure of myosin II of MSCs on star and flower patterns ( (Figure 4-
16(m)), average heatmaps revealed that there is a higher degree of actomyosin contractility in star
patterns which is mostly concentrated in the edges of these patterns ( Figure 4-16 (n)). It was
concluded that local curvature which increases cytoskeletal actomyosin contractility increases
osteogenic differentiation. In fact, the difference that was induced by pattern shape on the
differentiation of MSCs was removed when cellular contractility was interrupted by chemical drugs
such as Cytochalasin D and Blebbistatin which inhibit actin and myosin II polymerization

respectively.

In an extreme case, cells were cultured on a pattern with both high aspect ratio and local curvature
(holly leaf) and completely circular patterns. Cells on the circular pattern strongly favoured
adipogenesis and have a very disrupted actin organization while the MCSs on the holly leaf pattern
have more actomyosin contractility and strongly favoured osteogenesis (Figure 4-16 (0)). However,
the yield of differentiation was almost similar to the star and flower patterns which may indicate that

the influence of pattern shape on the fate decision of MSCs has its own limits.
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Figure 4-16: The influence of fibronectin patterns shape on the cytoskeletal structure of MSCs.

(a) Immunofluorescence image of round shape actin (Phalloidin, green) structure of MSCs on 1000
um? pattern. (b) Round morphology of microtubulin (red) structure of MSCs on 1000 um? pattern.
(¢)& (d) Organised structure of actin and microtubulin of MSCs that were allowed to spread on 5000
um? patterns. (e) Increasing organization of actin cytoskeleton of MSCs on rectangular patterns with
increasing aspect ratio. (f) FAs structure (red, vinculin) of the MSCs on rectangular patterns with
different aspect ratios. (g) Structure of actin filaments of MASs on flower and star patterns stained for
F-actin (green). (h) FAs distribution of MSCs on flower and star patterns stained for vinculin (red).
(i) Immunofluorescence heatmaps of MSCs on flower pattern stained for F-actin, on star pattern
stained for F-actin (j) Flower pattern stained for vinculin (K) And star pattern stained for vinculin (1).
(m) Fluorescence image of MSCs on flower and star pattern stained for myosin Ila. (n)
Immunofluorescence heatmaps of MSCs on flower and star patterns stained for myosin II
quantitatively revealing the cellular actomyosin contractility. (o) Immunofluorescence heatmaps of

MSCs on circular holly leaf patterns (Kilian et al. 2010).
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Chapter 5:
The impact of fibronectin stripe patterns on
the cellular and nuclear morphology of

fibroblasts

5.1 Fibroblasts

Fibroblasts are differentiated from mesenchymal stem cells and are the most common cells of the
connective tissue (see chapter 4) (Alberts et al. 2002b). Together with other connective tissue cells
such as osteoblasts and chondrocytes, fibroblasts are mainly tasked to synthesize, secrete and maintain
the ECM (Tschumperlin 2013). Fibroblasts produce the ground substance of the ECM and fibrous
proteins such as collagen, fibronectin, elastin and glycosaminoglycan (GAGs) to form and maintain
the ECM (Duncan & Berman 1989) (see chapter1.6 for more details). Therefore, fibroblasts play a
central role in wound healing and development of reparative extra fibrous connective tissue in
response to injuries (fibrosis) (Tracy et al. 2016). Some fibroblasts such as mouse embryonic
fibroblasts (MEFs) or human dermal fibroblasts (HDFs) also are used as “feeder cells” for stem cell
cultures. These feeder fibroblasts support the stem cell culture by releasing growth factors to the

culture media and synthesizing ECM for the stem cells (Llames et al. 2015).
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Nucleoli

Figure 5-1: Morphological diversity of NIH/3T3 fibroblasts. (a) Bright field image of a dividing
fibroblast with branched cytoplasm and multiple nucleoli (denser parts inside the nucleus) in a 25 cm?
culture flask. (b) 3T3 fibroblasts in full confluency. (¢) A spindle-like fibroblast in the culture of
Figure 5-1(a).

Fibroblasts are adherent cells and express heterogeneous morphology such as branched well-spread
cells (Figure 5-1(a)) or smaller spindle-shaped cells (Figure 5-1(c)) and have a nucleus with multiple
nucleoli. When fibroblasts reach high confluency (Figure 5-1(b)) the majority of cells are fairly round.
In addition, elongated cells don’t show any aligned elongation in a certain direction in contrast to

hMSC:s (see Figure 6-1 (d)).

Some protease enzymes such as Trypsin (the most frequently used proteolytic enzyme in cell
culturing) can cleave the peptide chains and cut away the focal adhesions of fibroblasts and dissociate
them from the substrate (Huang et al. 2010) (Figure 5-2(a)). Adhesion is essential for the survival of
adherent cells such as fibroblasts. Failure to adhere on the ECM or inadequate cell-ECM interaction,
induce a type of programmed cell death (apoptosis) called anoikis (from “greek an: without” + oik:
house”) (Frisch & Francis 1994)(Vitale et al. 1999). The signalling for the anoikis is triggered by
expression of unligated integrin (Stupack et al. 2001)(see chapter 1.5). When fibroblasts undergo
apoptosis due to unfavourable culture condition such as apoptosis-inducing drugs, overgrowth in the
culture or nutrition depletion, they start to disassociate from the surface as well and show hallmarks of
apoptotic cell death such as blebbing (Huh et al. 2012)(Mills et al. 1998)(Figure 5-2 (b)&(c)). If the
unfavourable condition continues, more cells detach from the substrate and undergo irreversible

necrotic cell death (Figure 5-2(d)).
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Figure 5-2: Phase contrast microscopy of 3T3 fibroblasts detachment from the substrate. (a) A
cell is dissociated from the substrate (25 cm? culture flask) and form a spherical shape after treating
with 0.25% trypsin-EDTA for 5 minutes. (b) Cells that were in culture for a week detach from the
substrate and show hallmarks of apoptotic cell death such as blebbing (10x). (¢) A closer look of
apoptotic cells in Figure 5-2 (b) (20x). (d) Cells become necrotic and completely dissociated from the
substrate in a long-running culture after two weeks, cell-cell attachment still keeps them in a patch.

Scale bars are 50 pm.

To obtain information about the size of 3T3/NIH fibroblasts, the cells were treated with 0.25%
trypsin-EDTA solution for 3 minutes at 37 °C and suspended later in fresh cell growth medium (see
section 2.2.1). Phase contrast microscopy of the cells was done immediately when they were still in
suspension (Figure 5-3(a)). Images were processed and the average diameter was determined by
assuming a circular shape for the cells (Figure 5-3(b)). Figure 5-3 (c) shows the distribution of cell
diameters coming from three different biological replicates (n=119 in total). A Gaussian curve with a

mean value of 17.2 um and a standard deviation of 3.23 pum has been fitted based on these values.

The cells are approximately round with a circularity of 0.889+ 0.003 s.e.m. (n=119). Circularity or
isoperimetric quotient is a dimensionless function of cell area (4) and cell perimeter (P) and is defined

by equation 5-1(Wayne Rasband 2000):

4TTA
S—?

,0<8<1 Equation 5-1

Circularity is between 0 and 1 for any given shape. It is 1 for a perfect circle and it can be much less

for elongated polygons (Xiong et al. 2010a). It approaches zero for a straight line.

The results show that fibroblasts are among medium-size cells in the body. Typical somatic cells have
a diameter between 10-20 um; however in the human body, cells such as human ovum can be as big
as 100 um or be as small as erythrocytes with about 6.8-7.5 pm or human sperm which is the smallest
human cell with a head dimension of 4.5 x 2.8 x 1.1 um (flagellar length of 56 um) (Alberts et al.
2002a)(Turgeon 2004)(Smith et al. 2009).
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The suspended live fibroblasts were stained with Hoechst dye to visualize the nucleus under
fluorescence microscopy (Figure 5-3(d)) (see chapter 2.7.2 for more details). The nuclei of suspended
fibroblasts are approximately round with a circularity of 0.845+0.005 s.e.m. (n=142) although some
oval shape nuclei also are visible with an average diameter of 13.2 um and standard deviation of 2.61
um (Figure 5-3(e)&(f)). Initially, we hypothesized the oval shape of some nuclei immediately after
detachment maybe is because of physical memory from their adherent state. In order to examine this
hypothesis, we put the cells in the media for 35 minutes on a shaking plate at 180 rpm and 37 °C in order to
inhibit possible adherence to the substrate. This period gives the nuclei enough time to forget their adherent
shape. However, we could not observe a significant difference in the circularity (0.834+0.005 s.e.m.

(n=161)) of the relaxed nuclei compared to the nuclei of cells immediately after detachment (Figure 5-3(f)).

To rule out the possible effect of nucleus division among relaxed nuclei that can affect our observation, we

considered the distribution of aspect ratio of the two groups of the nuclei.

The aspect ratio (AR) is defined as the ratio of the major axis to the minor axis of the best fit ellipse to
a shape. The best fit ellipse has the same area, direction and centroid as the original outlined shape

(Imagej.nih.gov 2012).

However, we observed relatively a similar distribution of aspect ratio for the two groups of nuclei with
similar average and standard deviation (relaxed nuclei with a mean aspect ratio of 1.41 and standard
deviation of 0.24 (n=161) compared to the nuclei immediately after detachment with mean aspect ratio of
1.45 and standard deviation of 0.27 (n=142) (Figure 5-3(h)).This indicates that there is no nuclear division
during relaxation on the shaking plate. Furthermore, we observed that when nuclei were given time to
relax, the average diameter of them was reduced to 11.80+ 0.22 s.e.m. from 13.25+0.21 s.e.m in the
nuclei of the cells immediately after detachment. It has been shown that the nuclei of mouse
fibroblasts reduce their volume during detachment from the substrate (Kim et al. 2015). The 3D finite
element simulation in the same study has revealed that nucleus of the cell during detachment forms
wrinkles on its surface in response to an increasing osmotic pressure outside of the nucleus (Figure 5-
3(i)). We concluded that the formation of these surface wrinkles matures during relaxation time and
therefore we observed homogenously decreasing size of the nuclei with a smaller diameter and

relatively the same morphological features such as aspect ratio and circularity.
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Figure 5-3: NIH/3T3 fibroblasts in the suspension. (a) Phase contrast microscopy (20x, NA=0.4)
of suspended 3T3 cells in the 25 cm? flask disk. (b) Corresponding processed image. Marked regions
(yellow-bordered regions) were automatically detected by Image J and were used to measure cell
diameter. The cells adjacent to the images’ edge were excluded from analysis to avoid software
mistake. Small objects treated as debris and were rejected. (¢) Histogram of NIH/3T3 cell diameter
distribution. The diameter of suspended cells (n=119) was shown as the histogram with bin size=1
pum. A Gaussian curve (red curve) is fitted to the distribution using calculated mean and standard
deviation. (d) Fluorescent micrograph (40x, NA=0.6) of detached nuclei of NIH/3T3 fibroblasts
stained with Hoechst® 33342, denser (brighter) parts are the nucleoli. (e) Histogram of NIH/3T3
fibroblasts nuclei size distribution (n=142) (blue) with a Gaussian curve fitted to the distribution (red).
(f) The circularity of NIH/3T3 fibroblasts immediately after detachment with 0.25% trypsin-EDTA
solution (blue), after relaxation in suspension by being shaken for 35 minutes at 180 rpm
(orange)(n=161) and suspended cells immediately after detachment with the trypsin-EDTA solution
(grey). (g) The nucleus diameter of 3T3 fibroblast, immediately after detachment with 0.25% trypsin-
EDTA solution (blue) and after relaxation in suspension by being shaken for 35 minutes at 180 rpm
(orange) (h) The distribution of aspect ratio of 3T3 fibroblast nuclei immediately after detachment

and after relaxation for 35 minutes. (i) Schematic illustration of the volume regulation of the
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suspended nucleus during the relaxation process. Figure 5-3(i) is adapted by (Kim et al. 2015). Scale

bars are 20 pm.

5.2 Adhesion process of fibroblasts

Some cell lines are capable of adhering to the surface (substrate), extracellular matrix (ECM) or the
adjacent cells with the facilitation of a complex set of cell adhesion molecules (CAMs). Cell adhesion
plays a critical role in the structural integrity of tissues, maintaining multicellular structures,
pathogenesis of infectious organisms and signal transduction (Gumbiner 1996) (see chapter 1.5 for
details). Previous temporal studies on the various adherent cells have shown that the projected cell
area increases over time exhibiting a three-phase sigmoid curve((Ddbereiner et al. 2004),(Cuvelier et
al. 2007),(Mooney et al. 1995),(Fardin et al. 2010),(Xiong et al. 2010b)) which is very similar to the
same temporal dynamic of cytoskeletal filamentous actin polymerization (Fujiwara et al. 2002), the
critical mechanism behind cell spreading (Mooney et al. 1995). Detached 3T3 fibroblasts also show
the same behaviour when they are seeded on the control unpatterned substrate (Figure 5-4). Projected
area measurements of 3T3 fibroblast cells have illustrated that by 200 minutes after seeding on
fibronectin-coated PDMS substrates the cell area reaches a steady state phase(S-phase) after an initial
lag slow growth (L-phase) followed by a rapid area expansion phase (E-phase) (Huang & Donald
2014a).

Figure 5-4: The adhesion evolution of NIH/3T3 fibroblasts on 25 cm? flask substrate. t=0 is a
bright field image and the rest are phase contrast micrographs of fibroblasts spreading in different
states of the adhesion process. The arrow shows early nascent filopodia in the leading edge of

spreading fibroblast. Scale bars are 10 pm.
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5.3 Fibroblasts on the fibronectin stripes

It is well known that when cells are seeded on substrates with topographical cues, the cytoskeletal and
subcellular organelles of the cell are affected by the patterns. In other words, the patterns play a
critical role in the control of the adhesion process and cellular behaviour (Curtis & Wilkinson 1997).
Adherent cells, such as fibroblasts, demonstrate the ability to conform to the external topographical
cues and move in accordance with the texture of the substrate. This phenomenon was first observed in
1912 (Harrison, 1912) and later was coined “contact guidance’’(Weiss 1934)(see chapter 3.1 for more
details). Contact guidance occurs not only in vitro when the cells are in contact with a two
dimensional substrate texture, it also frequently happens in the native environment of the cells where
they are constantly exposed to topographical cues in the form of the extracellular matrix (ECM) and
surrounding cells ((Alberts 2008);(Cassimeris et al. 2011)). As a result, studying the phenomenon is
of prominent importance in understanding several key processes such as wound healing,
embryogenesis, nerve regeneration, angiogenesis and stem cell differentiation ((Marmaras et al.

2012);(Stuart & Moscona 1967);(Hoffman-Kim et al. 2010);(Bauer et al. 2009);(Song et al. 2015)).

2D topographic patterns printed by adhesive molecules such as fibronectin, are optimized models with
precisely controlled parameters to mimic cell-ECM and cell-cell interaction in the native environment
of cells. These in vitro models are increasingly capturing the attention of researchers, as accumulating
evidence reaffirms that physical interaction of the cell and extracellular environment (either in the
form of topography or matrix stiffness, or the combination of both) plays a critical role in modulating
vital cell machineries such as cell proliferation, gene expression, differentiation and signal
transduction and mechanosensing ((Yim et al. 2010);(Tilghman & Parsons 2008);(Geiger et al.
2009);(Vogel & Sheetz 2006)(Engler et al. 2006);(Delmas et al. 2011)).

In this study, we used fibronectin coated stripes on the PDMS substrate (Figure 5-5 (b)). By changing
the width of the stripes in a wide range, we could observe different regime of the cellular response
depending on the width. The stripe patterns mimic some of the frequently occurring situations in the
living microenvironment of the adherent cells such as aligned collagen fibres. Micro stripe patterns
printed by CAMs such as fibronectin or collagen have been employed for quantitative study of the
dynamics of cell migration and adhesion, force coupling between the nucleus and adhesion complexes
of the cytoskeleton, cytoskeletal filaments, adhesion morphology and mesenchymal stem cell
differentiation ((Huang & Donald 2014a);(D.-H. Kim et al. 2014a);(Oakley & Brunette 1993);(Kung
et al. 2011);(Kasten et al. 2014)).

Our fibronectin stripes were printed from ridge-groove patterns (Figure 5-5(a)) (see chapter 2.6 for

details). Ridge-groove arrays are a family of topological patterns that have been frequently used for
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studying contact guidance since 1979. The patterns were first introduced to explain previously
observed contact guidance among chick heart fibroblast and kidney epithelial cells induced by fine
grooves in plastic culture dishes(Ohara & Buck 1979) The majority of the cell lines that have been
cultured on these patterns tend to align themselves along the major axis of the grooves (Nikkhah et al.
2012). Depending on the dimensions of the ridges and grooves, adherent cells show characteristic
behaviour such as bridging over the grooves without contacting their surface (bridging), cell
confinement, cell traversing (connecting) between ridge and grooves (Stevenson & Donald 2009) (see

chapter 3.4 for details).

Figure 5-5: The fibronectin stripe patterns and their in vivo corresponding. (a) PDMS made
ridge-groove patterns used to microprint the fibronectin stripes, this one is 25 um groove with 25 um
ridge spacing.). (b) Bright field micrograp3T3 Fibroblasts on the 25 um fibronectin stripes spaced
with 25 um PDMS substrate. (¢) The fibronectin stamp on the PDMS substrate visualized by TO-
PRO-3 stain (red). (d) Fluorescent microscopy images showing in vivo configuration of axons (red)
which are wrapped by Schwann cells (green) in sciatic nerves of mice. The nuclei of Schwann cells
(blue) are elongated (Alvarez-Prats et al. 2018). Figure 5-5(a),(b)&(c) is result of my own work while
Figure 5-5(d) is credited after NICHD/NIH.
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When fibroblasts were seeded on the stripes, they are elongated along the major axis of the pattern
(Figure 5-5(b)). On the control surface which is homogeneously coated with the fibronectin,
Fibroblasts spread widely and the distance between the cell membrane and substrate varies in
different parts of the cells. The RIC micrographs of spreading 3T3 which visualize this distance is
consistent with the current understanding of different elements in an adhering cell (see Figure 1-9).
The leading edges in the periphery of the adherent cell in RIC micrographs are darker which shows
that filopodia of the cell are strongly anchored to the substrate and the cell membrane is very close to
the substrate (see 2.9.4 for working principles of RIC microscopy). The distance between the substrate
and the cell membrane starts to increase (RIC micrographs looks brighter) towards the centre of the
cell where lamellipodium is formed. A dark ring is formed in the transition zone (the convergence of
the lamellipodium and lamellum) where the focal complex anchor the cell membrane to the substrate.
In the region that lamella and dorsal-ventral actomyosin bundles are formed, the distance between
substrate and membrane is varying and this is evident by fluctuating image intensity of RIC
micrographs in this region. In the central regions where the nucleus resides, a bright spot is observable
in RIC images which shows that the cell membrane under nucleus has an almost constant distance
with the substrate like a flat ground under the nucleus. This can be explained by the lack of focal
complexes under the nucleus and the lower density of basal actin fibres underneath the nucleus
(Figure 5-6(c)). It has been shown that basal fibres under the nucleus insert localized pressure to pull
down the nucleus towards the substrate (Hanson et al. 2015c¢) (see Figure 3-7(d)). On narrow patterns,
we observe an almost constant distance between the cell membrane and the substrate visualized by a
bright profile in the RIC micrograph (Figure 5-6(a), lower panel). However, relatively dark parts are
visible at two ends of the cell on the pattern where thin filopodia are formed. The filopodia are more

visible in the regions that the cells locally escape the pattern and spread out of the pattern.
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Figure 5-6: The fibronectin stripe patterns and morphological effects of them on the NIH/3T3
fibroblasts. (a) Upper panel is a RIC micrograph of a 3T3 Fibroblast on the evenly coated PDMS
with fibronectin and lower panel is a RIC micrograph of a 3T3 fibroblast on the 10 um fibronectin
stripe. (b) The aspect ratio of nucleus and actin cytoskeleton on 10pum (n=83, Nnucieus=77), 25um
(n=79, Nnueiews=82) fibronectin stripes and evenly fibronectin coated control substrate (n=81,
Nnucleus—83) on @ PDMS substrate in the S-phase fixed with formaldehyde and stained with Phalloidin
for F-actin (green) and TO-PRO-3 for the nucleus (blue). Error bars are SEM. (¢)&(d)&(e)
Fluorescence micrographs of 3T3 fibroblasts in the S-phase on PDMS substrate with even fibronectin
coating (control), 25 pm and 10 um fibronectin stripes respectively. The cells are fixed with
formaldehyde and stained with Phalloidin for F-actin (green) and TO-PRO-3 for the nucleus (blue).

Green and blue channels are overlaid by Image J. Scale bars are 10 um.
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The extent of confinement and elongation of the fibroblasts largely depends on the size of the stripes
(Figure 5-6(a)). On an unpatterned substrate, the fibroblast is not confined and the cytoskeletal
elements such as actin filaments don’t have any preferred axis to align with (AR=1.72 + 0.07 s.e.m.
(n=81)). However, as Figure 5-1 shows, some cells elongate and migrate in random directions which
change over time (Tang et al. 2015). The cells on the control substrate have an actin cytoskeleton that
is covering all the projected area of the cell and the fibres are semi-orientated along the elongation
axis of the cell. The actin edge bundles arcs (see 3.3 for more details) are visible at the edges of the
fibroblasts and are slightly thicker compared to the actin bundles in the conventional actin stress fibres
in the middle of the cell (Figure 5-6 (c)). On the 25 um fibronectin stripes, fibroblasts are confined
and cytoskeletal elements clearly align themselves with the direction of the stripe and the cell is
elongated along the direction of stripes (AR=4.42 £+ 0.08 s.e.m. (n=79)). The filopodia on the
advancing edge of spreading cell, also are aligned with the patterns and are less numerous than the
control cells (Figure 5-6(d)). There are clearly thicker and denser actin edge bundles in the
intersection of cells and the patterns compared to the basal actin fibres in the middle of the cell. When
cells are seeded on the 10 pm stripes which have a width smaller than the cell size (17.2 pm £ 0.3 pm
s.e.m. (n=119)), the extent of elongation is greater (AR= 16.29 & 0.39 s.e.m. (n=83)) and the majority
of actin fibres move to the edge of the cell at the border of the stripes and form a very dense straight
actin edge bundle and therefore there is almost no visible well-structured basal actin fibre under the

nucleus (Figure 5-6(e)).

Usually, the nuclei of the elongated cells also are elongated (S. B. Khatau et al. 2009a) due to the
compressive force that is applied by actin stress fibres (Kim et al. 2015). The nuclei of fibroblasts on
the control substrate with even fibronectin coating are slightly elongated (AR: 1.43 +0.04 s.e.m.
(n=83)). Previous studies have shown that among cells that are spread on unpatterned substrates,
perinuclear actin fibres play an important role in the elongation of the nucleus (Bretscher et al. 2008).
When cells are on the stripes (25 pm) with a bigger size than the nuclei of suspended cells (13.5 uym +
0.2 pm s.e.m. (n=142)), the nuclei were not significantly more elongated (AR: 1.52 +0.03 s.e.m.
(n=82)) compared to the control cells despite the fact that the cytoskeleton is highly elongated and
confined. The nuclei of fibroblasts on 10 um which is smaller than the nucleus of fibroblasts on
suspension are significantly more elongated (AR: 2.66 £0.06 s.e.m. (n=77)) and are confined to the
pattern compared to the control and 25 um stripes (Figure 5-6(e)). Considering that fact that basal and
perinuclear actin fibres are not densely present in the cells on 10 um stripes, may indicate the key role

of edge actin bundles in the deformation of the nucleus in highly elongated cells.

Because of the pivotal role that nuclear deformation plays in the behaviour and fate of cells,
substantial interest has developed in exploring this opportunity to control the deformation using
substrate topography((Hanson et al. 2015a);(Pan et al. 2012);(Badique et al. 2013)), particularly for
control of proliferation and differentiation of stem cells ((Pan et al. 2012);(Yim et al. 2010);(Chalut et
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al. 2010a)). More recent studies have even shown that certain topographical cues on the substrate can
effectively be used to optimize the reprogramming of fibroblasts to induce neurons (Kulangara et al.

2014).
5.4 3D shape of fibroblasts on fibronectin stripes

Although 2D morphological features of adherent cells on these patterns have been well studied, due to
the more complex nature of 3D microscopy, the 3D behaviour of these cells is poorly understood. We
have designed a custom built setup (see Figure 2-11) which enables us to perform z-stack confocal
microscopy to visualize all the body of cells on the patterns. The high precision stage control in the z-
direction (10nm), leaves the diffraction-limit as the only resolution limiting factor. This is about 0.2
um for an objective numerical aperture (NA) of 1.4 and 488nm excitation light. With such a
resolution we were easily able to visualize basal actin stress fibres (Figure 5-7(b)), nucleus region

(Figure 5-7(c)) and perinuclear actin cap (Figure 5-7(d)).
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Figure 5-7: Confocal microscopy of cells on fibronectin stripes. Focal plane inside substrate (a),

basal stress fibers (b) across the nucleus (c), perinuclear actin cap (d) and outside the cell(e). Cross

sections of the same cell in x-y,x-z and y-z are shown (f). Scale bars are 10 pm.
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5.4.1 Cell thickness measurement

One of the features that plays a critical role in cellular function in vivo is cellular thickness.
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Figure 5-8: The 3D shape of fibroblasts on the fibronectin fibres with different geometry. (a) An
almost unspread fibroblast on the PDMS substrate with small formed filopodia in basal x-y view and
semi-spherical geometry of actin filaments in x-z and y-z cross-sections. (b) A 3D shape of fibroblast
on the evenly coated fibronectin PDMS substrate in the S-phase fixed with formaldehyde and stained
with Phalloidin for F-actin. (¢) A 3D shape of fibroblast on a 25 pm fibronectin stripe on PDMS
substrate. (d) A 3D shape of a fibroblast on a 10 um fibronectin stripe on PDMS substrate. (e)
Maximum cell thickness among 3T3 cells spreading on 8 um (n=11 (spacing of 8 pum), 10 um (n=79)
(spacing of 80 um), 12 um (n=15) (spacing of 12 um), 25 um (n=83) (spacing of 50 um) and 50 um
(n=33) (spacing of 50 um) fibronectin stripes and evenly fibronectin-coated control substrate (n=87)
on a PDMS substrate in the S-phase fixed with formaldehyde and stained with Phalloidin for F-actin.
In our low seeding density and after washing away fixation and staining steps, few cells were
observed to bridge the patterns or spread on uncoated PDMS and were not imaged. Error bars are

SEM. Scale bars are 10 pm.
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Cells don’t function as a single layer of 2D sheets inside tissues; however, it is layer upon layer of the
cells that form tissues and organs in the functioning body. As cells build up layers on top of each
other, the dynamics of cellular thickness and how it depends on the substrate cues becomes important.
In vivo, the substrate can consist of a layer of similar cells in the tissue, a layer of another formed by a
different cell type in adjacent tissue, a layer of feeder cells, a substrate formed by extracellular matrix
fibre proteins or even a layer of medical synthetic prosthesis or synthetic tissue embedded inside the
body of a patient (see chapter 3.2). In all of these situations, understanding the dependency of cellular
thickness dynamics on the underlying cue plays a vital role in understanding the whole tissue function

and structure.

It has been shown that the projected area of fibroblasts adhering to the narrower fibronectin stripes,
decreases significantly (Huang & Donald 2014a). Furthermore, total cellular volume and nuclear
volume of fibroblasts do shrink when the cells fully spread on the substrate (Kim et al. 2015).
However, a precise quantified study of the effect of adhesion on the cellular thickness and volume of
cells on the fibronectin stripes pattern has not yet been performed. This is particularly important as we
know that the geometry of cytoskeletal stress fibres plays a key role in deformation and bifurcation of
the cell nucleus and this directly links to the gene regulatory machinery of the cell ((Kim et al.
2015);(D.-H. Kim et al. 2014b);(Hanson et al. 2015a)). As a result, it is crucial to acquire a clear 3D
image of both cytoskeletal and nuclear deformation during the adhesion process in a model system as
it will help us to gain a better understanding of possible gene regulatory effects of the extracellular

microenvironment.

Figure 5-8 (e) shows the dependence of cell thickness on stripes of different width as well as a
uniform control surface. This figure shows that the cell thickness in cells seeded on narrower
fibronectin stripes (8 um, 10 um and 12 um) is consistently higher than on wider stripes (25um,
50um and evenly fibronectin-coated substrate as the control). As it is expected and figure 5-8 shows,
the maximum thickness in the cell happens in the region of the cell in which the nucleus resides. The
nucleus is the stiffest organelle inside the cell and acts as a stiff ball in the middle of the cell that
force-bearing elements of the cytoplasm help to regulate its shape (see chapter 1.4 for details).
Therefore, to have a better insight into how different stripe sizes may change the maximum thickness
of the cell, we need to know which forces are acting on the nucleus. Based on these results, we
selected 10 pm, 25 pm and control patterns as representatives for three possible categories of
(confined nucleus, confined cytoplasm), (non-confined nucleus, confined cytoplasm) and (non-

confined nucleus, non-confined cytoplasm) in the rest of this study.

The forces that are exerted on the nucleus are either from conventional basal stress fibres or are from
actin cap stress fibres ((Hanson et al. 2015b),(S. B. Khatau et al. 2009b)). Conventional stress fibres

are terminated by conventional focal adhesions (FA) complexes whereas actin cap stress fibres are
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terminated with actin cap associated fibres (ACAFs)(Kim et al. 2012). Actin cap stress fibres are
composed of contractile bundles of actin filaments that are interconnected with phosphorylated
myosin and a-actinin (D.-H. Kim et al. 2014a). These fibres are anchored to the top of the nucleus
(Figure 5-9(b)) and physically connected to the nucleus through the linker of nucleoskeleton and
cytoskeleton (LINC) complexes (Rothballer et al. 2013) and they, therefore, play a crucial role in
nuclear deformation and transducing mechanical signals to the nucleus (D.-H. Kim, Allison B
Chambliss, et al. 2013). In fact, among adherent cells, nuclear deformation is mainly governed by
perinuclear actin contractile fibres rather than conventional basal stress fibres (Tamiello et al. 2015).
It has been shown that for a significant proportion of the time, the actin cap is highly organized and
elongated and strongly coupled to the nucleus; however for a small proportion of the time, the actin
cap can be decoupled from the nucleus, allowing the nucleus to rotate and facilitate a migrating cell to

re-orient itself in a new migratory direction (D.-H. Kim et al. 2014a).

The relation between deformation of the nucleus and the forces that are exerted on the nucleus is

described by equation 5-2:
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Where g, is the applied vertical stress, €,, is the strain in the vertical direction, E is Young’s
modulus of the nucleus, F, is the vertical component of applied force, A is the area on which E, is

applied, d is the original vertical length of the nucleus, and d is the deformed nuclear vertical length.

Both modelling and traction force experiments have shown that actin cap contractile fibres can exert
forces of the order of ~1-100 nN on the nucleus of adherent fibroblast cells ((Munevar et al.
2001),(Kim et al. 2015),(Sabass et al. 2008)). Considering the nuclear area of ~200 pm? (the nuclear-
projected area of detached cells is 142 pm?+ 5 pm? s.em. (n=142) and projected area of the nuclei of
fibroblasts on evenly coated fibronectin stripes is 322 pm’+ 17 pm? s.em. (n=94) (see Figure 5-15(b)),
the perinuclear actin stress fibres can exert an effective pressure in the order of ~ 1kPa which is

enough to regulate the shape of a fibroblast nucleus with an approximate Young’s modulus of the

order of ~1-10 kPa (Ferrera et al. 2014) considering that &,, = d;do =130 ;;;115—5;7 ™ ~05 (
0 .

assuming the diameter of detached nuclei which is 13.5 um + 0.2 um s.e.m. (n=142) as the original
vertical length of the nucleus and thickness of the fibroblasts on unpatterned control substrate (7.77

pm £ 0.13 pm s.e.m. (n=87)) as an estimation for vertical length of the deformed nucleus.)
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Figure 5-9: Perinuclear actin stress fibers of 3T3 fibroblasts on fibronectin patterns. (a) The
total number of perinuclear actin stress fibres among 3T3 cells spreading on 10um (n=79), 25 pum
(n=83) and fibronectin stripes and evenly fibronectin coated control substrate (n=87) on a PDMS
substrate in the S-phase fixed with formaldehyde and stained with Phalloidin for F-actin. Error bars
are SEM. (b) Schematic image showing the position of perinuclear actin cap stress fibres in a

schematic cross-section of the cell.

To further explore the role of perinuclear actin stress fibres in determining cellular thickness adhering
to different stripes, we counted the number of these fibres in each group of cells stained for

filamentous actin (Figure 5-10).
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Figure 5-10: The 3D shape of the nucleus and organization of actin stress fibres of fibroblasts on
the fibronectin stripes. (a)(b)&(c) upper panels: 3D fluorescence confocal micrographs of 3T3
fibroblast spreading on PDMS substrate evenly coated with fibronectin (control), 25 um and 10 pm
fibronectin stripes respectively. The nucleus is stained with TO-PRO-3 and false coloured blue.
Lower panels: focal plane on basal surface reveals conventional basal stress fibres; whereas, focus on
the apical plane on top of nucleus reveals highly organized perinuclear actin cap stress fibres among
corresponding 3T3 fibroblast cells on control (a) and, 25 um (b) and 10 um (¢) fibronectin stripes.

The actin fibres are stained with phalloidin and false coloured green. Scale bars are 10 um.

Figure 5-9 (a) shows that cells seeded on narrower 10 pm stripes have only about 20% of such
contractile fibres compared to the cells spreading on control fibronectin-coated substrate. The fibres
can be seen in Figure 5-10 (c), while cells on wider 25um stripes (Figure 5-10(b)) demonstrate almost
about 65% of actin cap stress fibres were formed compared to cells adhering to the control fibronectin
substrate. As 3D fluorescent micrographs of figure 5-10 shows, more perinuclear actin stress fibres on
the nucleus of cells spreading on wider stripes flattens the nucleus further and therefore reduces the
thickness of the cells. Among cells spreading on control fibronectin-coated substrates, we can clearly
see the presence of semi-organized basal actin filaments under nucleus of fibroblasts on control
substrate while they disappear as the cells elongated on the stripes which rule out their possible role in

the regulation of nuclear shape on the stripes.
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It is possible to conclude that in unpolarised adhering cells on the evenly coated substrates,
conventional basal stress fibres terminated by FA (yellow) at the cell area and are not well organized;
however, actin cap associated stress fibres terminated by ACAFAs (red) at the periphery of the
adherent cell and are highly organized (Figure 5-11 (a)). However, in cells that are spreading on
stripes, both conventional basal fibres and actin cap associated stress fibres are well organized and
elongated in the direction of cell cytoskeleton (orange) and nucleus (blue) (Figure 5-11(b)). As Figure
5-11 reveals, actin bundles (brown) arcs are homogeneously present in the edges of cells on control
substrate whereas in cells spreading on fibronectin stripes actin edge bundles are not present in the
edges of the cells that are perpendicular to the pattern direction and are very thick in the periphery of

the cell in direction of patterns.
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Figure 5-11: Schematic of the configuration of actin fibres and associated focal adhesions in
adherent cells. (a) Schematic of stress fibres configuration in an unpolarised adhering cell spreading
on a symmetrical unpatterened substrate. Figure 5-11(a) is inspired by (D.-H. Kim, Allison B.
Chambliss, et al. 2013). (b) Schematic of stress fibres configuration in a polarized adherent cell

elongated on a fibronectin stripe.

5.4.2 Volume regulation of the fibroblasts on fibronectin stripes

5.4.2.1 Cellular volume

The volume of cells is a critical parameter in the determination of organ and tissue morphology and
therefore in the main function of living organisms. A cell’s ability to regulate its volume plays a

central role in cell function. Volume regulation gives the cell protective and adaptive advantages by
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allowing cytoskeletal rearrangements (Hoffmann et al. 2009). In addition, changes in cellular volume
trigger signalling pathways for cell proliferation, death, and migration (Jiang & Sun 2013). Vertebrate
cells, with a few exceptions, are permeable to water and lack the stiff cellular wall of plants and
bacteria (Hoffmann et al. 2009). The cell volume is controlled by the interplay of membrane tension,
active contractility and water/ion influx(Jiang & Sun 2013). It has been shown previously that
adherent mouse embryonic fibroblasts have a bigger volume compared to detached cells (Kim et al.

2015).
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Figure 5-12: Cellular and nuclear volume change on fibronectin stripes. Plot box of relative
volume of the fibroblasts (blue) and their nuclei (orange) on 10pm (n=81, Npyciews=82), 25um (n=79,
Nnucleus—84) and fibronectin stripes and evenly fibronectin coated control substrate (n=82, nnucteus=91)
on a PDMS substrate in the S-phase fixed with formaldehyde and stained with phalloidin for F-actin
and nucleus is stained with and TO-PRO-3 for 3D confocal fluorescent microscopy. Average value of

each box are shown on top of the box.

Our results based on 3D fluorescent microscopy of the cells (see 2.7.3 for details of the method)
shows that the volume of the cell in the steady state phase of adhesion (S-phase) (see 5.2 for details)
on fibronectin stripes is dependent on the width of the stripe. The volume of the cells that spread on
narrower 10 pm stripes (2.6° £ 5.1° s.e.m, (n=81)). is ~ 40% smaller compared to cells that adhere to
unpatterned fibronectin-coated control substrate (Figure 5-12). The cellular volume on wider 25 um
stripes is ~15% smaller compared to unpatented control cells which shows that as the patterns get
wider, the cellular volume becomes comparable to that of cells adhering to unpatterned fibronectin-

coated surfaces.

It is well known that actin polymerizing is the main force driving morphological changes during cell

spreading in the adhesion process(J Thomas Parsons et al. 2010b). We hypothesize that confining
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cells to the patterns inhibits this actin polymerization process in the perpendicular direction to the

stripe’s direction and this way, reduces the total cellular volume.

5.4.2.2 Nuclear volume

The nucleus is the stiffest and largest organelle in eukaryotic cells and contains most of the genetic
information of the cell (Dahl, Alexandre J S Ribeiro, et al. 2008a). It is the site for the major functions
of a cell such as DNA replication, transcriptional regulation, and RNA processing and ribosome
maturation(Kim et al. 2015). The lamina envelope of the nucleus is coupled with the cytoskeleton via
a series of binding proteins to the actin and intermediate filaments (Herrmann et al. 2007). Therefore,
the intracellular and extracellular forces affect the shape and structure of the nucleus and inevitably
the cell signalling and gene transcription. In most of the eukaryotic cells, the nuclear volume and
cytoplasmic volume are usually related and the ratio of nuclear volume to cytoplasmic ratio is called
karyoplasmic ratio (Webster, Keren L. Witkin, et al. 2009). Cancer cells usually have disrupted
karyoplasmic ratio by having unusually big or small nuclei which is suggested that gives them an
advantage for metastatic invasion (Rizzotto & Schirmer 2017). It has been shown that cytoskeletal
motors and actin stress fibers actively control the nucleus shape (Kim et al. 2015). Cytoplasmic
mechanical forces and pressure difference across the nuclear envelope can change the nuclear volume
of adherent cells (Kim et al. 2015). It has been shown that the substrate topography and stiffness can
deform the nucleus (Hanson et al. 2015b),(Badique et al. 2013)).

Our results show that the volume of nuclei of the cells that adhere to the fibronectin stripes is ~ 25%
smaller than the cells that adhere to unpatterned fibronectin-coated control substrates (Figure 5-12).
However, the width of fibronectin stripes did not affect the nuclear volume considerably despite the
clear morphological differences that we observed before such as difference in the nuclear aspect ratio
of cells that adhere to 10 pm and 25 pm stripes. (Figure 5-6(b)). We think that this results from the
fact that the force from basal contractile actin fibres has more effect on nucleus volume (Hanson et al.
2015b) and these fibres might act similarly on the patterns with different sizes as we observed few
actin fibers in the central part of the cell where the nucleus resides among both cells that adhere to 10

um and 25 um stripes (Figure 5-8 (¢)&(d), basal focus plane).

We also suspect that differences in the distribution of the cell cycle for different patterns can play a
role in this result as we came across more dividing cells adhering to the control substrate. Previous
studies have shown that cell volume change in different cell cycles and almost doubles during
interphase of dividing cells (Maeshima et al. 2011). Unfortunately, it was not always easy to

distinguish a dividing nucleus from a slightly elongated one. Furthermore, our staining was not
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sufficient to correlate nuclear volume with the cell cycle. We think that further studies are needed to

understand how the fibronectin stripes might affect the cell cycle (see chapter 8.2 for more).

5.5 Fibroblasts on sub-nuclear fibronectin stripes

5.5.1 Morphological features of the Fibroblasts on sub-nuclear stripes

In previous experiments, we studied the effect of fibronectin stripes that were bigger or comparable to
the size of the nucleus of fibroblasts so that the nuclei either fully confined to the stripes or did not
sense the stripes directly. To examine to what extent the nucleus of cells can elongate, we fabricated
fibronectin stripes with a size of 5 um (with a spacing of 11 um) which is about 1/3 of the suspended
nuclear size of a fibroblast. We call these “sub-nuclear” stripes as their size is smaller than the
nucleus. Fibroblasts were seeded on the patterns and were given the same time (200 minutes) to
spread on the patterns that were given to fibroblasts on fibronectin-coated substrates to reach the
steady-state phase of adhesion (s-phase). Cells on this pattern of stripes showed three major
morphologies: 1- some fibroblasts were almost not responding (confining in any extent) to the
patterns and are spreading on the patterns as if they are on an evenly coated substrate (Figure 5-13(a)),
2- some fibroblasts are elongated along the stripes and confined to the patterns to a large extent
(Figure 5-13(b)) and 3- the third group of fibroblasts were partially confined to the patterns mostly
through the filopodia of the leading edge of the spreading cell while the main body of the cell in

centre is not confined to one particular stripe and bridges over several adjacent stripes (Figure 5-

13(c)).
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Figure 5-13: Fluorescent micrographs of different morphology of 3T3 fibroblasts on a sub-
nuclear fibronectin pattern of stripes. (a) The cell is mostly not confined to the stripes. (b) The cell
that confines to the pattern and is highly elongated along the stripes. (¢) The filopodia in the leading
edge of spreading cell are confined and elongated along the stripes and the main body of the cell in
middles bridges over several stripes. The actin cytoskeleton of hMSCs is stained with phalloidin and
false coloured in green and the nucleus is stained with TO-PRO-3 (false coloured in blue). Green and

blue channels are overlaid by Image J. Scale bars are 10 um.

The histogram of cytoskeletal aspect ratio also shows three classes of cells (Figure 5-14(a)). The
majority of cells are almost not elongated by the patterns and so in other words, are minimally
confining to the patterns. A group of cells are partly elongated along the fibronectin stripes and are
partially confined to the patterns. A small group of the cells are highly elongated along the patterns
and confined to the stripes. When we look at the histogram of the nuclear aspect ratio (Figure 5-
14(b)), we see almost the same categories of fibroblasts. However, we see a bigger fraction of nuclei
that is partly elongated and confined to the patterns. Furthermore, the populations of minimally
elongated nuclei and partially elongated nuclei are more overlapping. The average aspect ratio values
show that overall both the cytoskeleton and nucleus of fibroblasts on sub-nuclear stripe patterns are
more elongated compared to the fibroblasts on evenly fibronectin coated control substrates, a result
which confirms that patterns affect the cells and nuclei (Figure 5-14(c)). This increase in elongation is
more significant in the cell cytoskeleton (~50%) compared to the nuclear elongation (~10%).
However, we generally observe less elongation of the nucleus compared to the cytoskeleton in
previous 10 um and 25 um stripes (Figure 5-6(b)). The elongation of the cytoskeleton of cells on the
sub-nuclear stripe pattern is less significant compared to bigger patterns such as 10 um and 25 um
which confine the cells to a larger extent. However, the nucleus elongation on the sub-nuclear stripe

pattern is only slightly more compared to 25 um stripe (~5%) where the nucleus almost doesn’t touch
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the pattern edges (Figure 5-6 (d)) and is significantly less (~40%) compared to the 10 um which

confine the nucleus in a bigger extent (Figure 5-6(e)).
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Figure 5-14: The aspect ratio of 3T3 fibroblasts on the sub-nuclear pattern. (a) The histogram of
cytoskeletal aspect ratio on the patterns (n=35) showing three major categories minimally confined,
partially confined and elongated fibroblasts. (b) The histogram of nuclear aspect ratio on the patterns
(n=52). (¢) The average cytoskeletal and nuclear aspect ratio of fibroblasts on evenly fibronectin-
coated (control) (n ¢ytoskeleton= 81, N nucleus =83) and on the sub-nuclear pattern (n cyioskelcton= 35, N nucleus

=52). Error bars are s.e.m.

The PDMS substrate that is not coated with an ECM protein such as fibronectin is not very
biocompatible which means that it is not favourable for adherent cells and largely inhibits cell
spreading (Figure 5-8(a)). Studies have shown that the high surface hydrophobicity of PDMS is the
main cause for the poor cell adhesion on the PDMS substrates (Chuah et al. 2016). Therefore it is
expected that on the sub-nuclear stripe pattern which almost 70% of its total consists of uncoated
PDMS will reduce the projected area of the spreading cells. Figure 5-15 (a) shows that fibroblasts on
the sub-nuclear stripe pattern spread only to half the area that they spread on PDMS substrate that is
evenly coated with the equal concentration of fibronectin. This shows that despite the fact that

majority of cells were able to bridge over the uncoated PDMS stripes and reach to fibronectin-coated
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stripes on sub-nuclear patterns, the total spreading potential of them to spread is largely inhibited. On
the other hand, the projected area of the nuclei of fibroblasts on sub-nuclear stripes pattern was only
slightly lower (~8%) compared to fibroblasts on evenly fibronectin-coated substrates (Figure 5-15(b)).
The nucleus is not in direct contact with the substrate and its shape is regulated by mostly actin force
bearing fibres which is largely present among the fibroblasts on sub-nuclear stripes pattern (Figure 5-
13). Furthermore, the actin edge bundles which limit the spreading of the nucleus on patterns such 10

um (Figure 5-6(e)) are only present in a small fraction of highly elongated fibroblasts on the sub-
nuclear stripes pattern (Figure 5-13 (b)).
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Figure 5-15: Projected area of 3T3 Fibroblasts on sub-nuclear pattern and control substrate. (a)
The projected area of the cytoskeleton on the sub-nuclear stripe pattern (n=35) and fibronectin-coated

control (n=65). (b) The projected area of the nucleus on the sub-nuclear stripe pattern (n=52) and

fibronectin-coated control (n=94). Error bars are s.e.m.

5.5.2 Orientation of the Fibroblasts on sub-nuclear stripes

Sub-nuclear stripes impose a directional anisotropy on the substrate and therefore it is sensible to ask
to what extent this anisotropy is imposed on the cells on the pattern. One way of studying the
anisotropy among the cells on the pattern is to measure how the orientation of the cell cytoskeleton
and nucleus is aligned with the direction of substrate patterns (Chalut et al. 2010b)(Clark et al.
1990)(Fujita et al. 2009).

To measure this, we fit the best fit ellipse to the nucleus and cell and measure the angle between the
major axis of the fitted ellipse with the direction of stripes. We call this the deviation angle and show
it as ©. Figure 5-16 (a) shows the scatter of the deviation angles across the different cells. As it is
expected, the angle is very symmetric to the pattern direction and therefore the average angle is close

to zero (O average— -2.6° £ 5.1° s.e.m, (n=35)). However, when we look at the absolute value of ©, we
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can see more deviation from the direction of the stripes (|O] average= 14.7° £ 3.6° s.e.m. (n=35)). The
histogram of the absolute value of deviation angle shows that the sub-nuclear stripes impose an
anisotropy on the cells directionality and align them to the direction of the stripes (Figure 5-16 (b)).
50% of the cells are deviated from the direction of the stripes by less than 10° (|©|<10°) while the
percentage of the cells that are aligned with the stripes with deviation angle smaller than 20° is ~ 66%

(Figure 5-16(b)).
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Figure 5-16: The orientation of 3T3 fibroblasts on the sub-nuclear stripes pattern. (a) The
orientation of fibroblasts in respect to the direction of stripes (n=35) and average and standard
deviation (SD) for the deviation angle (©) and its absolute value. (b) Histogram of the absolute
deviation angle distribution (|©|) of fibroblasts on the patterns. (¢) Effective potential energy curve

calculated using 5-16(b), the energy axis was shifted down by -1 in order to achieve better illustration.

From an energy point of view, the subnuclear stripe patterns create an effective potential energy (Uep)
that helps align the cells with the direction of patterns. There are multiple force bearing elements
inside the cell; however, actomyosin-mediated contractility is the main source of the mechanical force

inside the cell that generates this potential energy (Murrell et al. 2015).

To calculate the shape of the effective potential energy curve, we consider our system as a classical
discrete system. Although our system is not a thermal system; however, our system can be analogous

to a thermal system with an effective temperature (7.5) instead of ambient temperature (7).

P; denotes the probability of the system in the i th microstate (i th bin in the histogram of absolute
value of deviation angle (Figure 5-16(b)) which as given in Equation 5-3 can be calculated by the
ratio of the number of cells in the i th bin of histogram (#;) to total number of cells in the histogram

(N)). If we assume that all attainable microstates of the system are equally probable, it can be shown
1
kpTefr

that P; is proportional to the e "#Fi where f = (ks is the Boltzmann constant and 7 is the

temperature) and £; is energy of the the system in the respective microstate (Shell 2015).

P, = D _ pe—PBEi Equation 5-3
N
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Since the sum of probabilities of all microstates should be equal to 1, we can calculate the constant A

according to Equation 5-4 where Z is called the canonical partition function.

n; 1 1 .
Lipi=Xig=l — A=s—m =73 Equation 5-4

Now we can calculate £; based on measured #; (from the histogram of the absolute value of deviation

angle, Figure 5-16(b)) as expressed in equation 5-5:

_In(®t
E; = # = KTerf(InAN —1Inn;) = C — KTpprlnn;, C = KTerpIn AN Equation 5-5

Using equation 5-5 and our experimental data, we calculated the shape of the effective potential curve
(Figure 5-16(c)). The alignment of the cells with the stripes direction shows itself as deep well around
O= 0°in the potential energy curve (Figure 5-16(c)).
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Figure 5-17: The orientation of 3T3 fibroblast nuclei on the sub-nuclear stripes pattern. (a) The
orientation of fibroblast nuclei with respect to the direction of stripes (n=52) and average and standard
deviation (SD) for the deviation angle (©) and its absolute value. (b) Histogram of the absolute
deviation angle (|O|) distribution of fibroblast nuclei on the patterns. (¢) Effective potential energy
curve calculated using 5-17(b), the energy axis was shifted down by -1 in order to achieve better

illustration.

When we look at the deviation angle of fibroblast nuclei (Figure 5-17(a)), we again observe that a
majority of nuclei of fibroblasts on sub-nuclear patterns are aligned with the direction of fibronection
stripes. However, the alignment of nuclei is slightly weaker in comparison to the alignment of the
cytoskeleton of fibroblasts (O average= 2.76° = 4.99° s.e.m, |O| average— 25.39° £ 3.52° s.e.m, (n=52)).
~42% of the nuclei deviate by less than 10° relative to the pattern direction and ~60% of nuclei
deviate less than 20° from the direction of stripes. As mentioned earlier, the orientation of the nucleus
in adherent cells is governed mostly by force-bearing actin filaments in the cytoskeleton and therefore
we hypothesize that nuclear orientation is a secondary function of stripe orientation. In other words,
cell cytoskeleton primarily contacts the stripes and aligns itself with them. This followed by a
subsequent step when the aligned force-bearing actin filaments in the cytoskeleton exert an effective

torque on the nucleus that rotates it along the direction of stripes. As Figure 5-6(d) &(e) shows, thick
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edge actin bundles on 10 pm or 25 pum stripes are in touch or very close to the nucleus and effectively
align the nucleus to the cytoskeleton and subsequently to the stripes. However, minimally confined or
partially confined branched cells on the patterns which make the majority of the cells on subnuclear
stripes pattern (Figure 5-14(a)) don’t form actin edge bundles that touch the nucleus and align it with
the direction of the stripes. Furthermore, as Figure 5-13 shows, there is not a perfect alignment
between actin cytoskeleton of the fibroblasts and the stripes as it was among the cells on 10 um or 25
um stripes. Therefore, we think that these two factors, reduce the effectiveness of the cytoskeletal
actin fibers in aligning of nuclei in the direction of stripes and we observed that the alignment of

nuclei is slightly weaker compared to the alignment of the cytoskeleton of fibroblasts.
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Chapter 6:
The impact of fibronectin stripe patterns on
the cellular and nuclear morphology of

mesenchymal stem cells

6.1 Mesenchymal stem cells in culture

As we discussed broadly in chapter 4, mesenchymal stem cells (MSCs) are a class of multipotent stem
cells that are found in the connective tissue (mesenchyme) and bone marrow. When MSCs are
exposed to suitable chemical and physical cues they differentiate mostly into cells from mesodermal
lineages such as adipocytes, chondrocytes and osteocytes. Although recent studies show that they can
differentiate into fibroblasts, neurons, lung cells and a wide range of muscle cells (see 4.2 for details).
MSCs are widely used in stem cell research and can be isolated from different organs of an adult
patient. However, the most frequent source of isolation is bone marrow. The MSCs that we used in
this research were isolated from bilateral punctures of the posterior iliac crests of adult human
volunteers which were screened for various possible health conditions and pathogens (see 2.1.2 for
more details). Similar to fibroblasts, MSCs are adherent cells and express a heterogeneous
morphology such as branched, well-spread cells (Figure 6-1(a)) or smaller spindle-shaped cells
(Figure 6-1(b)) and have a visible nucleus with multiple nucleoli. In lower concentrations (~10* cell/
cm?), the hMSCs show a morphology similar to 3T3 fibroblasts (Figure 6-1(c)). However, when they
are seeded in a high concentration (~5x10* cell/cm?) or reach full confluency, the proportion of
spindle-shaped cells increases (Figure 6-1(d)), unlike 3T3 fibroblasts for which cells become more
round and adjacent to each other (Figure 5-1(b)). In low confluency, when cells are not in contact with
each other, a majority of hMSCs express a rounder shape on polystyrene culture flasks (Young’s
modulus ~ 3GPa); however, there are also very elongated cells among the hMSCs (ARaverage=3.3£0.24
s.e.m) (Figure 6-1(e)). For the same hMSCs at low confluency, the spread of the aspect ratio
distribution for nuclei is smaller. The majority of nuclei are slightly elongated and a minority show

very elongated nuclei (ARaverage=1.60+0.03 s.e.m) (Figure 6-1(f)).
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Unlike stromal cells, stem cells are prone to follow a differentiation pathway in response to chemical
and physical stimuli. Therefore, in general, stem cell cultures need more gentle stress and handling
techniques in order to keep them dividing symmetrically (see Figure 4-1 for details of stem cell
division). The more careful handling techniques include gentle physical stress due to milder shear
stress and centrifugal force during the maintenance of the culture and smaller temperature shocks
during thawing of cryopreserved hMSCs (see 2.2 for more details). In addition, stem cells are more
sensitive to chemical and biological agents that they are exposed to in culture and in the process of
cell passages. Therefore in contrast to stromal cell lines which need classical DMEM medium
enriched with foetal bovine serum (FBS) (see chapter 2.2.1 for details), hMSCs need to be cultured in
an optimized medium that helps to maintain their potency to differentiate into main mesoderm

lineages (see chapter 2.2.2 for more details).

The traditional buffer solutions that are used for the cell passage of stromal cell lines may have
ingredients that promote the differentiation of hMSCs into a certain lineage. For example, studies
have shown that magnesium chloride promotes osteogenesis of rat bone marrow-derived MSCs (Diaz-
Tocados et al. 2017). Therefore to avoid the risk of unwanted differentiation, buffer solutions with
chemical compositions that don’t include these chemical elements (calcium chloride, magnesium

chloride) are used in subculturing of hMSCs.

Trypsin is often used for dissociation of stromal adherent cells such as fibroblasts from the substrate
(see chapter 5.1). However, studies have shown that trypsin is harmful for hMSCs as it degrades many
surface antigens of these cells in a relatively short time after treatment (~30 minutes) while other
enzymatic dissociation agents such as TrypLE which is often used for detachment of hMSCs from the
substrate doesn’t have same degrading effect on the surface antigens of hMSCs (Ojima et al. 2016).
TrypLE is an enzyme that cleaves peptide bonds on the C-terminal sides of lysine and arginine amino
acids (Tsuji et al. 2017) and therefore cuts the focal adhesions that help hMSCs to adhere to the
substrate (see Figure 1-9 and Figure 1-10).

To measure the size of hMSCs in suspension, we treated the cells with TrypLE at 37°C for 5 minutes
in order to detach hMSCs from the substrate. Detached hMSCs were immediately imaged while the

cells are still in suspension and the adhesion process has not started (Figure 6-2(a)).
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Figure 6-1: Phase contrast images of hMSCs on a 25 ¢cm? cell culture flask. (a) Two hMSCs with
branched and well-spread morphology (b) Two hMSCs exhibiting elongated spindle-like morphology.
(¢) hMSC culture in low concentration (~10* cell/ cm?) resembles the morphology of fibroblasts, the
arrow is showing the multiple nucleoli (denser parts inside the nucleus) of hMSCs. (d) hMSCs are
elongated and polarized when seeded in higher concentrations (~5x10* cell/cm?). (e) The histogram of
the aspect ratio of hMSCs cells seeded in low concentration after 24 hours culture in on a 25 ¢cm? cell
culture flask (n=106). (f) The histogram of the aspect ratio of hMSCs nuclei seeded in low
concentration after 24 hours culture in on a 25 cm? cell culture flask (n=112) and stained with 5

pg/mL Hoechst® 33342. Scale bars are 50 um.
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While cells are still in suspension, the cells are fairly round with a circularity (see chapter 5.1 for the
definition) of 0.839+ 0.005 s.e.m. (n=189) (Figure 6-2(f)) and not significantly elongated, with an
aspect ratio of 1.21+ 0.012 s.e.m. (n=189) (Figure 6-2(g)). Relying on this, we assumed a spherical
shape for the suspended hMSCs to allow a calculation of the diameter of the cells using the measured
cell area (Figure 6-2(b)). The histogram of the diameter of suspended hMSCs shows a distribution
close to a normal distribution with a mean value of 21.7 um with a standard deviation of 4.5 pm.
Therefore, the diameter of hMSCs is 21.7 £ 0.3 pm s.e.m. (n=189) which shows that h(MSCs are in
the middle of the size range among other human cells (~7 to 100 um) and are slightly bigger that 3T3
fibroblasts (see chapter 5.1).

The nuclei of cells in suspension were visualized by staining the live cells with 5 ug/mL Hoechst®
33342 which labels the nucleus by binding preferentially to adenine-thymine (A-T) regions of DNA
and emits blue fluorescence (460-490 nm) when it is excited by ultraviolet light (peak excitation at

350-361 nm) (see more detail in 2.7.2 for details) (Figure 6-2(c)).

Similar to the fibroblasts, we measured the nucleus diameter both immediately after detachment and
30 minutes after the detachment in order to give the stiff nucleus time to relax and mechanically
forget its adherent shape. During this relaxation time, cells were shaken on a shaking plate at 180 rpm
and 37 °C in order to prevent possible adhesion to the substrate and deformation of the nuclei. The
normal distribution that was fitted to the nucleus diameter has a mean value of 11.4 um and standard
deviation of 1.6 um which means that the nucleus diameter is 11.4 + 0.15 um s.e.m. (n=107) which is

smaller than the 3T3 fibroblast nucleus immediately after detachment (13.25+0.21 s.e.m) (see chapter
5.1). Therefore, the ratio of cell diameter to nucleus diameter is % = 1.90 + 0.03 while it is % =

1.30 + 0.03 for 3T3 fibroblasts, which means that the nucleus occupies a bigger portion of the cell in
suspension in 3T3 fibroblasts (The uncertainty of the ratio is calculated based on errors of the

measured cell and nucleus size measurements).

The size of hMSCs nuclei reduces by approximately 10% after relaxation to 10.2 + 0.11 um s.e.m.
(n=141). Considering a similar reduction of approximately 10% was observed in 3T3 fibroblasts

nuclei after relaxation, shows that a similar phenomenon is observable in different cell lines.

As mentioned before, previous studies have shown that a nucleus forms wrinkles on its surface during
the detachment process, which allows the change in the nucleus size (Kim et al. 2015) (see Figure 5-
3(i)). As time passes, more wrinkles on the nucleus permit increasing reduction in the size of the
nucleus. The circularity of the nucleus reduces slightly from 0.832 + 0.006 s.e.m. (n=107) to 0.777 £
0.007 s.e.m. (n=141). This effect may arise from the increasing wrinkles which increase the effective

perimeter of the nucleus (Figure 6-2(f)).
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Figure 6-2: hMSCs in suspension. (a) Phase contrast microscopy of suspended hMSCs in a 25 cm?
flask disk. (b) Histogram of hMSCs cell diameter distribution. The diameter of suspended cells
(n=189) was shown as the histogram with bin size=1 um. A Gaussian curve (red curve) is fitted to the
distribution using calculated mean and standard deviation. (¢) Fluorescent micrograph of detached
nuclei of hMScs stained with Hoechst® 33342, denser (brighter) parts are the nucleoli. (d) Histogram
of hMSCs nuclei size distribution (n=107) (blue) with a Gaussian curve fitted to the distribution (red).
Scale bars are 10 um. (e) The nucleus diameter of hMSCs, immediately after detachment with
TrypLE solution (blue) and after relaxation in suspension by being shaken for 30 minutes at 180 rpm
(orange). (f) The circularity of hMSCs immediately after detachment with TrypLE solution (blue),
after relaxation in suspension by being shaken for 30 minutes at 180 rpm (orange)(n=141) and
suspended cells immediately after detachment with the TrypLE (grey). (g) The distribution of aspect
ratio of hMSCs nuclei immediately after detachment, after relaxation for 30 minutes and the aspect

ratio of suspended hMSCs immediately after detachment.
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The distribution of the aspect ratio in relaxed nuclei (ARaverage = 1.53 + 0.02 s.e.m. (n=141)) and nuclei
immediately after detachment (ARaverage = 1.52 + 0.02 s.e.m. (n=107)) is fairly similar which shows
that the reduction in nucleus size happens in an isotropic way. The aspect ratio histogram of the
suspended cell shows that the cell quickly returns to its spherical shape (ARaverage = 1.21 £ 0.01 s.e.m.
(n=189)) while the nucleus remains slightly elongated after the detachment. Although nuclear lamina
maintains the nuclear shape (Webster, Keren L Witkin, et al. 2009), it is the actin fibres that are
mainly responsible for the deformation of nuclear shape (Hanson et al. 2015c). Therefore, we
hypothesize that cytoskeletal fibres that regulate nuclear shape depolymerize during detachment and
this lack of external force on the nucleus of suspended cells causes a delay in returning the nucleus to

its spherical shape from its slightly elongated adherent state (ARaverage= 1.60£0.03 s.e.m).

Similar to stromal cell lines such 3T3 fibroblasts, failure to adhere to the substrate in vitro or
extracellular matrix in vivo induces anoikis which is a programmed cell death (apoptotic cell death) in
hMSCs (see chapter 5.1 for details). Anoikis is a major challenge in MSCs based clinical treatment, in
which loss of adherence in transplanted MSCs reduces the efficiency of the treatment (Lee et al.
2015). We observed some of the classical apoptotic features such as blebbing in the hMSC culture
both in cells that completely failed to adhere (Figure 6-3 (a)) or the adherence was weak (Figure 6-3
(b)). In the case of stromal cell lines such as fibroblasts, the cells grow to high confluency density (see
Figure 5-1(b)) and become necrotic in approximately 10-14 days after the start of culturing and detach
from the surface (Figure 5-2(d)). However, in some hMSC cultures, especially when many passages
were carried out on the same cells, the cells can almost stop proliferation at some point while the
majority of cells remain adherent to the substrate for a long period of time without losing their
morphological shape (Figure 6-3(c) &(d)). Some authors have suggested that it very likely that these
hMSCs in long-running cultures undergo senescence and lose their potency for self-renewal and
differentiation due to the accumulation of oxidative stress and dysregulation of important
differentiation regulatory factors (Turinetto et al. 2016). In addition, the cell migration capacity of
senescent hMSCs may get impaired (Turinetto et al. 2016).
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Figure 6-3: Anoikis and long-term culture of hMSCs. (a) Phase contrast micrograph of an hMSC
showing blebbing, a classic hallmark of apoptotic cell death due to complete failure to adhere to 25
cm? culture flask while nearby cells are spreading normally on the substrate approximately 12 hours
after seeding. (b) Blebbing of two hMSCs among normal adherent adjacent cells approximately 12
hours after seeding (10 x). (¢) The high magnification (20X) of 6-3(b) shows that these two apoptotic
hMSCs are weakly adherent to the substrate. (d) hMSCs culture 42 days after seeding on a 25 cm?
culture flask at 37°C showing a normal morphology for hMSCs without signs of apoptotic or necrotic

cell death. Scale bars are 50 um.

6.2 Mesenchymal stem cells on fibronectin stripe patterns

MSC:s are subject to different topographical and mechanical cues in their niche in vivo that are
provided by the ECM and the behaviour of MSCs change by conformation to these cues (Anderson et
al. 2016). In vitro studies have shown that micro or nano-scale topographical cues can significantly
influence cellular behaviour including the differentiation potency of the MSCs (Metavarayuth et al.
2016). MSCs are relatively easy to isolate as they are sourced from various organs and differentiate
into multiple cell line in the body and therefore have a significant role in stem cell-based therapeutic
technique (Ma et al. 2012). As a consequence, engineering biomaterials with designed topographical
features in order to control the behaviour of stem cells has gained significant importance in the fields
of regenerative medicine and tissue engineering (Mahla 2016b). These bioengineered materials either
aim to increase the efficiency of tissue transplanting by improving the scaffold of transplanted organs
in vivo or improve the differentiation and growth performance of stem cells in vitro which is crucial
for achieving higher quality and quantity for the cells that are used for the clinical applications

(Tamiello et al. 2015). (See chapter 5.2 for more details).

We used fibronectin, which is a crucial element in the structure of ECM, to fabricate our patterns.
Fibronectin enhances the cell adhesion to the substrate and is widely used for the fabrication of

micropatterns for the study of cell function and morphogenesis (Thery 2010).

Previous studies have shown that the shape of MSCs significantly influences their tendency to

differentiate into different cell lines in their lineage (Kilian et al. 2010). More elongated MSCs have
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the tendency to differentiate into osteoblasts, while less elongated cells have a greater tendency
towards adipogenic differentiation (Kilian et al. 2010) (see chapter 4.3.2.2 for details). Therefore, in
order to study the effect of the shape of the substrate pattern on the hMSCs, we chose to use
fibronectin coated stripes of different sizes. Stripe micropatterns occur iz vivo in the form of cells that
are surrounded by adjacent cells and are elongated in a stripe shape (Alvarez-Prats et al. 2018) (Figure
5-5(d). Similar patterns have been used in vitro to study cell morphology (Huang & Donald
2014b)(See chapter 2 for more details). We chose to seed cells on evenly fibronectin-coated
substrates, plus 25 um and 10 um fibronectin coated stripes. The cells were allowed to spread on the
surface for 200 minutes at a density of 6000 cells/cm? (see 2.6 for more details). Previous studies
show that the adhesion process of hMSCs take place approximately in the first 2 hours after seeding
and deformation of the nucleus in response to patterned PDMS substrate happens 3 hours after

seeding (Chalut et al. 2010b).

An evenly fibronectin-coated substrate acts as the control since cells don’t feel any anisotropy from
the substrate (Figure 6-4(a)). The cells spread widely on the control pattern (5377 + 455 (s.e.m) um?
(n=58)) (Figure 6-4(e)). The actin filaments are abundantly formed across the cell. However, the
density of basal actin filaments reduces in the centre of the cell where the nucleus resides (Figure 6-
4(a)). The actin edge bundles are formed in the periphery of the cell and form concave circular arcs in
the webbed edges of the cell (Figure 6-4(a)). These actin bundles are cytoskeletal structures that are
specialized to support webbed edges of the cell (Zand & Albrecht-Buehler 1989) (see chapter 3.3 for
details).

As mentioned earlier (see chapter 6.1), hMSCs may adopt a spindle-like elongated morphology or a
well-spread polygonal morphology (see Figure 6-1). The same phenomenon was observed among
hMSCs on the fibronectin control substrate. However, the aspect ratio of hMSCs on fibronectin-
coated control substrate (2.15+ 0.13 (s.e.m) (n=58)) was less compared to the hMSCs seeded on the
tissue culture polystyrene (TCP) flask (3.3% 0.23 (s.e.m) (n=106)). The Young’s modulus of
polystyrene culture flask is approximately 3 GPa (Miyake et al. 2006) while the Young’s modulus of
PDMS (mixing ratio of 10:1 (base: elastomer)) is 580 kPa (Park et al. 2010). Previous studies have
shown that the morphology and differentiation preferences of hMSCs are largely influenced by the
stiffness of the substrate in vitro. Most of these studies have focused on the substrate stiffness between
1-100 kPa (Ingber 2006)(Sun, Chi, Li, et al. 2018). These studies generally found out that MSCs on a
very soft substrate (~1kPa) express branched neurogenic shape. On the intermediate substrates
(~10kPa), they show spindle like elongated myogenic features and on the stiffer range (25-70kPa)
they show polygonal osteogenic cell shape (Ingber 2006)(Sun, Chi, Li, et al. 2018). It has been shown
that on the stiffer substrate (~230 kPa), the differentiation of hMSCs is biased toward osteogenesis

and cells express more features of osteoblasts (Piroli & Jabbarzadeh 2018). Therefore it is generally
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believed on high stiffness substrates, hMSCs mostly express osteogenic cell features and as the

substrate gets stiffer, cells elongate further.
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Figure 6-4: The morphological effects of fibronectin stripe patterns on the hMSCs. (a)(b)&(c)

Fluorescence micrographs of hMSCs in the S-phase on PDMS substrate with even fibronectin coating

(control), 25 um and 10 pum fibronectin stripes respectively. The cells are fixed with formaldehyde

and stained with Phalloidin for F-actin (green) and TO-PRO-3 for the nucleus (blue). Green and blue

channels are overlaid by Image J. Scale bars are 10 um. (d)&(e) Projected area of nucleus and

cytoskeleton of the hMSCs on 10um (n=53, Naucteus=33), 25um (n=54, npyciews=54) fibronectin stripes

and evenly fibronectin coated control substrate (n=58, Nnucieus=58) on a PDMS substrate (f) The aspect

ratio of nucleus and actin cytoskeleton on 10pum (n=53, npyclews=53), 25um (n=54, Nnycieus=54)

fibronectin stripes and evenly fibronectin coated control substrate (n=58, nnycieus=58) on a PDMS

substrate. Error bars are SEM.

As an example, hMSCs on very stiff titanium substrate with Young’s modulus of 113 GPa, get more
elongated compared to cells on TCP substrate (Loye et al. 2018). In vivo, the elastic modulus of
tissues that are made up from cell lines that are differentiated from hMSCs varies widely from soft

brain tissue (~1kPa) (Budday et al. 2015) to adipose tissue (~2kPa)(Yuan et al. 2015), or muscle
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tissue (~10kPa)(Gilbert et al. 2010) to stiffer tissues such as cartilage (~1 MPa)(Chizhik et al. 2010)
and hard tissues such as cortical bone (~10GPa) (see Figure 4-9). Therefore, we hypothesize that
stiffer TCP substrate shifts our cells toward osteogenesis and allows cells to elongate more compared
to the softer PDMS substrate as it would occur in the native microenvironment of hMSCs niches in

different tissues.

25 um stripes clearly make the cytoskeleton and cytoskeletal actin stress fibres to align parallel to the
patterns (Figure 6-4(b)). Very strong straight actin edge bundles are formed parallel to the patterns;
however, some actin edge bundles arcs formed at the two ends of the cells or in the places that
filopodia manage to escape the patterns. There is a substantial amount of actin polymerization at the
two ends of the cell which result in a higher density of basal stress fibres in these regions (very green
regions at two ends of the cell. However, there is a very small number of basal actin fibres in the
region in the middle of the cell underneath the nucleus (Figure 6-4(b)). Cells on 25 pum stripes are less
spread (3023+ 131 (s.e.m) pm? (n=54)) compared to cells on the control substrate (Figure 6-4(¢)) and
the cells are more elongated (5.46+ 0.19 (s.e.m) (n=54)) compared to control cells (Figure 6-4(f)). The
nuclei of hMSCs on 25 pm stripes (211£ 9.1 (s.e.m) um? (n=54)) spread compared to the cells on the
control substrate (272+ 9.0 (s.e.m) um? (n=54)) and are slightly more elongated with the aspect ratio
of 1.79 £ 0.04 (s.e.m) (n=54) compared to the control cells (1.55 + 0.04 (s.e.m) um? (n=58)).

On the narrower 10 um stripes, the cytoskeleton and the internal actin filaments of the cell align
themselves with the patterns and elongate on the stripes (AR: 11.72 + 0.48 (s.e.m) (n=53)). The
nucleus is tightly pushed between two thick actin edge bundles that are formed in the edge of the cell
and parallel to the pattern direction (Figure 6-4(c)) and therefore is more elongated (AR: 2.45 + 0.07
(s.e.m) (n=53)) compared to the nuclei on control and 25 pum stripes (Figure 6-4(f)). On the 10 um
stripes, most of the actin polymerization inside the cell takes place at the two ends of the cell and a
small number of actin stress fibres are visible only in this region while there are almost no basal actin
fibres in a big portion of the cell in the middle of the cell. Both the cytoskeleton (12364 70 (s.e.m)
um? (n=53)) and nucleus (189+ 7.4 (s.e.m) um? (n=53)) spread less on the 10 um stripes compared to
the control substrate and 25 um stripes (Figure 6-4(d)&(e)) .

Although the patterns largely alter cell spreading and shape, the Feret’s diameter doesn’t differ largely
among the cells spreading on different patterns. Feret’s diameter or maximum calliper is defined as
the largest distance between any two given point along the boundary of a shape (Imagej.nih.gov).
Feret’s diameter has been used as one of the key parameters to describe overall morphology

evaluation in the microscopic objects (WALTON 1948).

We measured the Feret’s diameter of cells on the control substrate at (130.6+ 4.6 (s.e.m) pm (n=58))
while our measured it at (149.0+ 4.9 (s.e.m) um (n=53)) and (146.0+ 4.3 (s.e.m) um (n=54)) for
hMSCs on 10 um and 25 um stripes respectively. It seems that despite the high adaptability of the cell
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to confine itself to different patterns, there is an internal control mechanism that put a restriction on

how far two points of a cell can get apart from each other during the cell adhesion.

6.2.1 How patterns influence the orientation of the nucleus inside the cell

It is well known that force bearing actin fibres inside the cell can deform the nucleus shape (Hanson et
al. 2015¢c)(Shyam B Khatau et al. 2009). As figure 6-4 reveals, the fibronectin stripes with different

widths, significantly change the architecture of the actin fibres and therefore change the shape of the

nucleus.
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Figure 6-5: The orientation of nuclei of hMSCs relative to cytoskeleton on fibronectin stripes.
(a)(b)&(c) the angle(a) between the major axis of the best fit ellipse to the cytoskeleton and nucleus
of hMSCs on fibronectin-coated control (n=58), 25 pm (n=54) and 10 um (n=53) fibronectin stripes
on the upper panel. The lower panel is the histogram of the absolute value of the nuclear orientation
angle (|a|) on the control, 25 um, and 10 pm fibronectin stripes respectively. (d) The angle between
the major axis (yellow) of best fitting ellipses (red) to the cytoskeleton and nucleus (c) of an hMSC on
unpatterned fibronectin coated PDMS substrate. The cell is fixed with formaldehyde and stained with
Phalloidin for F-actin (green) and TO-PRO-3 for the nucleus (blue). Green and blue channels are
overlaid by Image J. Scale bar is 10 pm.
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We looked at how the orientation of the cytoskeleton on different patterns affects the orientation of
the nucleus. In order to quantify this, we measured the angle (o) between the major axis of best fitting
ellipses to the cytoskeleton and nucleus (Figure 6-5 (d)). This measurement shows how the nucleus
direction is correlated with the major axis of cell shape. Among the cells on the control pattern, the
nucleus is less aligned with the cytoskeleton (|o|average =27.2°) compared to the cells on 25 pm (|otfaverage
=7.0°) and 10 pm stripes (|0tfaverage =3.2°). The standard deviation of the cell-nucleus angle also
significantly reduces with decreasing fibronectin width, so that it drops from 25.8° for control cells to

8.6° and 3.0° for cells on 25 um and 10 pum stripes respectively (Figure 6-5).

The histogram of cell-nucleus angle (Ja|) for hMSCs on control substrate (Figure 6-5(a)), shows that in
a relatively big portion of cells (~40%), the nucleus is aligned with the cytoskeleton (Ja|<10°), while
there a considerable number of nuclei that are not aligned with the cytoskeleton. On the 25 um
patterns, the alignment percentage increase to 78% and we almost could not witness nuclei that are
not significantly orientated with respect to the cytoskeleton. Almost all (96%) cells on 10 pm stripes

are closely aligned with the cytoskeleton.

In adherent cells, it has been shown that perinuclear stress fibres which are coupled with nucleus
through nuclear Lamin A/C and LINC complexes (see chapter 1.4 for details). In the absence of the
perinuclear actin cap, the nucleus is free to rotate inside the cell while in the presence of actin cap
fibres, the angular rotation of nucleus is stopped (Dong-Hwee Kim et al. 2014). Therefore, we
hypothesize that among hMSCs, the perinuclear actin cap which is usually aligned with the
cytoskeleton (see Figure 6-7), aligns the nucleus with the cytoskeleton in a substantial portion of the
cells (Figure 6-5(¢c)). While, the disruption of organized actin nuclear cap or weaker alignment of the
fibres with the cytoskeleton in some cells, allows the nucleus to rotate and reduces the cell-nucleus
alignment. As cells adhere to the narrower strips, both perinuclear actin stress fibres which are more
aligned with cell body (see Figure 6-7) on the strips and actin edge bundles, force the nucleus to align
with the cytoskeleton. As Figure 6-4 shows, the effect of actin edge bundle on the further alignment of

the nucleus with the cytoskeleton is more evident on 10 pm stripes compared to 25 pm stripes.

6.2.2 Interaction between the cytoskeleton and the nucleus of hMSCs on

fibronectin stripe patterns in the single cell level

As previously was shown, the projected area of hMSCs on fibronectin stripes is positively correlated
with the width of stripes (Figure 6-4(d) & (e)). In order to see if the same positive relationship
between cell and nuclear size exists among the cells on each of the fibronectin patterns, we studied the

nuclear and cell projected area at the single cell level (Figure 6-6).
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Figure 6-6: Single cell-based relationship between nucleus size and cell size of hMSCs on
fibronectin stripes. (a)(b)&(c) Correlation between nuclear and cellular projected area of hMSCs on
fibronectin-coated control (n=58), 25 pm (n=54) and 10 um (n=53) fibronectin stripes. The linear
equations and Sample Pearson correlation coefficients (r) are describing the line (orange) that is fitted

to the data using the least square method.

In order to quantify the correlation between cell and nuclear projected area, we used the Pearson
correlation coefficient. The coefficient, which is also referred to as Pearson’s r, measures the
correlation between two variables (X and Y) and is defined as the ratio of covariance of two variables
(cov(X,Y)) to the product of standard deviations of the two variables (o(X)a(Y)) (Yeager 2019). For
a sample, the correlation between two variable is denoted 7y, or simply ris calculated using equation
6-1 (Mukaka 2012) where E is showing the expected value, x; and y;are the i’th value of variable x

and y, ux and py are the sample mean of variable x and y and n is the number of paired data.

N cov(X,Y) _ E((X—p)(Y—py)) _ zizl(xi—ux)(yz—uy)
XY e(X)o(Y) a(X)a(Y) \/Zn i) B (=112
=1\t BXx i= 14

Equation 6-1

The Pearson correlation coefficient is always between -1 and 1 (Mukaka 2012). » =1 occurs when two
variables are perfectly positively correlated (they form a line with a positive slope) whereas r = -1
happens when two variables are perfectly negatively correlated (they form a line with a negative
slope). » =0 happens when there is no correlation between the two variables. Other values for

between 1 and -1, shows how close is the correlation between two variables to these three situations.

Our measurement showed that there is a positive correlation between the projected area of the nucleus
and cell among all patterns. However, the correlation is stronger among hMSCs on evenly fibronectin
coated control substrate ( =0.64) and it gets weaker among cells on 25 pm fibronectin stripes (#
=0.49) and is very weak among cells on 10 pm stripes (» =0.19). It has been shown that basal actin

fibres under the nucleus, insert a localized pressure on the nucleus that plays an important role in
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deformation of the nucleus (Hanson et al. 2015¢) and are the main providers of force in adherent cells
during cell migration (Dong-Hwee Kim et al. 2014). As Figure 6-4 shows, the number of basal actin
fibres under the nucleus significantly reduces as the fibronectin stripes get narrower. Therefore, we
hypothesize that the decreasing number of basal actin fibres among cells on narrower stripes
dissociates cell more from the nucleus. This dissociation prevents the effective transfer of force from

the cytoskeleton of cells that are increasing in size to stretch and increase the nuclear size.

6.3 3D shape of hMSCs on fibronectin stripes

Most of the morphological studies of hMSCs and the effects of substrate patterns have been focused
on the 2D architecture of cell, nucleus and subcellular organelles (Engler et al. 2006), (Kilian et al.
2010), (Yim et al. 2010). However, it is necessary to study these cells in 3D in order to get a better
understanding of their morphological response to the substrate topography and how they might
behave in the body. Our experimental setup allows us to perform z-stack confocal microscopy (see
Figure 5-7) and get a 3D image of the cell and nucleus. Similar to 3T3 fibroblasts, we observed that
hMSCs on both the evenly fibronectin-coated control substrate and on fibronectin stripes form actin
filaments on top of their nucleus which is usually highly organized and aligned with the direction of
the cell (Figure 6-7). Furthermore, we observed that cells form different 3D shapes on different

patterns.
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Figure 6-7: The 3D shape of hMSCs on the fibronectin fibres with different geometry. (a)(b)
&(c), A 3D shape of hMSCs in the S-phase of spreading fixed with formaldehyde and stained with
Phalloidin for F-actin on the evenly coated fibronectin PDMS substrate, 25 pm and 10 um fibronectin
stripes respectively. With the focal plane on the basal surface conventional basal stress fibres are
revealed; whereas, focus on the apical plane on top of the nucleus reveals a highly organized

perinuclear actin cap stress fibres. Scale bars are 10 um.

In order to quantify the morphology of the cell, we measured the maximum cell thickness which
occurs somewhere on the top of the nucleus (Figure 6-8(a)). Our results, shows that cell thickness is
negatively correlated with the width of the fibronectin stripes so that cells on 10 um stripes (10.46 +
0.29 (s.e.m) um (n=53)) are the thickest while the cell height reduces on wider 25 um stripes (7.93 +
0.17 (s.e.m) um (n=54)) and control substrate (6.87 + 0.13 (s.e.m) um (n=58)). However, the number
of perinuclear actin fibers is positively correlated with the width of fibronectin stripes so that hMSCs
on unpatterned control substrate form the greatest number of perinuclear stress fibers (8.91 + 0.38
(s.e.m) um (n=58)) while the number reduces for the cells on 25 um stripes (5.38+ 0.28 (s.e.m) um
(n=54)) and is the least for cells on 10 um stripes (1.94+ 0.16 (s.e.m) um (n=54)). The perinuclear
actin fibers put uniform pressure on top of the nucleus (Hanson et al. 2015¢) (see Figure 5-9(b)) and
compress the nucleus towards the substrate. Therefore, we think that the higher number of actin fibers
on top of the nucleus will put a greater compressive force on the nucleus and flatten it more (Figure 6-

10), consistent with the results that we observed for fibroblasts (see chapter 5.4).

134



a b .

12 1046 c . 891
— . g ° 1
Ew & .
= @

i 7.93 5 7
~ B =2 n
5 = 6.87 £43 s 5.38
2 I a 2 I
E= 2% 5
E °a .
g =
E 4 2 3
g £ 1.94
;- i B
8
0
10 pum 25 um Control 10 pm 25 pm Control

Figure 6-8: Maximum cell thickness and number of perinuclear actin stress fibers of hMSCs on
fibronectin patterns. (a)&(b) Maximum cell thickness and the total number of perinuclear actin
stress fibres among hMSCs spreading on 10um (n=53), 25 pm (n=54) and fibronectin stripes and
evenly fibronectin coated control substrate (n=58) on a PDMS substrate in the S-phase fixed with

formaldehyde and stained with phalloidin for F-actin. Error bars are SEM.

The role of perinuclear actin fibers in compressing the nucleus leading to an impact on cellular height
is evident also on the correlation of maximum cell thickness and number of perinuclear actin fibers at
the single-cell level among cells on different fibronectin stripes (Figure 6-9). The correlation analysis
shows that the maximum cell thickness is negatively correlated with the number of perinuclear actin
fibers for both control and fibronectin stripes. However, the correlation is weakest among cells on
control substrate (7 = -0.3840) and significantly increases as the width of stripes decrease among cells

on 25 um (r =-0.6041) and 10 pm strips (7 =-0.7758).
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Figure 6-9 Single cell-based relationship between maximum cell thickness and number of
perinuclear actin fibers of hMSCs on fibronectin stripes. (a)(b)&(¢) Correlation between
maximum cell thickness and total number of perinuclear actin fibers of hMSCs on fibronectin-coated
control (n=58), 25 um (n=54) and 10 pm (n=53) fibronectin stripes. The linear equations and sample
Pearson correlation coefficients (r) are shown by the line (orange) that is fitted to the data using the

least square method.
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Atomic Force Microscopy (AFM) analysis on rat MSCs cells has shown that the Young’s modulus of
the cell on nuclear region exponentially increases as cell thickness decreases (Kihara et al. 2011).
Therefore we hypothesize that this variation in stiffness may mean that thicker cells on the 10 pm

stripes are more sensitive to the number of actin stress fibres.

Figure 6-10: The 3D shape of the nucleus of hMSCs on the fibronectin stripes. (a)(b)&(c), 3D
fluorescence confocal micrographs of hMSCs spreading on PDMS substrate evenly coated with

fibronectin (control), 25 um and 10 pum fibronectin stripes respectively. The nucleus is stained with

TO-PRO-3 and false coloured blue.

6.4 hMSCs on sub-nuclear fibronectin stripes

6.4.1 Morphological features of the hMSCs on sub-nuclear stripes

hMSC:s are to a large extent confined to the 10 pm and 25 pm fibronectin stripes and the morphology
of both cytoskeleton and nucleus is significantly altered by the stripes (see section 6.2). However,
when hMSCs were cultured on Sum fibronectin stripes (11 pm PDMS spacing between stripes) which
are about 40 % of the detached hMSCs nucleus size (11.4 + 0.15 pum s.e.m. (n=107)), we observed
different morphological features among the cells (Figure 6-11). Some cells spread widely on the
patterns with only small signs of local alignment in some regions in the periphery of the cell (Figure
6-11 (a)). The conventional basal actin fibers were abundantly formed in these cells; however, the
alignment of these fibers with the patterns was not very obvious except for some local alignment in

the middle of the cell (Figure 6-16(b)).

In a small minority of cases, cells were elongated and tried to confine themselves to the patterns
although they could not completely elongate along the patterns and escaped out of the patterns

particularly in the centre of the cell where the nucleus resides (Figure 6-11(b)). In these cells, we
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could observe that the nucleus was partly confined to the pattern but finally escaped out of the pattern
and stretched out until it was held by two thick edge actin bundles that are formed parallel to the
direction of stripes in the periphery of the cell. The basal actin fibers were rarely formed in the central

parts of the cell and most of the actin polymerization occurred at the two ends of the cell (Figure 6-

11(b)).

Other groups of cells were widely spread on the cells; however, they were partially confined to the
patterns and clearly followed the patterns by creating “branches” that were spread along the patterns.
They also formed clear thick edge actin bundles parallel to the stripes on the periphery of the cell
(Figure 6-10(c). However, the cell also spread over non-coated regions at its centre and the nucleus
was not touched by visible actin edge bundles created by the patterns. Conventional actin fibers were
formed throughout the cell and the fibers were clearly aligned with the direction of patterns. Some of
these basal actin fibers which were connecting two branches of the cell on the patterns were visibly

thicker compared to other basal actin fibers.
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Figure 6-11: Fluorescent micrographs of the different morphologies of hMSCs on a sub-nuclear
fibronectin pattern of stripes. (a) The cell is mostly not confined to the stripes. (b) The cell is
confined to the stripes and is highly elongated along them. (¢) The filopodia in the leading edge of
spreading cell are confined and elongated along the stripes and the main body of the cell in the middle
bridges over several stripes. The actin cytoskeleton of hMSCs is stained with phalloidin and false
coloured in green and the nucleus is stained with and TO-PRO-3(false coloured in blue). Scale bars

are 10 um.
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We think that these groups of cells are also partially visible in the histogram of the aspect ratio of the
cells (Figure 6-12(a)). Cells that were well spread on the patterns and were round (not elongated) are
the cells that largely contributing to a peak in the histogram with the lower aspect ratio, whereas the
partially elongated cells which form branches along the patterns contribute to the smaller peak in the
histogram with the higher aspect ratio. However, there is an overlap between these two populations as
the size, extent, and elongation of branches vary between cells. There are also rare very elongated
cells on the pattern with a bigger aspect ratio. In overall, we did not see a significant change in the
aspect ratio of hMSCs on sub-nuclear stripes pattern (2.12 = 0.17 s.e.m. (n=71)) compared to hMSCs
on fibronectin-coated control substrate (2.15 £ 0.13 s.e.m. (n=58)). We hypothesize that the minimally
aligned round cells on the sub-nuclear patterns are representative of large and well-spread hMSCs
(Figure 6-1) on the isotropic substrate and partially confined branched cells representing elongated
hMSCs on the unpatterned substrate. However, the sub-nuclear stripe pattern changes the morphology
of elongation by directing the nascent filopodia of the spreading cell on the stripes instead of letting

the cell elongate to form an oval shape.

The histogram of nuclei of hMSCs on the sub-nuclear-sized patterns showed a behaviour close to the
normal distribution with some rare elongated nuclei. From section 6.2, we know that the most intense
changes to the shape of the nucleus are induced by edge actin bundles. In the case of sub-nuclear
stripe patterns, the edge actin bundles either were not completely aligned with the patterns (Figure 6-
11(a)) or they were not directly in contact with the nucleus (Figure 6-11(c) and only in rare elongated
cells, the nucleus was in touch with the actin bundles (Figure 6-11(b)). Therefore, it is expected not to
see a substantial change in the morphology of the nucleus. However, there is a minor increase in the
average aspect ratio of hMSCs nuclei on sub-nuclear stripe pattern (1.63 + 0.04 s.e.m. (n=65))
compared to the nuclei of hMSCs on the fibronectin-coated control (1.55 + 0.04 s.e.m. (n=58)) which
we think is due to basal actin fibers that are aligned with the stripes among partially confined
branched hMSCs (Figure 6-11(c)) and locally aligned with the patterns underneath the nucleus in
some well spread hMSCs on sub-nuclear stripes patterns (see Figure 6-16(b)).

138



Minimally confined round cells

a 30 b 18
16
25 14
12
- 20 &
2 5 10
¢ 15 Par‘t\ally confined ER
g g
< 10 Elongated w6
a
A .
5 } 2
I 0 | [ | [ |
v - - " O 2 P 0 P 0 $ S e I JPC
. 5] s o R
E ) o ‘9 9% 9.9 0 D PNV -ﬁ,'\vn- AP
W "> ‘avxb *\-cqj-v\\z-,\lg- .,c,,,oj,o} 5, 4,),‘,}
P 6’ A7 o fc-'a'q‘f:@,\ AECEEN-EEN o NG I A - S PV
Aspect ratio of cytoplasm Nuclear aspect ratio
C 25 2.15 212
T
2
1.55 1.63
o
E 15
-
5
a
1
<
0.5
o
Control Sub-nuclear stripe pattern

Figure 6-12: The aspect ratio of hMSCs on the sub-nuclear pattern. (a) The histogram of
cytoskeletal aspect ratio on the patterns (n=71) showing three major categories minimally confined
round cells, partially confined and elongated hMSCs. (b) The histogram of the nuclear aspect ratio on
the patterns (n=65). (c¢) The average cytoskeletal (blue) and nuclear (orange) aspect ratio of hMSCs on
evenly fibronectin-coated (control) (n cytoskelcton= 58, N nucteus =58) and on the sub-nuclear pattern (n

cytoskeleton=7 1, N nucleus =05). Error bars are s.e.m.

The projected area of hMSCs on the sub-nuclear stripe pattern (4327 + 323 um?s.e.m. (n=71)) is
reduced compared to hMSCs on the fibronectin-coated substrates (5377 + 455 um?s.e.m. (n=58))
(Figure 6-13(a)). This is expected because of the PDMS spacings located between the fibronectin
stripes. PDMS is not a biocompatible substrate and hinders the cell spreading significantly because of
its high surface hydrophobicity (Chuah et al. 2016). The projected area of nuclei of hMSCs on the
sub-nuclear pattern (215+ 6 pm?s.e.m. (n=65)) is also reduced compared to hMSCs on fibronectin-

coated control substrate (272 £9 pm?s.e.m. (n=58)).

Previously we showed that there is a positive correlation between cell and nucleus size (Figure 6-6))
and the correlation increases among that the cells that form a substantial number of basal actin fibers.
As previously mentioned, both minimally confined round hMSCs and partially confined branched
cells on the sub-nuclear patterns, which constitute a great portion of the hMSCs on the patterns,

develop substantial number of basal actin stress fibers and therefore we think that for this reason, the
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size of nuclei of hMSCs on sub-nuclear pattern is highly correlated with the cell size of hMSCs which

reduces on the sub-nuclear patterns compared to control substrate.
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Figure 6-13: Projected area of hMSCs on sub-nuclear pattern and control substrate. (a) The
projected area of the cytoskeleton on the sub-nuclear stripe pattern (n=71) and fibronectin-coated

control (n=58). (b) The projected area of the nuclei of hMSCs on the sub-nuclear stripe pattern (n=65)

and on fibronectin-coated control (n=58). Error bars are s.e.m.

6.4.2 Orientation of the hMSCs on sub-nuclear stripes

Previously we showed that hMSCs elongate along the 10 pm and 25 pm stripes. Other studies have
shown that some cytoskeletal structures of hMSCs, such as focal adhesions, can align with a grating
as narrow as 350 nm (550nm in depth and 700 nm in pitch) (Chalut et al. 2010b). From an energy
point of view, the patterns create an effective potential energy (Uey) that helps align the cell and its
different organelles to the direction of patterns. The main source of the mechanical force that
generates this potential is coming from actomyosin-mediated contractility (Murrell et al. 2015). In
order to quantify this effective potential of alignment to the direction of patterns, we measured the
deviation angle of the major axis of the best fitting ellipse and direction of the stripes () (Figure 6-
14(a)). If we create the histogram of the deviation angle of the cells (Figure 6-14(b), we can then
calculate the probability of a cell belonging to each interval of deviation angle and using equation 5-5

(see chapter 5.5) we can calculate the shape of the effective potential energy curve (Figure 6-14(c)).
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Figure 6-14: The orientation of hMSCs’ cytoskeleton on sub-nuclear stripes pattern. (a) The
Orientation of hMSCs’ cell body with respect to the direction of stripes (n=71) and average and
standard deviation (SD) for the deviation angle (©) and its absolute value. (b) Histogram of the
absolute value of deviation angle (|6]) distribution of hMSCs’ cytoskeleton on the patterns. (c)
Effective potential energy curve (normalized by ksT.p) calculated using the 6-13(b), the energy axis

was shifted down by -1 in order to achieve a better illustration.

As Figure 6-14 shows, the cytoskeleton of hMSCs on sub-nuclear patterns are aligned with the pattern
(IO average= 19.19° £ 2.6° s.e.m (n=71)) (Figure 6-14 (a)). Almost half of the cells deviate by less than
10° relative to the pattern direction and more than 70% of cells deviate less than 20° from the direction
of stripes. This effect shows itself as a deep well in the potential energy landscape around 6= (0°
which forces the cell to align itself with the direction of patterns (Figure 6-14(c)). The alignment of
elongated and branched hMSCs is more evident; however, the alignment manifests itself as the
aligned parts of cell periphery even in most round well-spread cells (Figure 6-11(a)) which secures a

smaller angle between the major axis of the best fitting ellipse and the pattern direction.

The nuclei of h(MSCs are aligned to the direction of patterns to a lesser extent (|O] average™ 35.78° &
3.62° s.e.m (n=65)) compared to the cytoskeleton alignment (Figure 6-15(a)). Only 27% of nuclei
showed a deviation less than 10° relative to the stripe direction and the percentage of nuclei that
exhibited a deviation angle less than 20° was 40% (Figure 6-15(b)). The lack of actin edge bundles
that can substantially align the nucleus with the cytoskeleton leaves only the perinuclear and basal
actin fibers as the sources of mechanical force to align the nucleus with the cytoskeleton similar to
cells on the control substrate; as we showed earlier (see 6.2.2). The alignment of the nucleus with the
cytoskeleton using only these two sets of fibers is not as strong as with actin edge bundles. The lower
probability of alignment of nuclei compared to cytoskeletal alignment means that in the energy

landscape, the depth of the effective potential well around ©= 0°is smaller (Figure 6-15(c)).

141



a o Average=6.91 ® C,: [0-10) [10-20] [26

. o
5D=45.89

60 . s * Average,, .= 35.78 @

40 s 5D,,.=29.22 -15

“ 5

s ' e oY * 5

'] 10 20 g@ 30 40 58 0
. - 3

-
* . * 35
. . .. 3.5
. -4
. l |
.
5
0] [30

. -10] [10 -60] [60 70 80-00) .
-100 (00 [10-207 120 01 [80-501 [30-607 [50-701 [70-£01 | Deviation angle (I81)
Sample number Deviation amg\e 161)

Deviation angle (8)
0
"~
by
.
quucncy
2 e

- ] ~

Figure 6-15: The orientation of hMSCs nuclei on the sub-nuclear stripes pattern. (a) The
orientation of hMSCs nuclei with respect to the direction of stripes (n=65) and average and standard
deviation (SD) for the deviation angle (©) and its absolute value. (b) Histogram of the absolute
deviation angle (|O]) distribution of hMSCs nuclei on the patterns. (¢) Effective potential energy curve

calculated using 6-14(b), the energy axis was shifted down by -1 in order to achieve better illustration.

We also observed a relatively large number of nuclei (17% of total nuclei) that are almost
perpendicular to the direction of patterns (80° <|©|<90°). This shows up as a local maximum around
|©|=90° in the orientation histogram of hMSCs nuclei (Figure 6-15(b)) and consequently as a second

but smaller minimum in the potential energy curve (Figure 6-15(c)).

As we observed earlier about hMSCs on 10 um and 25 um stripes, the actin cap is highly aligned
with the direction of the elongated cell and nucleus. Studies have shown that the actin cap is mostly
aligned with a migrating nucleus in mouse embryonic fibroblasts on unpatterned substrates and plays
the key role in determining the direction of nucleus elongation and translocation (Dong-Hwee Kim et
al. 2014). The role of perinuclear actin stress fibers in regulating the orientation of the nucleus also
was confirmed among Rat2 fibroblasts on isotropic substrates (Maninova & Vomastek 2016).
However, among those nuclei of hMSCs that are perpendicular to the stripe directions, we observed
nuclei that defied the direction of highly organized perinuclear actin stress fibers both among the cells

that were branched and the more rounded cells (Figure 6-16).
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Figure 6-16: Perpendicular hMSCs nuclei that defy basal and perinuclear actin fibers on sub-
nuclear strip patterns. (a) Apical focus plane of an hMSC that is confining to sub forming branches
on the sub-nuclear strip patterns, the basal focus plane and nucleus is shown in Figure 6-11 (c). (b)
Basal focus plane of a round shape hMSC that spreading wide on the sub-nuclear pattern, the basal
actin fibers are thick, long and aligned with the stripe direction. The nucleus (blue) is almost
perpendicular to the direction of stripe and basal stress fibers (¢) Apical focus plane of the cell in
Figure 6-16 (c), the perinuclear actin stress fibers on top of the nucleus are organised (aligned with
each other) and not aligned with the direction of the nucleus. The actin cytoskeleton of hMSCs is
stained with phalloidin and false coloured in green and nucleus is stained with and TO-PRO-3(false

coloured in blue). Scale bars are 10 pm.

We hypothesise that the observation of perpendicular nuclei to the patterns can be explained by the
basal actin fibers underneath and in the periphery of the nucleus (see Figure 5-11). These relatively
short fibers end with focal adhesions (D.-H. Kim, Allison B. Chambliss, et al. 2013) and generate a

force to push the nucleus towards the substrate (Hanson et al. 2015¢).

As Figure 6-17 (a) shows, we think that if the cell initially lands on the substrate in a way so that it
sits on two adjacent stripes, focal adhesions and consequently the actin fibers underneath and in the
periphery of the nucleus can anchor the nucleus to the substrate and lock the orientation of the nucleus
so that it is harder to change it using the force from perinuclear actin fibers. Figure 6-17(b) shows that
the cell will land on two adjacent stripes only if the centre of the cell, assumed to be spherical before
adhesion, remains in the purple band with the width of d-s. Therefore, the probability for the centre of

the cell landing on this band (Pausie), 1S given by the equation 6-1:

d-s .
Pdouble = 57 Equation 6-1
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Where d is the diameter of the cell, s is the PDMS spacing between fibronectin stripes and / is the

width of fibronectin stripes.

Using our measurement results for the diameter of detached hMSCs (21.7 = 0.3 um s.e.m. (n=189))

see chapter 6.1), the probability for the s will be — =~ 0, while for the
(see chapter 6.1), the probability for the hMSCs will be 222+ = ~66%, while for the 3T3

11+5

fibroblasts with their average diameter of (17.2 um + 0.3 pm s.e.m. (n=119)) (see chapter 5.1) will be

1715;511 = ~38% which is much smaller. Furthermore, the likelihood of keeping the nucleus in a

perpendicular orientation and resistance to the force coming from the actin cap fibers is higher if more
focal adhesions can be formed on the stripes in the periphery and underneath the nucleus. Figure 6-17
(C) which is to scale for the size of hMSCs and 3T3 fibroblasts and the size of the pattern, clearly
shows that there is more area on the stripes for hMSCs to form focal adhesions and consequently
higher number of focal adhesion can be formed to support the nucleus in the perpendicular
orientation. Therefore, we think this is the reason, we observed a high number of cells that are almost

perpendicular to the stripe direction only among hMSCs.

. b
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‘ d—=s § i =
VAVRITIAN ;

. /| Fibronectin 5um”
s PDMS 11 pm

Figure 6-17: Schematic illustration for orientation of nucleus perpendicular to sub-nuclear
stripes pattern. (a) Initial landing sites for the cell on the pattern in order to settle on two adjacent
strips. If the centre of the cell is in the purple band, the cell can touch two adjacent stripes. (b)
Formation of basal actin fibers supported by focal adhesions underneath and in the periphery of the
nucleus in order to lock the nucleus in a perpendicular position relative to strip direction. (¢) Up to
scale schematic illustration on available area for the cell (yellow dotted regions) to form focal

adhesions on two adjacent fibronection stripes.

In conclusion, we observe that fibroblasts and hMSCs show relatively similar behaviour on control,
25 um and 10 pm fibronectin stripes. However, certain configurations of the stripes such as sub-

nuclear patterns trigger radically different behaviours between the two cell lines.
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Chapter 7:
Potential further avenues for studying

substrate topography effects on cells

7.1 Raman micro-spectroscopy as a tool for studying the effect

substrate topography on cells

7.1.1 Principles of Raman spectroscopy

Discovered by Sir C.V. Raman in 1928, Raman spectroscopy is a laser-based technique that can
monitor vibrational, rotational and low-frequency modes of molecules. This technique relies on a
form of inelastic scattering that is known as Raman scattering (Schéifer & Schmidt 2012). When
monochromatic laser light interacts with a molecular structure, the vast majority of the incident
photons scatter without any change in their energy and frequency. This type of elastic scattering is
called Rayleigh scattering. In fact, during Rayleigh scattering, the sample absorbs one photon and
releases another photon with the same energy and frequency (an elastic interaction) but most likely in
a different direction from the incident photon (Figure 7-1). Because in this interaction, the molecule in
the sample does not gain energy, it returns to its initial energy level after jumping to a higher energy
level during the interaction (Figure 7-2). Approximately one of every 10° -108 photons, scatters with a
changed energy and frequency (an inelastic scattering event). These photons are known as Raman
scattered photons. Most Raman scattered photons have less energy than the incoming photon: this is
called Stokes Raman scattering and the frequency change of the incoming photon is the ‘Stokes
frequency shift’. In rare cases, the sample scatters photons producing with higher energy. This type of
scattering is called 'Anti-Stokes' Raman scattering and the frequency increase is known as the ‘Anti-

Stokes frequency shift’.
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Figure 7-1: Different scattering modes. The red arrow representing incident monochromic beam,
black arrows representing more frequent elastic Rayleigh scattering photon, green arrows representing
Stokes Raman scattered photons and purple representing rare Anti-Stokes Raman scattered photons.

The arrow numbers are not up to scale. (Mamaghani 2015).

It is convenient to express the Raman shift in term of wavenumbers (D) instead of frequency shifts.
The wavenumber is defined as the number of waves per centimetre and is given in terms of cm™ while
the frequency (v) is the number of vibrations per second (Szymanski 1967). Therefore, the
wavenumber is related to the frequency by the equation of U = v/ c. If we suppose that the
wavelength of an incident photon is Ao and the wavelength of a scattered photon is A;, then the Raman

wavenumber (AD) can be obtained with the following formula:

g=L_1 ion 7-
AL = TR Equation 7-1

Since usually, the wavelength of a scattered photon is longer than the incident photon, the wave

number is usually positive. We can use the Einstein formula for the energy of a photon and derive the

following relation between changes in energy (AE) and the frequency (Av) change for the scattered

photon (where c is the light speed 3x10® m/s; 4 is the Plank constant 6.62x 107* m’kg/s):
v =§ > Avu=vy—v; =cAD Equation 7-2

E=hv= AE =Ey—E; = hcA¥ Equation 7-3

As the conservation of energy law predicts, the energy gain or loss of scattered photons is equal to the
energy loss or gain of the sample molecule and this is equal to the change in the vibrational ground
states before and after the interaction with the photon (Figure 7-2). The vibrational ground states are
unique for each chemical bond, such that the energy differences between the incident and scattered

photon act as a fingerprint for each chemical bond. The fingerprint Raman shift of a band is highly
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consistent. However, extreme changes in the environment in which the environment actively interacts
with the molecule of interest can change the position of the fingerprint by a few cm! by altering

symmetrical properties of stretching modes of certain chemical bonds (Giorgini et al. 2005).
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Figure 7-2: Energy level diagram of Raman and Rayleigh scattering. The frequency (v) of an
incident photon can increase, decrease or remain constant in Anti-Stokes Raman scattering, Stokes

Raman Scattering and Rayleigh scattering respectively. After (Mamaghani 2015).

As Figure 7-2 shows, by monitoring the frequency of scattered photons and determining the intensity
of them for every wave number (proportional to the Raman frequency shift), a spectrum is generated
that can give a unique and precise indication of the chemical composition of the sample. The intensity
of photons with certain Raman shifts is an indicator of the level of the corresponding chemical bond.
For abundant biological components such as DNA, RNA or proteins, the Raman spectrum and
dominant wave numbers are well known. As a result, we can monitor the common components of

biological samples.

A band-pass optical filter, known as a maxline laser transmitting filter (Figure 7-3), narrows down
laser light around its peak wavelength. A dichroic beam splitter, long wave pass filter reflects the laser
beam. It is transparent to scattered photons and guides the light to the objective lens, which focuses
the light onto the point of interest on the sample and collects scattered photons from the sample. The
photons with a longer wavelength than the incident photons pass through the long wave pass filter and

are focused by an optical lens onto a narrow slit (~25um) spectrometer. The frequency of the
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collected photons is measured by a spectrometer and converted to a digital signal by a CCD camera.

A computer saves and analyses the recorded data.
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Figure 7-3: Schematic diagram of spontaneous confocal Raman micro-spectroscopy. After
(Mamaghani 2015).

7.1.2 Raman micro-spectroscopy for cells

Raman micro-spectroscopy of cells is a powerful tool to study the cells as it simultaneously can be
used for the study of cell morphology and imaging of subcellular organelles such as the nucleus
(Okotrub et al. 2015), Golgi apparatus, mitochondria and cytosol (Klein et al. 2012)(Ichimura et al.
2014). A full Raman scan of a cell gives a comprehensive morpho-chemical insight into it. Once the
spectra are acquired from the cell, it is possible to extract the desired chemical and morphological
data. For example, when the spectra are being recorded for the visualization of the nucleus, other
subcellular organelles or the spatial distribution of actin elements can be studied using the same
spectra. However, in the conventional fluorescent microscopy, only stained elements can be probed
and there is no opportunity to extract more information about non-stained cellular elements from the

same data later. Staining or cell transfection is required for the fluorescent microscopy. Either of these
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methods is invasive (by fixing) or can have some impact on cell behaviour (transfection). (See chapter
7.2). However, Raman micro-spectroscopy is capable of both fixed and live cell imaging as it is a
non-invasive, non-destructive and non-contact method (Liu et al. 2014), particularly when the laser
that has been used for the spectroscopy emits only low energy photons within the visible spectrum (E

~1.6-2.4 eV).

7.1.2.1 Raman spectroscopy of cell on the PDMS substrate

In our first attempt to use Raman micro-spectroscopy to study the effect of patterned substrates on
adherent fibroblast cells, Raman spectra were acquired from cells cultured on unpatterned PDMS

substrates and fixed with formaldehyde (4%) using a 785 nm laser as the light source (Figure 7-4).

20 ym

Figure 7-4: Bright field image of a 4% formaldehyde fixed adherent 3T3 cell on fibronectin-

coated PDMS surface prepared for the Raman micro-spectroscopy.

The spectra were gathered from the cell area with a resolution of 1pm (pixel size=1pm x 1pum). The
spectra contained three major peaks centred at 492 cm™, 617 cm™ and 712 cm™!. The Raman shift
centred at 492 cm! (Figure 7-5(a)) depends on the stretching mode of Si-O-Si bonds. The shift
located at the 617 cm™! (Figure 7-5(b)) is associated with the symmetric stretching and rocking mode
of Si-CH3 bond. The shift located at 712 cm™! (Figure 7-5(c)) is associated with the symmetric
stretching mode of Si-C bonds. These peaks have been observed previously in the spectrum of PDMS
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(Cai et al. 2010). The spatial distribution of these three peaks across the formaldehyde-fixed cell
clearly reveals the shape of the cell (Figure 7-5) in a darker colour compared to the substrate, which
means that the CCD camera of the Raman microscope is receiving fewer scattered photons from these
regions. This shows that the dominant Raman scattered photons are coming from the PDMS substrate

and the cell body is acting as a shield for these scattered photons.
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Figure 7-5: Spatial Raman micro-spectroscopic map of a formaldehyde 3T3 cells spreading on
fibronectin-coated PDMS substrate. Three dominant peaks have been observed in the spectra,
492,617 and 712 cm’. (a) Spatial map of a dominant peak centred at 492 cm!, which is associated
with the Si-O-Si covalent bond. (b) Spatial map of a peak centred at 617 cm™!, which is associated
with the symmetric stretching and rocking mode of Si-CH3 bond. (¢) Spatial map of the peak centred
at 712 cm’!, which is associated with the symmetric stretching mode of Si-C bonds. These three bonds

are significantly present in the PDMS substrate.

Despite the fact that PDMS scattering is stronger than the scattering from the cell, it is still possible to
observe small peaks that belong to the biological molecules of the cell. The spatial distribution of the
intensity of the peak located at 730 cm™ (Figure 7-6(a)) shows that the peak is more intense within the
cell area. This peak is associated with the ring breathing mode of adenine in DNA and RNA bases (Da
Costa et al. 2018). Comparing the spatial distribution of the 730 cm™! peak (Figure 7-6(a)) with the
bright field image of the cell (Figure 7-4) shows that despite the high background signal from the
PDMS substrate, the spatial distribution of the peak still is indicative of the nucleus of the cell.
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Because of the strong background from the PDMS substrate, vital information from many important
peaks that are associated with biological materials is missing. The peak centred in 1005 cm! is one of
these peaks. The background noise from PDMS makes it hard to see the spatial distribution of the
phenylalanine peak (Figure 7-6(b)). The peak is associated with the symmetric aromatic ring-
breathing mode of the phenylalanine molecule. The phenylalanine peak is usually a visible strong

peak and is one of the hallmarks for the spectra of all eukaryotic cells.
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Figure 7-6: Spatial Raman micro-spectroscopic map of a protein and DNA/RNA associated with
a formaldehyde-fixed 3T3 cell spreading on the fibronectin PDMS substrate. (a)& (b) Spatial
Raman micro-spectroscopic maps of a DNA/RNA associated peak (730 cm™) and protein associated

peak (1005 cm™).

7.1.2.2 Raman Setup for 2D patterns

PDMS substrates are some of the most common substrates among micro-patterned substrates to study
the topological and chemical effects of substrates on the cell or tissue. However as shown in the
previous section, the fact that this polymer generates a strong Raman signal has always been a
discouraging factor for the researcher to use Raman micro-spectroscopy in these studies. This

deprives the field of a highly versatile technique of Raman spectroscopy. To overcome the noise from
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PDMS, we have used a commercially available prototype of gold-coated mirrors with an 80nm
protective silica layer on them (see Figure 2-19 for details of mirror structure). The mirror reflects
about 96% of light at 785 nm (Mid-Infrared Enhanced Protected Gold Mirrors,www.thorlabs.com). In
the first attempt, detached cells were fixed with methanol and the spatial distribution of Raman
spectra was acquired from the cells with a resolution of 1.1um (pixel size=1.1pm x 1.1pum). As
methanol evaporates quickly from the cells, it is believed to not have a significant contribution to the
Raman signal. The background noise was subtracted from the raw spectra from the cell (Figure 7-7
(a)). Afterwards, all spectra were processed by automated cosmic spike removal, baseline-flattening

using a moving average, peak sharpening and automated smoothing steps (Mamaghani 2015).
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Figure 7-7: Raman spectra from a methanol fixed 3T3 cell. (a) Raw data from the cell area gathered
from 1.1pm x 1.1pm pixels. (b) 3D representation of the raw spectra, highlighting dominant peaks
across the cell area. (¢) The average processed spectra across the cell area after subtraction of baseline
and cosmic spikes and application of smoothing function. Important peaks and their biological

assignments are highlighted.

The processed spectra (Figure 7-7 (c¢)) have very distinct and strong Raman peaks that are associated
only with the biological components of the cells. This confirms the effectiveness of our proposed setup

in spectra acquisition from the cells. In the spectra, we have observed many peaks resulting from the
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biological molecules (Figure 7-7 (c)). We have peaks representing nucleic acids (666 cm™, 724 ¢cm’!
and 780 c¢cm ), some representing proteins (757 cm’!, 853 ecm! and 937 ¢cm™!), and some are a mixture
of two elements such as lipid and proteins. Table 7-1 gives a summary of the assignments for these
peaks in the literature. Unlike the bare PDMS substrate, there is no stray peak from the substrate. This
confirms the potential effectiveness of the setup that we propose for shielding the PDMS substrate with

3D patterns later in this chapter.

Table 7-1: Raman peak assignments of dominant peaks. (Movasaghi et al. 2007).

Raman peak  Assignment

666 cm’! G, T (ring-breathing modes in the DNA bases)-tyrosine-G backbone in RNA
724 cm’! DNA/RNA (adenine ring breathing)

757 cm’! Proteins (tryptophan symmetric ring breathing)

780 cm’! 778 cm': DNA/RNA (pyrimidin, ring breathing); 784 cm™': DNA (backbone O-

P-O stretching)

827 cm! Proteins (proline, hydroxyproline, out-of-plane ring breathing in tyrosine);

DNA/RNA (asymmetric O-P-O stretching)

853 cm’! Proteins (proline C-C stretch in collagen; also tyrosine ring breathing in other

proteins); carbohydrates (glycogen, polysaccharides C-O-C stretching)
877 cm’! C-C-N‘symmetric stretching (lipids), C-O-C ring (carbohydrate)

937 cm’! Proteins (collagen type I C-C stretching, a-helix C-C stretching); carbohydrates
(glycogen), Proline (collagen type I), Amino acid side chain vibrations of proline
and hydroxyproline, as well as a (C-C) vibration of the collagen backbone C-C

backbone (collagen assignment)
1003 cm™! Proteins (symmetric ring breathing in phenylalanine)

1031 cm’! Proteins (collagen, keratin, C-N stretching in proteins, C-H in-plane bending of

phenylalanine); lipids (phospholipids); carbohydrates (polysaccharides)

Although every peak has valuable information about the cellular structure, we are more interested in
the peaks representing nuclear structure. Nuclear mechanotransduction plays a crucial role in many
biological processes of the cell, including migration, adhesion, polarization and proliferation (Dahl,

Alexandre J.S. Ribeiro, et al. 2008). The knowledge that can be obtained about nuclear mechanics and
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deformation from current techniques including Atomic Force Microscopy and fluorescent microscopy
remains at the nuclear level (Hanson et al. 2015a). However, the possibility of looking at the sub-
nuclear level with Raman micro-spectroscopy is a unique opportunity for us to shed light on the
nuclear morphology and chemical composition with an unprecedented level of detail. Combination of
the Raman micro-spectroscopy with the patterned substrate can give us a powerful tool to put a
desired deformation to the cytoskeleton and nucleus and probe it with its tiniest chemical and

morphological details using Raman micro-spectroscopy.

We have looked at the spatial distribution of the strong peak centred at 780 cm™ to determine the
nuclear structure (Figure 7-8). The peak located at 780 cm™! is actually the superposition of two
overlapping peaks. A peak at 778 cm’! that is associated with ring breathing mode of pyrimidine
derivative molecules (cytosine (C), thymine (T), and uracil (U)) and a second peak that is centred at
784 ¢cm! which is associated with the symmetric stretching mode of O-P-O bond in the DNA
backbone (Movasaghi et al. 2007). As a result, the peak around 780 cm! is representative of both the
DNA and RNA content of the cell. As we can see, the intensity of the peak is highest in the middle of
the cell (dark red); we believe that region is the nucleus and the lower concentration around this
corresponds to the RNA content in the cytoskeleton (dark red). Due to the effects of the fixation
method, there is a small amount of cellular material around the cell (light green). However, this
problem has been solved for attached cells, as it is possible to fix the cells on the mirror without

suspending them in the fixing solution (Figure 7-8).

780 cm?

4O

Figure 7-8: Spatial Raman micro-spectroscopic map of a DNA/RNA associated peak (780 cm-1)

of a methanol-fixed 3T3 cell on the silica-coated gold mirror. (a) Bright field image of the cell on
the mirror. (b) Spatial Raman map of the peak representing a high concentration of nucleic acids in
the nucleus (dark red), RNA content of the cytoplasm (light red), cellular content around residual due
to the fixation process (light green) and absence of DNA/RNA peaks on the gold mirror (blue). Scale
bar is 10pum.
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7.1.2.3 Cell adhesion to the silica protected gold mirrors

As we aim to study the effect of micropatterned substrates on the adherent cells such as 3T3
fibroblasts or h(MSCs, we need to quantify the spreading of these cells on our proposed setup. 3T3
cells were grown on the mirror for 12 hours and then fixed with formaldehyde to perform the
microscopy. The silica protecting layer on the gold mirror has provided enough stiffness for spreading

of the cells and shielded the toxic effect of gold on cells (Figure 7-9).

Figure 7-9: Formaldehyde fixed NIH/3T3 cells after 12 hours spreading on the silica protected
the gold mirror. The silica layer has enough stiffness to support the spreading of the cells. Diverse
patterns of the spreading and elongation are observed among the cells as it has been observed among

the cells spreading on the fibronectin-coated substrates. Scale bars are 20pm.

The cells spread less on the mirrors (1670 + 130.1 um? s.e.m. (n=67)) compared to the cells grown on
the fibronectin-coated substrate (4176 + 187.4 um? s.e.m. (n=65)) (Figure 7-10(a)). This is expected
as fibronectin is a strong enhancing molecule for the cell adhesion complexes and promotes cell

adhesion (see chapter 1-6).

For the fibroblasts on the silica-coated mirror, the aspect ratio of the cells (2.69 £ 0.21 s.e.m (n=67))
was increased compared to the cells on a fibronectin-coated substrate (1.72 + 0.07 (n=81)) (Figure 7-
10(b)). The Young’s modulus of silica (in its amorphous form) is reported as around 70 GPa
(Dahmani et al. 1998); the Young’s modulus of polystyrene culture flask is approximately 3 GPa
(Miyake et al. 2006) while the Young’s modulus of PDMS (mixing ratio of 10:1 (base: elastomer)) is
580 kPa (Park et al. 2010). Previous studies have shown that the 3T3 fibroblasts elongate more on
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stiffer 2D substrates (Lee et al. 2013). Therefore, we think that the higher aspect ratio on silica coated

mirrors results from the higher stiffness of these mirrors compared to PDMS substrates.

We think that using the micro-contact printing techniques to fabricate our fibronectin coated patterns
(see chapter 2.6 for details), it is possible to print 2D fibronectin patterns on this setup. And as we
showed earlier in this chapter, the Raman micro-spectroscopy of cells can be performed on this setup

in order to visualize the sub-cellular structure of the cells on these patterns (see chapter 8.2 for more

suggestion).
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Figure 7-10: Morphological parameters of 3T3 cells spreading on a silica-coated gold mirror
and on the fibronectin-coated PDMS substrate. (a)& (b) Projected cell area and aspect ratio of the
cells in their steady-state adhesion phase on silica-coated gold mirrors and the fibronectin-coated

substrate. Error bars are s.e.m.

7.1.2.4 Raman Setup for 3D patterns

PDMS is widely used in biomedical applications for substrate fabrication, microfluidics etc. (Toh et
al. 2007). A wide range of patterns that are fabricated for cell study is 3D patterns (see chapter 3 for
more details). This motivated us to fabricate a setup in order to overcome the PDMS background
signal issue for 3D patterns. Inspired by the structure of the gold-coated mirror that we used earlier
(see chapter 7.1.2.1), we proposed a new setup that can open new avenues in the application of Raman
spectroscopy for micro-patterned substrates and in the field of microfluidics. Figure 7-11 (a) shows a

schematic illustration of our novel setup.
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Figure 7-11: Proposed novel setup to shield the Raman signal of the 3D PDMS patterns. (a)
Schematic view of different nano-layer deposition on the 3D PDMS pattern. (b) Macroscopic view of
a ridge-groove pattern coated using e-beam evaporator. (¢) Top microscopic view of the ridge (10
um) - groove (40 pm) PDMS patterns. (d) The proposed pattern burnt by 488 nm laser. (¢) Raman

spectrum collected from the proposed pattern with 785 nm laser.

In this setup, we use an e-beam evaporator (see chapter 2.10.2 for details of the technique) to deposit
nano-layers of metal in order to shield the background signal from the PDMS for ridge-groove 3D
patterns (Figure 7-11(b)). A layer of silica will increase the biocompatibility of the pattern for cell
adhesion. A bare gold substrate has shown weak biocompatibility for the NIH3T3 cells adhesion
(Yoon & Mofrad 2011). However, a silica layer can act as a protective layer to improve cell adhesion
(Yoon & Mofrad 2011). In addition, the silica layer stabilizes the gold layer on the patterns and
prevents it from erosion or being washed away during handling steps for culturing the cell on the
patterns.

To calculate the exact range of the metal layer thickness that is required for shielding the Raman

signal from the underlying PDMS substrate, we need to calculate the skin depth of the metal layer.

The amplitude of the incident electrical magnetic wave (E) as it propagates through a conductor
changes by time and by the depth of penetration (z). By solving Maxwell equations inside the
conductor, we can calculate the amplitude dependent on time and depth using equation 7-4

(Fitzpatrick, 2006):

E = Eyeilkz-wt) Equation 7-4
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Where Ej is the amplitude of the incident wave on the surface of the conductor, w=27v is the angular

frequency and £ is the complex wave number, which is given by equation 7-5 (Fitzpatrick, 2006):
k? = pw (ew + io) Equation 7-5

where u is the absolute magnetic permeability of the conductor (u = pou:), € is the absolute
permittivity of the conductor (¢ = &,.&,) and o is the conductivity of the conductor. In the quasi-static

regime (¢ > gw), we can approximate & using Equation 7-6:

k= Jipwo = f% A +i) =k, +ik; Equation 7-6

where k. and k; are real and imaginary parts of k. Therefore, we can approximate the amplitude of the

propagating wave using equation 7-7:
E = E e 5 eilkrz=wD) Equation 7-7

The first term (E,e ) shows an exponential decay in the amplitude of the wave while the second
term showing a pure oscillation. Based on this, we define § as the skin depth of the conductor which
literally means the depth in which the amplitude of the incident electromagnetic wave reduces by 1/e.

Equation 7-8 gives the formula for skin depth for a conductor.

—1_ ’L = ’ﬂ ion 7-
6= o= nwe = \mem Equation 7-8

Where p is the resistivity of the conductor, v is the frequency of the emitted light, 4 is the wavelength

of the emitting light and ¢ = \/% is the speed of light in vacuum. Substituting 785 nm for the

0€o
wavelength and other constants for the gold (MIT Material Property Database/Gold) and titanium
(MIT Material Property Database/Titanium, 1999) the skin depths are approximately 3.9 nm and 16.5
nm for gold and titanium respectively. Considering the fact that the optical path for scattered photons
from PDMS is twice the thickness of the shielding metal (d), the effective depth of the metal will be

double. Therefore, 30 nm of the gold coating will attenuate the background signal by approximately

_ —-60 nm —10 nm

=60nm o . . -2d
e—— =esonm = 2x107 and the 5nm titanium layer will attenuate the signal by e — = elesnm =

0.5. Consequently, the whole metal coating will approximately attenuated the background signal of
PDMS by 10”7 compared to the situation when the PDMS was directly hit by the laser beam. It worth
mentioning that due to the reflection at the boundary of two conductors with different optical
properties, the exact calculation of effective attenuation is a little bit more complicated than simply
multiplying the attenuation of two layers (Deng et al. 2009). However, we believe that this doesn’t
change our general conclusion about the effectiveness of the nanolayers in shielding the PDMS

background as the beam is attenuated significantly (~2x1077) when it reaches the titanium layer.
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Furthermore, the metal coating will act as a mirror for the emitted laser beam to double the Raman
scattering in comparison to a transparent substrate. In fact, from the incoming photons, only a tiny
portion (10¢-10®) of them get scattered inelastically; others either don’t interact with the specimen or
scatter elastically in an isotropic pattern (Rayleigh scattering). The gold layer acts as a mirror by
reflecting these photons. The reflected photons act as a virtual light source and it interacts again with
the specimen to produce a new set of Raman scattered photons. The reflection coefficient of the gold
layer depends on the laser wavelength. The exact reflection coefficient (amplitude) is given by

Equation 7-9:
[uz(V)_ w1 ()

r= m—m _ Na® \} £1(v)
n2+m /Ilz(")_,_ m®
£ e )

For lasers in the visible range of the spectrum is between 70% to 97% for gold-coated mirrors (Mid-

Equation 7-9

Infrared Enhanced Protected Gold Mirrors,www.thorlabs.com). This is a big advantage for our
proposed setup particularly for which live cell micro-spectroscopy which low laser power is needed to

avoid toxic effects on cells (Liu et al. 2008).

Deposition of silica on a nanolayer gold film at the temperature that is not distorting for cured PDMS
pattern is also a well-established method and the thickness of silica can be as thin as 5 nm (WIKTOR
et al. 2015). However, we observed microscopic wrinkles formed in our patterns after deposition of
nanolayers. (Figure 7-11(c)). In this preliminary work, we have not attempted to address the problem.
However, we suggest that the problem can partly be solved by decreasing electron beam current
which results in a lower deposition rate of the nanolayers and less heating of the PDMS pattern in the

coating process (see chapter 2.10.2 for more details).

In contrast to the theory, the Raman spectra (Figure 7-11(e)) of nano-layered PDMS patterns showed
that the peaks we observed for PDMS (peaks centred at 492 cm™!, 617 cm™ and 712 cm™) are not
completely removed. However, the peaks were shifted to 485 cm™, 610 cm™ and 705 cm™ from the
nano-layered PDMS substrates. We think the reason for the shift is because of rising temperature as

the result of heating as temperature change can shift Raman peaks (Kingma & Hemley 1994).

The heating issue showed itself more when we used the high power of the laser beam particularly with
488 nm laser which allowed only 15 mW of power before burning down the coating and locally
distortion of the pattern (Figure 7-11(d)). However, we were able to perform microscopy with power

as high as 120 mW with a 785 nm laser beam.

The fact that we did not observe silica peaks that have been observed in thin films (~60 nm) silica
samples such as 438 cm™!, 1200 cm™! and 1084 cm™ (Borowicz et al. 2012) shows that our Raman

signal comes mostly from the PDMS underneath the coating. As we showed earlier theoretically, the
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nanolayer has to attenuate the signal from PDMS; however, we hypothesize that the laser beam
locally melts the coating and reaches the PDMS. We think that keeping medium on the top of the cells

can facilitate heat dissipation and consequently address the heating issue of the patterns.

Using the setups that we have designed that allows us to perform Raman microscopy of cells on both
2D and 3D substrate patterns, we can acquire unprecedented insight about cellular response to the
patterns in a micrometre scale non-invasively. We can answer important questions about the morpho-
chemical changes to the cells and their nuclei on the topographical patterns both among live and fixed
cells which means that we can study the dynamics of cell behaviour on the patterns. We have
discussed further the important questions about the effect of substrate patterns that can be addressed

by Raman microscopy in suggested future work in chapter 8.

7.2 Genetic modification of cells for live cell imaging

Some synthetic or organic fluorescent stains that can pass through a live cell membrane can be used to
permit time-lapse fluorescent microscopy of different organelles inside the cell. However, these dyes
usually have toxic effects on the cell as they usually need a long exposure time during the staining
process (Ge et al. 2013). Furthermore, application of fluorophores imposes serious photobleaching
limitations for microscopy over an extended period of times (Stephens & Allan 2003). One of the
popular approaches to address this problem is introducing a section of foreign DNA (plasmid) that
incorporates to the genome of the cell and enables the cells to produce a bioluminescent protein that
fuses into the desired structure of the cell and therefore helps to visualize the structure under the
fluorescent microscope. One of the main advantages of this method is that it can be used for time-
lapse fluorescent microscopy as the internal machinery of the cell continues to produce the

bioluminescent protein during imaging.

7.2.1 Cell transfection for visualization of the actin cytoskeleton

As was mentioned in the first chapter, the actin cytoskeleton plays a pivotal role in the mechanical
machinery of the cell (see chapter 1.2). In order to visualize the cytoskeleton of live cells, we
transfected 3T3 cell lines with pCMVLifeAct-TagGFP2 plasmid vector. The vector encodes the
LifeAct which is a 17-amino acid peptide derived from a yeast (Saccharomyces cerevisiae) protein

called Abp140 (Riedl et al. 2008). The peptide has a high affinity to filamentous actin (F-actin) and
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therefore when the peptide is fused to the c-terminus of a GFP tag (TagGFP2) (Figure 7-12(a)), it
stains the actin cytoskeleton of eukaryotic cells (Riedl et al. 2008) (Figure 7-12(b)(c)& (d)).

pCMVLifeAct-TagGFP2

Figure 7-12: Actin visualization using pCMVLifeAct-TagGFP2 transfection. (a) Genetic map of
the pCMVLifeAct-TagGFP2 plasmid vector. The information for this schematic is deduced from
(ibidi®-cells in focus). (b) Fluorescent microscopy of suspended 3T3 fibroblasts transfected by
pCMVLifeAct-TagGFP2 illuminated by a mercury lamp. (¢)&(d) Fluorescent microscopy of adherent
3T3 fibroblasts transfected by pPCMVLifeAct-TagGFP2 illuminated by 488 nm laser light (false-

colored green). Scale bars are 10 pm.

7.2.1.1 The effect of LifeAct-GFP transfection on cellular morphology

Incorporation of a relatively large foreign DNA (4.7 kb) with the genome of the cell can significantly
influence the machinery of the cell. Furthermore, we observed that the process of introduction of the
DNA plasmid contained in liposome vesicles puts stress on the cell. As Figure 7-13 shows with
increasing concentration of liposomes used for transfection, we observed more blebbed cells, which
are a classical sign of apoptotic cell death. Studies also have shown that liposome intake can induce

apoptotic cell death (Aramaki et al. 1999).

Previously it has been qualitatively reported that transfection of cells with fluorescent proteins can
cause some abnormality in the morphology of the cell (Jensen 2013). We quantified the
morphological changes that the transfection procedure on induces on the cell. Our results show that
the 3T3 cells that have undergone a transfection process spread less on the culture flask compared to
unmodified control 3T3 cells. Both projected cell area (2738 + 169 um? s.e.m (n=86)) and Feret’s
diameter (111.6 + 3.6 ums.e.m ((n=86)) of transfected cells were smaller compared to projected cell
area (3331 £ 196 um? s.e.m (n=81)) and Feret’s diameter (131.0 = 3.9 um s.e.m (n=81)) of control
fibroblasts (Figure 7-14(a) &(b)).
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Figure 7-13: Liposome intake effect on the 3T3 fibroblasts. (a) Control 3T3 fibroblasts.
(b),(c),(d)&(e) 3T3 fibroblasts exposed to 1 puL, 1.5 pL, 2 pL and 5 pL of liposomes
(Lipofectamine® 2000) in 50 pL Opti-MEM medium for approximately 15 minutes. Scale bars are 50

pum.

Furthermore, the aspect ratio (2.96 £+ 0.22 s.e.m (n=86)) of transfected cells was smaller compared to
control 3T3 cells (3.13+ 0.27 s.e.m (n=81)) which means that transfected cells are less elongated
compared to 3T3 cells (Figure 7-14(c)). The circularity (see chapter 5 for the definition) histogram
(Figure 7-14(d)) also shows that transfected cells are more round (0.356 = 0.011 s.e.m. (n=86))

compared to (0.316+ 0.017 s.e.m. (n=81)) which is an indication of less branching and elongation.

Therefore, we think that transfection of cells with a plasmid that express molecules that binds to the

actin cytoskeleton affects actin polymerization process to some extent.
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Figure 7-14: Morphological effects of transfection on 3T3 fibroblasts. (a)& (b) Projected cell area
and Feret’s diameter of transfected (n=86) and control (n=81) NIH/3T3 fibroblasts spreading on the
25cm? culture flask for 12 hours. (¢)&(d) Histogram of the aspect ratio and circularity of the
transfected and control fibroblasts. The mean and standard deviation are shown for control (blue) and

transfected cells (orange). The results are based on bright field slides of the cells. Error bars are s.e.m.

7.2.2 Cell transfection for visualization of the nucleus

Nuclear lamin forms a dense network which is located in the inner nuclear membrane and peripheral
chromatin (see Figure 1-7). The nuclear lamina is fairly thick (30 nm to 300 nm) (Hoger et al. 1991)
and provides mechanical support to the nucleus and plays a key role in several vital cellular functions
such as DNA replication, cell cycle regulation, cell development and differentiation, RNA
transcription, apoptotic cell death, nuclear growth and nuclear migration (Gruenbaum et al. 2003).
Furthermore, the nuclear lamina is connected through a chain of protein such as the SUN protein,
Nesperins and Plectin to cytoskeletal actin and intermediate filaments and therefore plays a key role in
the mechanotransduction and mechanosensing machinery of the cell and it is heavily involved in
response of the cell to mechanical forces in the microenvironment (Dahl, Alexandre J S Ribeiro, et al.
2008b). The nuclear lamina consists of the lamins and lamin-associated proteins. Lamins are
intermediate filaments and can be categorized in two major class, Type A and Type B. Lamin A is a

nuclear architectural protein and classified as Type A lamina which originates from LMNA gene
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(Stuurman et al. 1998). Mutation in Lamin A protein can lead to serious health conditions and genetic
disorders such as Hutchinson-Gilford progeria syndrome (HGPS) which shows itself as reminiscent

premature ageing (Eriksson et al. 2003).

In order to visualize the nuclear structure in live cells, we transfected our cells with pPBABE-puro-
GFP-wt-lamin A (see 2.8.3 for more details) (Figure 7-15). This plasmid has been used frequently for
visualization of the live cell nucleus for various cell lines (Sorokin et al. 2014)(Toh et al. 2015)

(Barilari et al. 2017).

Figure 7-15: Nucleus visualization using pPBABE-puro-GFP-wt-lamin A transfection. (a)
Fluorescent microscopy of the nucleus of adherent 3T3 fibroblasts transfected by pBABE-puro-GFP-
wt-lamin A illuminated by 488 nm laser light.(false coloured blue) (b) Fluorescent microscopy of the
nucleus of 3T3 fibroblasts transfected pBABE-puro-GFP-wt-lamin illuminated by a mercury lamp.

Scale bars are 10 um.

pBABE-puro-GFP-wt-lamin A is a circular DNA sequence (Figure 2-9(a)) which has genes that enable
the transfected cells to express GFP in the presence of Lamin A which allows us to visualize the nuclei
of live cells.(Scaffidi & Misteli 2008b) (See 2.8.3 for details).

The original paper that introduced the plasmid has reported that expression of fluorescent-tagged
GFP-wt-lamin A has a mild effect on the nuclear shape and gene expression (Scaffidi & Misteli
2008b). However, as the nuclear lamin acts as the scaffold of the nucleus and plays the key role in the
mechanical behaviour of the nucleus (see chapter 1.4 for more details), the effect of the plasmid
expression needs to be evaluated further particularly if it is used for studies that are related to the

mechanical properties of the cell.

Using genetically modified cells that allow us to perform live cell imaging on both actin cytoskeleton
and nucleus we can study the dynamics of cellular response to our topographical patterns. Studying the
dynamic response of the cells and their nuclei will help us to get a better understanding of the results of

this study and cellular response to the topographical cues in general. We further discussed some of the
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important questions that can be addressed using genetically modified cells in suggested future work in
chapter 8. In addition, our quantified study of the effects of transfection on cellular morphology is

helpful in understanding the limits of this technique and correct analysing the experimental results

that we acquire using transfected cells.
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Chapter 8:

Conclusion and future works

8.1 Conclusion

The classical approaches to study living cells which were predominantly created by biologists and
chemists started to change towards the middle of the 20™ century. One of the main works that
challenged the classical methodology of cell science was ‘What Is Life? The Physical Aspect of the
Living Cell” which was written by the prominent physicist, Erwin Schrodinger, in 1944. The book
introduced the cell membrane as a boundary that separates “’order from disorder’’; order has emerged
inside the cell and this ordered system inside the boundary is governed by “’ laws of Physics’’. This
approach to cellular studies created a bedrock for the new field of ‘biophysics’ and later heavily
influenced scientists who did revolutionary discoveries in molecular biology such as the discovery of

DNA in the 1950s (Crow 1992).

The cell as a system that is governed by the laws of physics, is not a closed system and maintains its
order and function by interacting with its surrounding which results in the interchange of energy and
matter with the surrounding environment. In adherent cells, the substrate is the main part of the
surrounding environment which exchanges mechanical forces with the cell and therefore physical and

geometrical parameters of the substrate have a significant impact on the cellular behaviour.

Development of micro and nano-fabrication techniques in recent decades have enabled scientists to
study the interaction between the substrate and cell at an unprecedented level of detail. In this study,
we use micro-fabrication techniques to create topographical cues covered in extracellular molecules to
shed new light on the interaction of the substrate and cell and how the patterns on the substrate

influence the cellular and nuclear structure.

In the first chapter, we introduced the main organelles that are found in eukaryotic cells and their
functions. Later we focused on the cytoskeleton structure and the main cytoskeletal polymers actin
filaments, intermediate filaments (IFs) and microtubules. For each of these polymers, we reviewed
their physical structure and the role that they play in the mechanical function of the cell. We tried to
give an idea about the scale of size, elastic modulus and forces that exist inside the cytoskeleton. We

also had a close look at the structure of the nucleus and the elements that play a key role in the
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mechanical behaviour of the nucleus such as nuclear lamina and how the nucleus is mechanically
coupled with the cytoskeleton. Furthermore, we gave a detailed review of the adhesion and spreading
mechanism of the cell on the substrate. We focused on the structure that helps attachment of the cell
to the nucleus and also transduces mechanical signals (mechanotransduction) of the substrates to the
cell and consequently form the cellular response of the cell to the substrate texture. The in vivo
environment that cells are exposed to is an extracellular matrix (ECM). We had a closer look in the
structure and physical properties of the elements that make up this matrix. We fabricated our patterns
with fibronectin which is one of the ECM molecules. In order to have a better understanding of the
role of cell adhesion, we provided a detailed review of the fibronectin molecule and fibronectin
matrices. Chapter one gives essential knowledge about the biology and mechanobiology of the cell,

substrate and cell-substrate that is needed to understand the rest of this thesis and our findings.

In chapter 2, we give a very detailed description of the protocols that we have used in this study such
as cell culture and maintenance, preparation of 3D ridge-groove PDMS patterns, micro-contact
printing of fibronectin on the substrate, fluorescent staining, transfection, Raman microspectroscopy,
nanolayer coating etc. In addition, using schematic graphics we introduced the main concepts of the
methods we used in this study such as confocal, Reflection Interference Contrast (RIC), Differential

Interference Contrast (DIC) and phase contrast microscopy and e-beam evaporation coating.

Chapter 3 gives a brief history of studies on the effect of topographical patterns of the substrate on
cellular behaviour by reviewing some of the earliest important work in the field. Furthermore, we also
reviewed important work in the field that gives us insight into the concepts that we subsequently need

to analyse our findings in the results sections.

Fibroblasts are differentiated from mesenchymal stem cells and are the most common cells of the
connective tissue. They play critical roles in many situations, producing ECM and supporting the
growth of stem cells. They consequently have a central role in wound healing and development of
reparative extra fibrous connective tissue in response to injuries (fibrosis). In our cultures, we
observed some 3T3 fibroblasts with well-spread round and branched shape and some with an
elongated spindle-like morphology. The nuclei of 3T3 fibroblasts usually had multiple nucleoli. When
they were cultured at a high density, they did not show any local alignment and were oriented
randomly. 3T3 fibroblasts are adherent cells and when they fail to adhere to the substrate or when
they form a weak adhesion, they undergo a type of apoptotic cell death called anoikis by showing
some classic features of apotosis such as blebbing. The cells usually undergo necrotic cell death and
dissociate from the substrate in approximately 10 days to 2 weeks. Our measurements showed that the
diameter of 3T3 fibroblasts in suspension is ~17.2 um and the diameter of the nucleus is ~ 13.2 um
immediately after detachment. When the nuclei were given 35 minutes to relax, the size of 3T3 nuclei

reduced by ~10% without significant changes in aspect ratio and circularity of the nuclei. We
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hypothesize that this homogenous decreasing of the nuclear size occurs because of the formation of

wrinkles on the nuclear surface during relaxation time.

We microprinted fibronectin stripes with different widths on the PDMS substrate. The stripes simulate
some of the textures that cells are exposed to in their microenvironments in vivo (Alvarez-Prats et al.
2018) (Figure 5-5(d)). The cytoskeleton of spread cells is confined to the stripes and elongate in the
direction of stripes. The aspect ratio of cells increases on the narrower patterns so that cells on 25 um
and 10 um stripes had aspect ratio ~ 2.5 and ~ 9.5 times more compared to fibroblasts on unpatterned
(homogeneous) fibronectin-coated substrates. The nuclei of fibroblasts also elongated more on the
narrower stripes but to a lower extent compared to the cytoskeleton. The nuclei of fibroblasts on 25
pm and 10 um elongated about ~5% and ~85% more compared to the nuclei of cells on unpatterned
control substrates. Our RIC microscopy results show that different parts of cells on unpatterned
control substrates sit at different distances from the substrate. Filopodia in the periphery of the cell are
strongly anchored to the substrate by the focal adhesions while the cell membrane in the region of the
lamellipodia of the cell, which is closer to the centre of the cell is at a greater distance from the
substrate. The distance between the substrate and cell membrane varies in the periphery of the nucleus
where lamelleum is located. Under the nucleus, there is a flat region in which the distance between the
cell membrane and the substrate is constant. On narrower patterns, the filopodia were only observable
at the two ends of the elongated cell and were anchored to the substrate, while in the rest of cell, the
membrane was at a constant distance from the substrate (see Figure 5-6(a)). We imaged the 3D shape
of the cells using confocal fluorescence microscopy. Our results show that the maximum thickness of
the cells increases on narrower stripes. The thickness of fibroblasts increases on 25 pm, 12 pm and 10
um stripes by ~ 5%, ~20% and ~30% respectively compared to the unpatterned substrate. We believe
that the thickness of the cell is negatively correlated with the number of perinuclear actin stress fibers
as a greater number of stress fibers results in a bigger compressive force that flattens the nucleus and
consequently decreases the height of the cell. Our results show that the number of perinuclear actin
stress fibers among cells on 25 pm and 10 pm stripes reduces by ~35% and~80% compared to cells
on the unpatterned control substrate. Our observations gave us a clearer image of the configuration of
actin stress fibres and associated focal adhesions in adherent cells (see Figure 5-11). Our results also
revealed that both nuclear and cellular volume is decreasing among cells that spread on narrower
stripes. The cellular volume of cells on 25 um and 10 um stripes reduces by ~ 15% and ~ 45%
compared to cells on unpatterned control substrate while the nuclear volume of cells on 25 um and 10

um stripes reduces by ~25% compared the nuclei of control cells.

We studied the effect of 5 um stripes (with 11 um spacing) on 3T3 fibroblasts. We called these
patterns ‘subnuclear’ stripes pattern as the width of the stripes were almost 1/3 of the nuclei of 3T3
fibroblasts. A large number of cells were relatively round and spread on the patterns with only local

alignment to the patterns at the periphery of the cells. A smaller group of cells spread over the patterns

168



in the central part of the cell and showed elongated branches on several adjacent stripes. Another
small group of cells were confined and elongated on a single fibronectin stripe. The average aspect
ratio of 3T3 fibroblasts was ~50% higher than the cells on an unpatterned control substrate while the
average aspect ratio of the nuclei on the subnuclear patterns was ~10% higher than nuclei of cells on
control patterns. The fibroblasts spread about 50% less than cells on the unpatterned control substrate.
This is expected as the PDMS hinders the cell spreading due to its high hydrophobicity. The nuclei of
fibroblasts also spread ~10% less on subnuclear patterns compared to nuclei of the cells on the control
substrate. In order to study the alignment of fibroblasts with the direction of stripe patterns, we
measured the deviation angle of the major axis of the best fitting ellipse with the direction of the
stripes (O). More than 50% of cells deviate by less than 10° relative to the pattern direction and ~ 65%
of cells deviate less than 20° from the direction of stripes. This effect shows itself as a deep well in the
potential energy landscape around ©= 0°, which forces the cell body to align itself with the direction
of patterns. We observed that nuclei of fibroblasts also align themselves with the direction of patterns
to a slightly lesser extent. More than 40% of fibroblasts deviate by less than 10° (|©[<10°) relative to
the pattern direction and ~ 60% of nuclei deviate less than 20° from the direction of stripes. This
shows also itself as a deep minimum potential energy landscape for the nucleus alignment around ©=

00,

Stem cells are different from somatic adult cells in nature and importance in their clinical application.
In chapter 4, we gave a detailed description of stem cells and their characteristics. We gave a timeline
about the important events in the history of stem cell research. Furthermore, we provide a detailed
review of the differentiation hierarchy of stem cells and the classification of the stem cells. Later in
the chapter, we focused on human mesenchymal stem cells (hMSCs), their origin of isolation, their
differentiation pathways and their importance in regenerative medicine and tissue engineering. To
cover the subject of study, we presented a comprehensive review of the physical properties of hMSCs
and the cell lines that differentiated from them. A wide range of physical cues such as substrate
stiffness and topographical patterns of the substrate can affect the cellular behaviour of the hMSCs.
We reviewed the most important studies that have been carried out to study these effects and the
literature that elaborates the role of the mechanical structure of the cells in forming the effects.
Particularly, we focused on different substrate patterns that have been used to study the response of
hMSCs to substrate texture. Understanding the effects of the patterns that are used in these studies on
cellular elements such as the actin cytoskeleton, nucleus and focal adhesions is essential to explain

our findings of the effect of our patterns on hMSCs.

hMSCs have a different morphology when they spread in the culture flask. Some of them are
branched and well spread and another group are spindle-like elongated cells. The histogram of the
aspect ratio of the hMSCs showed that a big majority of the cells are from the first group and the
number of cells drops quite rapidly as they elongate further. We also observed that unlike 3T3
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fibroblast, hMSCs elongate and make some local alignment with each other when they are seeded in
high density. In detached form, the diameter of hMSCs was measured as 21.7 um and their nuclei
diameter as 11.4 um. This shows that hMSCs are bigger compared to fibroblasts while their nuclei are
smaller. When the nuclei of hMSCs were given time to relax for 30 minutes, their average diameter
reduced about 10% while their aspect ratio and circularity did not change significantly. This is
consistent with what we observed for 3T3 fibroblasts and we think this is also because of wrinkles
that are formed on the nuclear envelope. Similar to 3T3 fibroblasts, hMSCs that failed to adhere to the
substrate or adhered weakly showed apoptotic cell death signs such as blebbing. However, unlike 3T3
fibroblasts, hMSCs stayed in culture for a long period of time (~40 days) without considerable
morphological abnormalities or classic signs of apoptotic and necrotic cell death, although we suggest

that these hMSCs may lose some of their differentiation and self-renewal capabilities.

We cultured hMSCs on 10 um, 25 um fibronectin stripes and unpatterned fibronectin coated controls.
The cells were spread less as stripes become narrower so that hMSCs on 10 um and 25 um stripes
spread about ~ 25% and ~55% of cells on the control substrate. On the other hand, the cells on 10 pm
and 25 um elongated more with an average aspect ratio of ~5.5 and ~2.5 times more than cells on the
control substrate. The nuclei of hMSCs also spread less and elongate more on narrower stripes but in
a lesser extent compared to the cytoskeleton. The nuclei of hMSCs on 10 pm and 25 pm spread ~70%
and ~80% of the size of nuclei of cells on the control substrate and elongate ~15% and ~60% more
than the control nuclei. By measuring the angle between the major axis of best fitting ellipses to the
cytoskeleton and nucleus (o)), we observed that the nuclei of hMSCs on narrower stripes are more
aligned with the cytoskeleton. Although in a relatively large portion of cells (~40%), the nucleus is
aligned with the cytoskeleton (Ja|<10°), there is a considerable number of nuclei that are not aligned
with the cytoskeleton. On the 25 pm patterns, the alignment increases to 78% and we saw almost no
nuclei that are not significantly orientated with respect to the cytoskeleton. Almost all (96%) cells on
10 um stripes are closely aligned with the cell body. We concluded that thick actin edge bundles that
are observed in narrower stripes and perinuclear actin fibres which are more aligned with the

cytoskeleton force the nucleus to greater alignment with the cell.

Single cell correlation between the size of nucleus and cell shows that the correlation is stronger
among fibronectin coated control substrate (» =0.64) and it gets weaker with decreasing width of the
stripes on 25 um fibronectin stripes (» =0.49) and 10 um stripes (» =0.19). We observed a lower
number of conventional basal fibers on narrower stripes and therefore we hypothesize that the smaller
number of these fibers prevent the cell to stretch the nucleus effectively as the cytoskeleton spread on

the substrate.

3D confocal fluorescent microscopy of hMSCs shows that the cells are thinner on control unpatterned

substrate and the height of the cell increases on 25 pm and 10 pm stripes by ~ 15% and ~50%
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respectively. We think that the thinner cells arise because of the higher number of perinuclear actin
fibers which flatten the nucleus and consequently exert a compressive force towards the substrate. Our
results show that the number of perinuclear actin fibers among cells on 25 um and 10 um stripes is ~
40% and ~ 80% smaller compared to the cells on the unpatterned control pattern. We observed a
negative correlation between cell thickness and the number of perinuclear actin fibers in a single cell
on all patterns. However, the negative correlation is weaker among cells on the control substrate (7 = -
0.3840) and significantly increases with decreasing width of stripes among cells on 25 um (r = -
0.6041) and 10 um stripes (r =-0.7758). We hypothesise that the flattened nuclei of cells on the
unpatterned substrate are stiffer and therefore are less sensitive to the number of perinuclear stress
fibers, while the nuclei of hMSCs on narrower stripes are less compressed and less stiff and

consequently more sensitive to the number of perinuclear actin stress fibers.

We observed three major morphological types of shape among hMSCs on subnuclear patterns (5 pm
fibronectin stripes with 11 pm spacing). A large number of cells were relatively round and spread on
the patterns with only local alignment to the patterns at the periphery of the cells. A smaller group of
cells spread over the patterns in the central part of the cell and extended elongated branches onto
several adjacent stripes. A very small group of cells were confined and elongated on a single
fibronectin stripe. The average aspect ratio of hMSCs did not change significantly on subnuclear
patterns while the aspect ratio of their nuclei increased by ~ 5% compared to cells on unpatterned
control substrates. We hypothesize that the hMSCs that are round on the unpatterned substrate would
make up the first group on the subnuclear patterns. However, hMSCs that have a tendency to elongate
and make a spindle-like morphology would make the branched or highly elongated cells on sub-
nuclear patterns. Both cytoskeleton and nuclei of hMSCs spread ~ 20% less on the subnuclear stripe
pattern compared to the fibronectin-coated control. This is expected as subnuclear patterns have more

exposed PDMS and the PDMS hinders the cell spreading because of its high surface hydrophobicity.

Almost 50% of cells deviate by less than 10° relative to the pattern direction and more than 70% of
cells deviate less than 20° from the direction of stripes. This shows itself as a deep well in the
potential energy landscape around ©= 0° which forces the cell to align itself with the direction of
patterns. The nuclei of hMSCs are aligned to the direction of patterns to a lesser extent. About ~25%
of nuclei showed a deviation less than 10° relative to the stripe direction and the percentage of nuclei
that exhibited a deviation angle less than 20° was ~40%. This means that in the potential energy
landscape there is a smaller minimum around ©= 0° for the nuclei of hMSCs. In addition, we
observed a relatively large number of nuclei (17% of total nuclei) that are almost perpendicular to the
direction of patterns (80° <|©[<90°). This shows itself as a second but smaller minimum in the
potential energy curve. We believe that the perpendicular nuclei occur at the beginning of adhesion
process, if the cell lands on two adjacent stripes on the pattern and the nucleus is locked by the actin

fibers underneath and in the periphery of the nucleus to the substrate through focal adhesion. Our
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geometrical model shows that the probability of landing on two adjacent stripes is ~66% for hMSCs
while this probability will be ~38% for 3T3 fibroblasts. In addition, a bigger detached cell size of
hMSCs gives much more available area for the formation of focal adhesions to support the nucleus in
the perpendicular orientation. A higher number of focal adhesions will reduce the probability of

alignment of the nucleus by perinuclear actin stress fibers in the process of cell spreading.

Raman microspectroscopy is a powerful tool to study cellular behaviour. The method gives
comprehensive morpho-chemical information about the cell at a micrometre scale which means that it
potentially can be used to study the cytoskeleton, different cell organelles and the nucleus at a sub-
nuclear level. Furthermore, It can be performed both on live and fixed cells. In chapter 7, we gave an
introduction about the principles of Raman microspectroscopy and its application in cell science.
When we applied Raman microspectroscopy on 3T3 fibroblasts that are spreading on fibronectin-
coated PDMS substrate, we observed some cellular structures such as nucleus by spatial visualization
of a DNA/RNA associated peak (730 cm™'). However, the strong background signal from the PDMS
substrate did not allow us to visualize other cell structures. The strong background signal from
polymers such as PDMS has limited the use of this microscopy technique in studying cellular
response to topographical patterns. In order to address the background signal problem from the
PDMS, we proposed two solutions for both 2D and 3D topographical patterns. For 2D patterns, we
used a gold-coated mirror which was protected by a layer of silica. When we analysed the Raman
spectra of a 3T3 cell on this setup, we observed important peaks that are associated with major
biological molecules such as DNA, RNA, proteins, lipids and carbohydrates without major
background peak from the substrate. Using the spatial distribution of these sharp peaks such as a peak
centred at 780 cm!, we could visualize cellular structure such as nuclear in a relatively high
resolution. Furthermore, we analysed the morphological effects of this setup on 3T3 fibroblasts. The
fibroblasts spread ~60 % less on the mirrors compared fibronectin-coated control substrate. However,
diverse shapes of spreading were observed among the cells on the mirror similar to what was
observed among the cells spreading on the fibronectin-coated substrates which as an indicator of
biocompatibility of the setup for cells. Furthermore, the fibroblasts elongated ~ 55% more compared
to fibroblasts on the control substrate which was explained by higher stiffness of the silica compared
to the PDMS. We believe that using microprinting techniques, we can print our desired patterns made
of ECM molecules such as fibronectin or collagen on the mirrors and consequently this method will
allow more extensive application of Raman microspectroscopy to study the effect of 2D patterns on

cellular behaviour in the future.

For 3D patterns, we shielded the groove-ridge PDMS patterns with a layer of conductor (30nm gold

and 5nm Titanium) and a layer of silica (40nm) using e-beam evaporation. Our calculations showed
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that this thickness of the metal layer can attenuate the effective background noise from the underlying
PDMS by 107. Beside some macroscopic wrinkles, the coating did not distort the shape of 3D
patterns. However, the main peaks from PDMS (485 cm™, 610 cm™ and 705 cm™) were present in the
Raman spectrum of coated patterns. We concluded that the coating locally melted and the Raman
signal came from the underlying PDMS as we observed a complete burn down of the coating with
powers more than 120mw for 785nm and 15mw for 488nm laser. We expect that the heating problem
will be solved partly if we use some medium on the top of cells (necessary for live cell imaging) and
if we collect the Raman signal from a focal plane above the coating. In addition, a thicker silica

protective layer can be considered to increase the laser power that causes melting.

Conventional fluorescent staining has serious limitations for live cell microscopies such as toxic
effects on the cell and photo-bleaching. Live cell imaging is required for the study of dynamic of the
response of the cell to topographical patterns. The actin cytoskeleton plays a major role in the
biomechanical machinery of the cell and therefore it contains key information about the effect of
physical cues on the cell. We genetically modified the 3T3 fibroblasts by introducing a designed DNA
vector (plasmid) called pCMVLifeAct-TagGFP2. The vector has a DNA sequence that encodes a
protein that binds to filamentous actin and a DNA sequence that encodes a fluorescent tag. The
genetically modified cell expresses the DNA content of the vector by its own gene expressing
machinery and therefore allows the performance of live cell microscopy over a long period of time.
Previous studies have shown that cells that undergo the transfection process express some
morphological abnormalities. We quantified some of the morphological changes that the transfection
has induced on cells. Transfected cells spread ~20% less on the polystyrene culture flask compared to
unmodified control 3T3 fibroblasts and the Feret’s diameter of them was ~15% smaller than control
cells which we think is an indication of effects of transfection on actin polymerization dynamics. The
transfected cells also elongated less and were slightly more round compared to the control cells as
their aspect ratio is ~5% smaller and their circularity is ~10% bigger than the control cell. We
conclude that this is another indication of partially inhibited actin polymerization among the

transfected cells.

The nucleus is the biggest organelle of the cell and is the organelle that reacts to the transduced
mechanical signals by expressing different genes. Therefore, in order to understand the effect of
substrate texture on cellular behaviour, it is crucial to study the response of the nucleus on the
patterns. We genetically modified 3T3 fibroblasts by transfection them with pPBABE-puro-GFP-wt-
lamin plasmid vector. The vector has a DNA sequence that encodes a protein in the presence of
Lamin A structure of the nucleus. The nuclear lamina is a structure in the inner periphery of the
nucleus and plays the main role in maintaining the mechanical structure of the cell. In addition, the
vector encodes a fluorescent tag which when expressed by the cell allows visualization of the nucleus

using fluorescent microscopy.
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Using the transfected 3T3 cell lines that we created, we can study the dynamic response of the cell to
substrate topography which will help us to shed lights on some the questions that we need to answer
in order to have a better understanding of cellular behaviour on our patterns. Some of these ideas are

presented in the future work section (see section 8.2)

8.2 Suggested further work

When we seeded 3T3 fibroblasts at a higher density (~ 15000 cells/cm?) on 15 um fibronectin stripes,
we observed some very big cells whose cytoskeleton looked like a cytoskeleton of a single cell which
was confined to the patterns and elongated on the stripe (Figure 8-1(a), lower panel). However, when
we looked at the nucleus, we observed multiple nuclei in the cell (Figure 8-1(a), lower panel). Some
cells in the body such as muscle cells have multiple nuclei (Manhart et al. 2018). However, as we
observed before in chapter 5, fibroblasts normally only have one nucleus (see Figure 5-6(c),(d)&(e)).
We believe that the single cell is a result of the fusion of multiple cells that have landed close to each
other on the stripes and connected together to form a single cell with multiple nuclei. We observed
some cells that build connection in the early stages of adherence to the substrate (Figure 8-2(b)). We
think it would be very interesting to study these fibroblasts with several nuclei and the effect of
patterns on them. For example, when we visualized the perinuclear actin cap of these cells in the
apical focal plane, the actin stress fibers looked similar to cells on fibronectin stripes with a single
nucleus (Figure 8-1 (a), upper panel). As was mentioned in previous chapters, actin stress fibers are
mechanically coupled with the nucleus through nuclear lamina and play a key role in regulating the
nuclear shape and consequently may have an important role in cellular behaviour. The interesting
question here is how the actin cap is regulating multiple nuclei and how in return each of these nuclei

is contributing to the formation of perinuclear actin fibrers.

In addition, one interesting idea is to study the dynamics of the cells with multiple nuclei on the
patterns to see if the cells will remain connected over time or they will separate at some point from
each other. To study the dynamics of these process, we can use 3T3 cell lines that we have genetically
modified to visualize the actin cytoskeleton and nucleus (see chapter 7.2). Ideally, a microfluidic
device can be designed to put cells at known distances from each other on the patterns to study what is
the minimum distance between cells on time of landing on patterns that can make them connected to

each other and behave like a single cell.
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Perinuclear actin stress fibers

Figure 8-1: Connected 3T3 fibroblasts. (a) lower panel: Basal focal plane view of a 3T3 fibroblast
with a big cytoskeleton that morphologically looks similar to a cytoskeleton of a single cell on the
fibronectin stripes; however, it has multiple nuclei (blue), because of the big size of the cell, two
images were stitched together to make the micrograph of the cytoskeleton . Upper panel: Apical plane
view of the same cell showing the perinuclear actin fibers that look similar to cells with a single
nucleus of fibronectin stripes. (b) Two 3T3 fibroblasts in the early stage of spreading on the substrate,
the cells are connected with an actin bridge. The cells are fixed with formaldehyde and stained with
Phalloidin for F-actin (green) and TO-PRO-3 for the nucleus (blue). Green and blue channels are

overlaid by Image J. Scale bars are 10 pm.

As we stated in chapter 5 and chapter 6, the effect of subnuclear stripes can be described by an
effective potential energy landscape. Some local or global minima in the potential energy curve for
the cytoskeleton or nucleus of the cells were formed by the patterns, in which the majority of the cells
were orientated in the directions dictated by those minima. Previous studies that have tracked the
migratory path of adherent cells have shown that cells move in a relatively straight direction for a
substantial period of time before they reorient themselves in a stochastic manner (Petrie et al. 2009).
Spatial cues or chemical gradients (chemotaxis) will affect the migration direction (Welf et al. 2012).
It would be interesting to study how the depth and location of those minima change over time and
how population migration between those minima will occur. For example, whether all the cells
migrate in a way that they align themselves with the patterns or not. By monitoring the dynamics of
cells on the patterns, we can also answer interesting questions such as how the landing spot of the cell

relative to the fibronectin stripes will change the adhesion process and the final fate of the cell
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between taking each of the three morphologies that we observed for cells on subnuclear patterns. In
addition, patterns with different stripe and spacing widths can be fabricated to verify our geometrical
model that explained the existence of perpendicular nuclei of hMSCs on the subnuclear stripe patterns

(see chapter 6.4).

In chapter 5 and chapter 6, we showed that the nuclei of both detached 3T3 fibroblasts and hMSCs get
homogenously smaller when they were given approximately half an hour to relax after detachment
from the substrate. It would be interesting to see if relaxation changes the behaviour cells on
topographical patterns such as fibronectin stripes. It is likely that this relaxation will change the
dynamics of cellular behaviour on the stripes while on a longer time period, the cells maybe will
behave similarly. Therefore, it is important to use genetically modified cells with fluorescent tags to

monitor the early stages after seeding on the patterns.

As was reviewed in detail in chapter 4, topographical cues and mechanical properties of the substrate
can alter the differentiation behaviour of hMSCs. In addition, change in the shape of the nucleus,
which is packed with negatively charged DNA, results in changes in the gene expression behaviour of
the cell (Guilluy & Burridge 2015). These changes can be effectively tracked by Raman
microspectroscopy, which is a non-invasive method to track the morphological and chemical changes
in the cell on a micrometre scale. We think using the setups that we established would enable us to
take Raman spectra from both 2D and 3D patterns. We could study the chemical changes among the
cells on various topographical patterns, both for live cell imaging and imaging of fixed cells. For
example, it is interesting to see how the DNA density distribution is affected inside the nuclei of cells
on fibronectin stripes with different widths. This can be done by visualization of DNA related peaks
such as 780 cm'. In addition, the distribution of RNA or protein can be monitored as a measure of the

effect of stripes on gene expression inside the cell.

As it was mentioned in chapter 5, we observed multiple dividing nuclei among cell on the unpatterned
control substrate; however, dividing nuclei were rare on the narrower fibronectin stripes. It would be
interesting to investigate the effect of fibronectin stripes on cell division over a longer period of time.
In addition to our genetically modified cells with fluorescent tags, conventional dyes for visualizing
the cell cycle can give us important information about the effect of the patterns on mitotic cell
division, which carries substantial importance for biological and clinical applications particularly in

the case of hMSCs.
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