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This chapter provides a general introduction to mechanotransduction and 
substrates used for cell culture, as relevant background information. The final 
section presents the aim of the research and an outline of this thesis.

Parts of this chapter have been published in:
J. Thiele, Y. Ma, S. M. C. Bruekers, S. Ma and W. T. S. Huck,
Advanced Materials. 2014, 26, 125 – 148.
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General introduction 
and thesis outline
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General introduction and thesis outline

1.1 Cells and their environment

Multicellular organisms, such as humans and many other animals and plants, are
clones of cells that express different phenotypes despite having the same geno-
type [1]. This leads to different groups of cells carrying out different functions
and relying on one another. In the course of the years, a lot of knowledge about
the functioning of individual cells has been collected, spanning the different length
scales of biology; from entire organisms to biochemical processes inside cells.

Virtually every cell in the human body is exposed to an intricate network
of fibres made of proteins and polysaccharides called the extracellular matrix
(ECM) [2]. Figure 1.1 shows how different cell types may interact with the ECM
in various ways. The ECM provides a physical support for tissues, and through
variations in composition and organisation of the macromolecular fibres, an amaz-
ing variety of mechanical properties is obtained [3, 4]. The ECM is not an inert
medium, but strongly influences the survival, development, migration, prolifera-
tion, shape and function of cells that are embedded therein [4–6]. From the initial
success of culturing cells in a laboratory onwards, cells were mostly studied in
vitro on glass or plastic surfaces, instead of in a close mimic of their natural envi-
ronment. The effect of biochemical signals on cells has long been recognised, but
the importance of the mechanical interactions from the natural environment were
initially neglected [7]. In the last two decades it was increasingly appreciated that
mechanical factors of the environment can influence cell behaviour as exemplified
by [8–10] and reviewed in for example [11–15].

In order to maximise the effectiveness of cell-based therapies in vitro, it is
essential to understand the environmental (niche) signals from the ECM that reg-
ulate cell behaviour. This thesis will present results of fundamental research that
contributes to the understanding of cell responses to mechanical cues from the
environment. The remainder of this chapter is an introduction and will therefore
elaborate on some major achievements in this field and provide background in-
formation that is relevant for reading this thesis. More specifically, Section 1.2
describes examples of physical parameters that affect cell behaviour, Section 1.3
summarises how cells sense such mechanical properties and Section 1.4 and Sec-
tion 1.5 describe relevant substrate materials for studies in this field in general and
specifically this thesis in more detail.

1.2 Physical parameters affecting cell behaviour

A range of physical cues from the ECM are integrated and converted into bio-
chemical signals through a process known as mechanotransduction. It has been

2
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Figure 1.1: Different cell types interact with the ECM in various ways. Figure
adapted from Watt and Huck 2013 [5].

found that properties such as cell shape, matrix stiffness and porosity as well
as surface topography, all affect cellular responses including stem-cell fate [11].
These parameters and their effects on cell behaviour will be discussed in this sec-
tion. This section is a general overview sufficient for the work as presented in this
thesis and by no means an exhaustive review. For recent, more extensive reviews;
see references [12–15].

1.2.1 Cell shape

During embryonic development, many events associated with stem-cell differen-
tiation are designed to change cell shape to obtain optimal structure and func-
tion [16, 17]. Numerous studies show that the opposite is also true: cell shape
is a key regulator of stem-cell fate. An early demonstration hereof was given by
Watt et al. showing that cell shape acts as a signal for terminal differentiation of
human epidermal keratinocytes in culture. Cell shape was altered by varying the
area of adhesive islands. When substrate contact was restricted, DNA synthesis
was inhibited and expression of involucrin, a marker of terminal differentiation,
was stimulated [18]. Figure 1.2a shows immunostaining images that confirm the
tendency to differentiate on small adhesive islands versus proliferation on larger
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islands showing involucrin in green and Ki67, a marker for proliferation, in red.
The quantification of involucrin expression on different areas is provided in Fig-
ure 1.2b. Also the percentage of involucrin positive cells was similar on islands
coated with either high or low amounts of collagen, fibronectin or laminin. Further
investigation revealed that the actin cytoskeleton, more specifically the balance be-
tween F-actin and G-actin followed by the unbinding of co-factor megakaryocytic
acute leukaemia (MAL), mediated the shape-induced differentiation by regulating
transcriptional activity of serum response factor (SRF) [19].

Research by Chen and colleagues showed that also endothelial cells were re-
sponding to the size of adhesive area available. Increased cell spreading on square
shaped adhesive islands leads to cell survival and growth whereas apoptosis was
induced on the smaller islands. Additional experiments were performed on single
cells spreading across multiple, closely spaced adhesive islands of either 3 µm
or 5 µm to provide points for focal adhesions. Using this approach, the cell area
could be increased tenfold while maintaining a similar total cell-ECM contact
area. These experiments revealed that DNA synthesis scaled directly with cell
area and not with cell-ECM contact area and thus demonstrating that cell shape
appears to be critical in cell fate decisions [22].

The majority of research on mechanotransduction in stem cells has been con-
ducted on human mesenchymal stem cells (hMSCs) because of their multilineage
potential and high expansion efficiency [23]. In an intriguing example using a
bipotential differentiation medium that contains inducers for both osteogenic and
adipogenic differentiation, McBeath and colleagues showed that hMSCs that were
allowed to spread underwent osteogenesis whereas cells that were restricted in
their spreading remained round and became adipocytes as shown in Figure 1.2c
and Figure 1.2d. The increased cytoskeleton tension in spread cells activates
RhoA signaling, causing the osteogenesis in these cells [20].

In separate osteogenic versus adipogenic induction experiments where mes-
enchymal stem cells (MSCs) from rats were cultured on different shapes but all
having the same adhesive area, it was found that the aspect ratio (AR) of the
shape directs cell differentiation. According to comparison between square and
rectangular cells, optimal adipogenic differentiation occurred at AR = 1, but the
optimal osteogenic differentiation was found when AR ≈ 2. Additional compari-
son between globally isotropic shapes, namely circular, square, triangular and star
shaped cells, the optimal adipogenic and osteogenic differentiations happened in
circular and star shaped cells, respectively. Although Peng et al. mentioned that
they hypothesised a correlation between the corner angles of the micro-islands and
differentiation behaviour, they decided to quantify cell perimeter instead of the an-
gles. In this respect they found that extents of both adipogenic and osteogenic dif-
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Figure 1.2: Cell shape affects cell behaviour. (a) Representative immunofluores-
cence-microscopy images of cells stained for DAPI (blue), involucrin (green) and
Ki67 (red) expression on substrates with 20 µm, 30 µm or 50 µm diameter islands.
All scale bars represent 100 µm. Figure adapted from Connelly et al. 2010 [19]. (b)
Quantification of involucrin positive cells at 1 h and 24 h on substrates with adhesive
areas ranging from 314 µm2 to 1963 µm2 (20 µm to 50 µm diameters). Data repre-
sent means ± SEM. Figure adapted from Connelly et al. 2010 [19]. (c) Brightfield
images of hMSCs on small or large fibronectin islands after 1 week in mixed me-
dia. Oil red O staining adipocytes red and alkaline phosphatase staining osteoblast
blue. Scale bar represents 50 µm. Figure adapted from McBeath et al. 2004 [20].
(d) Percentage of differentiation after 1 week culture in mixed media on differently
sized islands. Figure adapted from McBeath et al. 2004 [20]. (e) Percentage of cells
differentiating to adipocytes or osteoblast when cultured on flower or star shapes.
Figure adapted from Kilian et al. 2010 [21].
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islands showing involucrin in green and Ki67, a marker for proliferation, in red.
The quantification of involucrin expression on different areas is provided in Fig-
ure 1.2b. Also the percentage of involucrin positive cells was similar on islands
coated with either high or low amounts of collagen, fibronectin or laminin. Further
investigation revealed that the actin cytoskeleton, more specifically the balance be-
tween F-actin and G-actin followed by the unbinding of co-factor megakaryocytic
acute leukaemia (MAL), mediated the shape-induced differentiation by regulating
transcriptional activity of serum response factor (SRF) [19].

Research by Chen and colleagues showed that also endothelial cells were re-
sponding to the size of adhesive area available. Increased cell spreading on square
shaped adhesive islands leads to cell survival and growth whereas apoptosis was
induced on the smaller islands. Additional experiments were performed on single
cells spreading across multiple, closely spaced adhesive islands of either 3 µm
or 5 µm to provide points for focal adhesions. Using this approach, the cell area
could be increased tenfold while maintaining a similar total cell-ECM contact
area. These experiments revealed that DNA synthesis scaled directly with cell
area and not with cell-ECM contact area and thus demonstrating that cell shape
appears to be critical in cell fate decisions [22].

The majority of research on mechanotransduction in stem cells has been con-
ducted on human mesenchymal stem cells (hMSCs) because of their multilineage
potential and high expansion efficiency [23]. In an intriguing example using a
bipotential differentiation medium that contains inducers for both osteogenic and
adipogenic differentiation, McBeath and colleagues showed that hMSCs that were
allowed to spread underwent osteogenesis whereas cells that were restricted in
their spreading remained round and became adipocytes as shown in Figure 1.2c
and Figure 1.2d. The increased cytoskeleton tension in spread cells activates
RhoA signaling, causing the osteogenesis in these cells [20].

In separate osteogenic versus adipogenic induction experiments where mes-
enchymal stem cells (MSCs) from rats were cultured on different shapes but all
having the same adhesive area, it was found that the aspect ratio (AR) of the
shape directs cell differentiation. According to comparison between square and
rectangular cells, optimal adipogenic differentiation occurred at AR = 1, but the
optimal osteogenic differentiation was found when AR ≈ 2. Additional compari-
son between globally isotropic shapes, namely circular, square, triangular and star
shaped cells, the optimal adipogenic and osteogenic differentiations happened in
circular and star shaped cells, respectively. Although Peng et al. mentioned that
they hypothesised a correlation between the corner angles of the micro-islands and
differentiation behaviour, they decided to quantify cell perimeter instead of the an-
gles. In this respect they found that extents of both adipogenic and osteogenic dif-
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ferentiations were linearly related to cell perimeter, reflecting the non-roundness
or local anisotropy of cells [24].

Interestingly the Mrksich group shows that in addition to cell spreading area
and aspect ratio, also subcellular curvature was found to direct lineage commit-
ment of hMSCs. Cells were seeded on flower and star shapes and cultured in
bipotential differentiation medium. The majority of cells on the flower shapes
with large convex curves turned into adipocytes and in contrast the majority of
cells on the star shapes with concave edges and sharp angles differentiated into
osteoblasts (Figure 1.2e). Geometric features with sharp instead of blunt corners
increase actomyosin contractility and then promote osteogenesis by enhancing
JNK and ERK activation and Wnt signalling [21].

Besides studying shape-factors that influence lineage selection, also regulat-
ing the stemness of hMSCs by controlling their shape is of interest. Wang and
colleagues have demonstrated that the percentage of cells positively stained by
stem cell markers CD44, CD73, CD105, CD106 and STRO-1 decreased on larger
adhesive areas and with increasing aspect ratio [25].

1.2.2 Substrate stiffness

The effect of substrate stiffness on cell behaviour has been studied extensively.
A pioneering study was performed by Pelham and Wang showing that on softer
substrates cells showed reduced spreading and increased rates of motility. These
responses may be a result of destabilised adhesion, as was indicated by irregu-
larly shaped and highly dynamic focal adhesions on flexible substrates in contrast
to those on firm substrates. Cells on softer substrates also contained a reduced
amount of phosphotyrosine at adhesion sites. This is consistent with the idea that
increases in tyrosine phosphorylation, in response to substrate stiffness, cause
the formation of mature and stable focal adhesions [9]. Stiffness thus appears
to be important in adhesion formation, since cells can form larger adhesions on
more rigid surfaces. As a result, cells migrate from soft to hard substrates; a phe-
nomenon called durotaxis [26]. The most well-known example of substrate stiff-
ness affecting cell behaviour is from Engler et al. where hMSCs were cultured
on synthetic gels of stiffness similar to brain, muscle and bone tissue. Interest-
ingly the cells would differentiate towards the lineage specified by their matrix
elasticity [10], as shown in Figure 1.3a. Their general explanation is that tissue
cells probe elasticity as they anchor and pull on their surroundings. Then the cells
respond through cytoskeleton organisation and adjusting its adhesions amongst
other cellular processes [27]. These findings triggered the emergence of a new
field investigating the role of substrate stiffness in cell behaviour. In more general
terms, the aim of this field has been to find out how the physical properties of the
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Figure 1.3: Effects of substrate stiffness and matrix tethering. (a) hMSCs express
markers of differentiation corresponding to the tissue that the substrate stiffness is
mimicking. Figure adapted from Engler et al. 2006 [10]. (b) Scanning electron mi-
croscopy images of PAAm substrates of varying monomer:crosslinker ratios showing
smaller pores on stiffer gels. Figure adapted from Trappmann et al. 2012 [29]. (c)
Stem cells pull on collagen fibres (red) attached to a matrix (green) through integrin
receptors (grey) to make fate decisions depending on collagen bending, matrix de-
formation and collagen unfolding. Figure adapted from Chaudhuri et al. 2012 [30].

substrate impact on cell behaviour. More recent research from the Discher group
shows that the stiffness of the ECM affects cytoskeletal tension on the nucleus.
This affects the turnover of Lamin A in the nuclear envelope and expression of
Lamin A. Levels of the Lamin A protein were found to scale with tissue elasticity.
Stem cell differentiation into fat on soft matrices was enhanced by low Lamin A
levels, whereas differentiation into bone on stiff matrices was enhanced by high
Lamin A levels [28].

Although there is a large body of research demonstrating a correlation be-
tween substrate stiffness and cell behaviour, more recent experiments suggest
that many other parameters such as the topography of the surface play impor-
tant roles as well, which will be discussed later in this chapter. Trappmann et al.
showed that human keratinocyte and hMSC spreading and differentiation were
not stiffness dependent on polydimethylsiloxane (PDMS) substrates, in contrast
to polyacrylamide (PAAm) gels. Further investigation of the substrate proper-
ties revealed that on PAAm gels, the very fabric of the surface changed together
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ferentiations were linearly related to cell perimeter, reflecting the non-roundness
or local anisotropy of cells [24].

Interestingly the Mrksich group shows that in addition to cell spreading area
and aspect ratio, also subcellular curvature was found to direct lineage commit-
ment of hMSCs. Cells were seeded on flower and star shapes and cultured in
bipotential differentiation medium. The majority of cells on the flower shapes
with large convex curves turned into adipocytes and in contrast the majority of
cells on the star shapes with concave edges and sharp angles differentiated into
osteoblasts (Figure 1.2e). Geometric features with sharp instead of blunt corners
increase actomyosin contractility and then promote osteogenesis by enhancing
JNK and ERK activation and Wnt signalling [21].

Besides studying shape-factors that influence lineage selection, also regulat-
ing the stemness of hMSCs by controlling their shape is of interest. Wang and
colleagues have demonstrated that the percentage of cells positively stained by
stem cell markers CD44, CD73, CD105, CD106 and STRO-1 decreased on larger
adhesive areas and with increasing aspect ratio [25].

1.2.2 Substrate stiffness

The effect of substrate stiffness on cell behaviour has been studied extensively.
A pioneering study was performed by Pelham and Wang showing that on softer
substrates cells showed reduced spreading and increased rates of motility. These
responses may be a result of destabilised adhesion, as was indicated by irregu-
larly shaped and highly dynamic focal adhesions on flexible substrates in contrast
to those on firm substrates. Cells on softer substrates also contained a reduced
amount of phosphotyrosine at adhesion sites. This is consistent with the idea that
increases in tyrosine phosphorylation, in response to substrate stiffness, cause
the formation of mature and stable focal adhesions [9]. Stiffness thus appears
to be important in adhesion formation, since cells can form larger adhesions on
more rigid surfaces. As a result, cells migrate from soft to hard substrates; a phe-
nomenon called durotaxis [26]. The most well-known example of substrate stiff-
ness affecting cell behaviour is from Engler et al. where hMSCs were cultured
on synthetic gels of stiffness similar to brain, muscle and bone tissue. Interest-
ingly the cells would differentiate towards the lineage specified by their matrix
elasticity [10], as shown in Figure 1.3a. Their general explanation is that tissue
cells probe elasticity as they anchor and pull on their surroundings. Then the cells
respond through cytoskeleton organisation and adjusting its adhesions amongst
other cellular processes [27]. These findings triggered the emergence of a new
field investigating the role of substrate stiffness in cell behaviour. In more general
terms, the aim of this field has been to find out how the physical properties of the
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with stiffness, as the gels were composed of different polymer concentrations and
crosslinking densities as shown in Figure 1.3b. In contrast, the surface topography
and composition on the various PDMS substrates was constant. After an exten-
sive study, it was concluded that the distance between collagen anchoring points
due to differences in pore size was the cause of the material-specific behaviour.
In their work, cells appeared not to respond to the bulk stiffness of the substrate,
but to the tethering of the collagen coating [29], which is schematically shown
in Figure 1.3c. Later studies have also confirmed that bulk stiffness alone does
not explain cell behaviour but also fibre recruitment and local gel stiffening play
crucial roles [31–33]. In all these studies it is generally agreed that cells apply
forces onto their environment and sense how the materials react.

1.2.3 Surface topography

In addition to responding to shape and substrate stiffness, cells can also sense the
topography of their environment. Microgrooves are an example of surface topog-
raphy to which cells respond. Many cell types show alignment of their cell bodies
as well as their cytoskeleton along the grooves [34]. The response to microgrooves
is, however, cell type specific. For instance, myoblasts show better alignment
on the grooves compared to osteoblasts and the two types of cells are sensitive
to different sizes of microgrooves [35]. A study on fibroblasts has shown that
a microgrooved topography led to distinctions in the nucleoskeleton, nucleolar
morphology and chromosomal positioning. These effects correlated with down-
stream changes in gene expression and protein abundance. This study therefore
provides a potential mechanism how such topographical structures can affect cell
behaviour [36]. An overview of several other studies that have been performed
on the impact of microtopography on cell behaviour was made by Nikkhah et
al. Their review highlights recent advances how microscale topographies have
been utilised for neural, cardiac and musculoskeletal tissue engineering applica-
tions [34].

Cells not only respond to substrate characteristics that are of a comparable
size to themselves, but also to nanoscale surface features. The interaction of nan-
otopographical features with integrin receptors in the cells focal adhesions alters
how the cells adhere to materials surfaces [37]. For example, human embryonic
stem cells are stimulated to undergo spontaneous differentiation when cultured on
nanorough glass surfaces, while smooth glass surfaces support cell adhesion, rapid
cell proliferation and long-term self-renewal [38]. hMSCs also show interesting
responses to nanoscale topologies. Dalby and colleagues found that nanoscale
disorder stimulates hMSCs to produce bone mineral in vitro, even in the absence
of osteogenic inductive supplements [39]. In contrast, hMSCs cultured on nano-
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gratings of 350 nm width show alignment of their cytoskeleton and nuclei and
significant upregulation of neuronal markers such as microtubule-associated pro-
tein 2 (MAP2) compared to unpatterned controls [40].

1.3 Transduction of mechanical signals

In order to transmit mechanical signals from the outside of a cell inwards, a phys-
ical linkage between substrate and cell is required. The idea of integrins being
involved in mechanosensing was originally proposed by Donald Ingber because
they were found to interconnect the ECM with the cytoskeleton and these recep-
tors are among the first cell-surface molecules to experience externally applied
mechanical loads. In this role, integrins can provide a gating function for sig-
nal transduction by either supporting or prohibiting force transmission between
ECM and cytoskeleton [41]. In the past two decades, it has become increasingly
clear that integrins are indeed the key mediators that are responsible for cell adhe-
sion [42]. Integrins are transmembrane proteins that are heterodimers of an α and
β subunit that are known to be able to form 24 different heterodimers. Integrins
recognise specific motifs in the ECM and form a physical link between the ECM
and the cytoskeleton of the cell. Activated integrins typically cluster in the plane
of the membrane as part of the signal transduction process [43].

For cells in culture, the most prominent adhesion structures are focal ad-
hesions (FAs), which are large complexes of proteins that connect integrins to
the actin cytoskeleton. FAs include the proteins paxillin, talin, kindlin and vin-
culin, see Figure 1.4. Along with FAs, also podosomes and invadopodia are
mechanosensitive integrin adhesions [44]. Via a cascade of protein interactions,
mechanical information is transduced into biochemical signals and interpreted by
the cell [42].

Integrins are not the sole rigidity sensors for cells. Also cadherin-mediated
adhesions can transduce mechanical signals, depending on the cell type either
alone or as integrin-cadherin crosstalk [46]. In addition to cell adhesion com-
plexes, also mechanosensitive channels are involved in substrate-rigidity sensing.
Ion channels located at or near FAs convert rigidity-dependent stress into the level
of cytoplasmic Ca2+ concentration [47].

1.4 Elastic substrates

Many studies on mechanotransduction and especially those on the effect of sub-
strate stiffness, have been performed on synthetic hydrogels. Polymeric hydrogel
materials allow for precise control over mechanical and surface properties, more
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with stiffness, as the gels were composed of different polymer concentrations and
crosslinking densities as shown in Figure 1.3b. In contrast, the surface topography
and composition on the various PDMS substrates was constant. After an exten-
sive study, it was concluded that the distance between collagen anchoring points
due to differences in pore size was the cause of the material-specific behaviour.
In their work, cells appeared not to respond to the bulk stiffness of the substrate,
but to the tethering of the collagen coating [29], which is schematically shown
in Figure 1.3c. Later studies have also confirmed that bulk stiffness alone does
not explain cell behaviour but also fibre recruitment and local gel stiffening play
crucial roles [31–33]. In all these studies it is generally agreed that cells apply
forces onto their environment and sense how the materials react.

1.2.3 Surface topography

In addition to responding to shape and substrate stiffness, cells can also sense the
topography of their environment. Microgrooves are an example of surface topog-
raphy to which cells respond. Many cell types show alignment of their cell bodies
as well as their cytoskeleton along the grooves [34]. The response to microgrooves
is, however, cell type specific. For instance, myoblasts show better alignment
on the grooves compared to osteoblasts and the two types of cells are sensitive
to different sizes of microgrooves [35]. A study on fibroblasts has shown that
a microgrooved topography led to distinctions in the nucleoskeleton, nucleolar
morphology and chromosomal positioning. These effects correlated with down-
stream changes in gene expression and protein abundance. This study therefore
provides a potential mechanism how such topographical structures can affect cell
behaviour [36]. An overview of several other studies that have been performed
on the impact of microtopography on cell behaviour was made by Nikkhah et
al. Their review highlights recent advances how microscale topographies have
been utilised for neural, cardiac and musculoskeletal tissue engineering applica-
tions [34].

Cells not only respond to substrate characteristics that are of a comparable
size to themselves, but also to nanoscale surface features. The interaction of nan-
otopographical features with integrin receptors in the cells focal adhesions alters
how the cells adhere to materials surfaces [37]. For example, human embryonic
stem cells are stimulated to undergo spontaneous differentiation when cultured on
nanorough glass surfaces, while smooth glass surfaces support cell adhesion, rapid
cell proliferation and long-term self-renewal [38]. hMSCs also show interesting
responses to nanoscale topologies. Dalby and colleagues found that nanoscale
disorder stimulates hMSCs to produce bone mineral in vitro, even in the absence
of osteogenic inductive supplements [39]. In contrast, hMSCs cultured on nano-
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Figure 1.4: Schematic representation of focal adhesions with relevant proteins and
subsequent pathways indicated. Figure adapted from Yam et al. 2009 [45].

or less independently. They are made of crosslinked polymers such as PAAm,
PDMS and poly(ethylene glycol) (PEG) that form insoluble networks and are
water-swollen [48]. Control over elastic modulus is usually obtained by varia-
tions in the polymer and crosslinker concentration.

1.4.1 Control over material properties

In a pioneering study on cell behaviour on PAAm gels, Yeung et al. provided
a protocol to obtain a range of gel stiffness by varying the concentration of the
monomer acrylamide and crosslinker bisacrylamide. Using final concentrations
varying from 3 wt/vol% to 12 wt/vol% acrylamide and from 0.05 wt/vol% to
0.6 wt/vol% bisacrylamide, PAAm gels with shear elastic moduli ranging from
2 Pa to 55 kPa were obtained [49]. Their approach was later extended to a wider
range of concentrations and resulting stiffness by Trappmann et al. where ranges
of 5 wt/vol% to 40 wt/vol% and 0.01 wt/vol% to 3 wt/vol% of acrylamide and
bisacrylamide were used, respectively. This larger range of concentrations re-
sulted in PAAm gels with Youngs moduli varying from 0.5 kPa to 740 kPa [29].
Also gradients in the elastic modulus have been made in PAAm gels for subse-
quent cell studies. One approach used a photosensitive initiator of PAAm poly-
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merisation that was activated through an optical gradient mask [50]. In another
approach a microfluidic device was employed to generate a bisacrylamide gradi-
ent in a constant concentration of acrylamide [51].

For the preparation of PDMS substrates with different stiffness, the ratio be-
tween the base and crosslinker are usually varied. Generally, the two parts of the
PDMS kit (Sylgard 184, VWR) were mixed in different ratios ranging from 100:1
to 10:1 base:crosslinker yielding gels with elastic moduli ranging from 0.1 kPa to
2.3 × 103 kPa [29, 52, 53].

Another parameter that has been studied is the polymer length, in order to
influence stiffness and pore size of the gel. This strategy is commonly used for
PEG hydrogels. In a systematic study of Cruise et al. the effects of molecular
weight (polymer length) and concentration of PEG diacrylate on the diffusivity
of a series of proteins was determined providing information on the pore size of
the obtained network. It was concluded that only precursor molecular weight but
not precursor concentration were significantly affecting the mesh size. The longer
polymers resulted in networks with larger pores, ranging from circa 14 Å to
21 Å for PEG with a molecular weight of 1.4× 103 g mol−1 up to approximately
70 Å for polymers with a molecular weight of 2 × 104 g mol−1 [54]. Instead of
using diffusion as a method to characterise material properties, the ultimate aim
is to utilise the pore size of a scaffold to have control over diffusion rates. An
example hereof is the encapsulation of murine islets in PEG hydrogels where the
effects of polymer length on islet survival and rate of insulin secretion was studied
in vitro. It was found that encapsulation as well as the crosslinking density had
no effect on the total insulin release within 1 h, but higher crosslinking (shorter
polymer length) densities caused a delay in the release [55].

1.4.2 Advantages and challenges for synthetic substrates

Synthetic polymers form hydrogels that do not present natural binding sites for
cells to probe their extracellular surroundings [56]. The incorporation of integrin
ligands such as RGD (arg-gly-asp) peptides in the matrix is crucial for cell ad-
hesion and spreading. This separate incorporation of adhesive moieties allows
for good control over ligand concentration and availability [57, 58]. In the ab-
sence of such ligands, some cells can excrete their own ECM to provide adhesion
sites [59]; otherwise spreading is restricted, eventually leading to cell death [60].
For 2D experiments where cells are cultured on top of a gel, often a protein coating
is covalently bound to the gel surface for cells to adhere to [49].

When solely synthetic materials are used for substrate synthesis, one can be
sure that no detrimental biological signalling molecules are still present in the
precursor material and later the gels. However, impurities from the synthesis can
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Figure 1.4: Schematic representation of focal adhesions with relevant proteins and
subsequent pathways indicated. Figure adapted from Yam et al. 2009 [45].

or less independently. They are made of crosslinked polymers such as PAAm,
PDMS and poly(ethylene glycol) (PEG) that form insoluble networks and are
water-swollen [48]. Control over elastic modulus is usually obtained by varia-
tions in the polymer and crosslinker concentration.

1.4.1 Control over material properties

In a pioneering study on cell behaviour on PAAm gels, Yeung et al. provided
a protocol to obtain a range of gel stiffness by varying the concentration of the
monomer acrylamide and crosslinker bisacrylamide. Using final concentrations
varying from 3 wt/vol% to 12 wt/vol% acrylamide and from 0.05 wt/vol% to
0.6 wt/vol% bisacrylamide, PAAm gels with shear elastic moduli ranging from
2 Pa to 55 kPa were obtained [49]. Their approach was later extended to a wider
range of concentrations and resulting stiffness by Trappmann et al. where ranges
of 5 wt/vol% to 40 wt/vol% and 0.01 wt/vol% to 3 wt/vol% of acrylamide and
bisacrylamide were used, respectively. This larger range of concentrations re-
sulted in PAAm gels with Youngs moduli varying from 0.5 kPa to 740 kPa [29].
Also gradients in the elastic modulus have been made in PAAm gels for subse-
quent cell studies. One approach used a photosensitive initiator of PAAm poly-
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be remaining and toxic to cells, e.g., the monomer acrylamide and crosslinker
bisacrylamide in PAAm gels [61]. In order to remove these toxic compounds, the
gels are thoroughly washed with PBS. Additionally, if cells are capable of degrad-
ing the synthetic matrix, the resulting degradation products should also be tested
for toxicity [62]. In contrast, natural hydrogels have intrinsic biocompatibility and
can provide cues for cell-matrix interactions without further functionalisation.

1.5 Protein hydrogels

Elastic substrates have proved vital in demonstrating the importance of material
properties on cell behaviour as described in Section 1.2. However, cells in vivo do
not reside on top of a synthetic surface, but on or inside an ECM which consists
of an intricate meshwork of many different fibres instead. Also, ECM macro-
molecules not just provide an inert structural support, but they are bioactive and
play an important role in mechanotransduction [63]. Therefore the use of ECM
proteins as cell substrates is much more appropriate. This section will describe
the main mechanical properties of protein hydrogels that are relevant for cell be-
haviour and provide some more information on two commonly used materials as
well as on attempts to better mimic natural materials synthetically.

1.5.1 Mechanical properties

The fibrous structure of protein gels provides them with very distinct mechanical
properties compared to synthetic materials. First, contractile forces exerted by
cells [64] lead to the alignment of fibres within the vicinity of cells [32, 65, 66].
In turn, aligned fibres affect cell behaviour including spreading, migration and
differentiation [67–69].

Secondly, many biological gels display nonlinear mechanical properties such
as strain stiffening [70] and negative normal stress [71]. Strain stiffening causes
the elastic modulus to increase by orders of magnitude as the applied strain in-
creases [70]. Cells can actively stiffen protein networks by generating contractile
stress [66] and spread on very soft strain-stiffening substrates as if they are grow-
ing on a stiff, linearly elastic substrate [31].

Several studies have shown that cellular mechanosensing occurs over much
longer distances on protein gels than on PAAm gels [72, 73]. It was hypothe-
sised that the strain-stiffening properties could account for this force transmission
over relatively long distances. However, computational studies have shown that
it is not strain-stiffening, but the fibrous structure that enables long-range stress
transmission in protein gels [74, 75].
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Figure 1.5: Protein hydrogels and mimics. (a) Schematic representation of fibrin for-
mation by thrombin cleavage and subsequent monomer aggregation. Figure adapted
from Berg et al. 2002 [82]. (b) Schematic representation of a collagen triple helix
(top) assembling to form a collagen fibril (middle). The triple helices are staggered
by 67 nm, which can be recognised in an electron micrograph (bottom). Scale bar
represents 100 µm. Figure adapted from Leitinger et al. 2011 [83]. (c) Overview
of cell-adhesive suspended networks of DexMA fibres across microwells. Scale bars
represent 100 µm. Figure adapted from Baker et al. 2015 [33]. (d) An overview of
the strain-stiffening properties of several materials, including PIC hydrogels. Figure
created by Maarten Jaspers [84].

1.5.2 Fibrin

Fibrin has several roles in the body, including cellular and matrix interactions, e.g.,
clot formation, wound healing as well as triggering an inflammatory response.
Fibrin is formed by thrombin-initiated aggregation of insoluble polypeptide chains
of fibrinogen into a network of fibrils (Figure 1.5a) [76]. In the presence of cal-
cium, transglutaminase enzyme factor XIII is activated by thrombin and forms
covalent crosslinks between lysine and glutamine residues in the fibrin. This pro-
cess results in a more stable clot [77, 78]. The preparation and structural char-
acterisation of fibrin hydrogels formed at different thrombin concentrations has
been extensively studied [79, 80]. Fibrin has two pairs of RGD sites and one pair
of AGDV (ala-gly-asp-val) sites through which it can interact with cell-surface
integrins [81].
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be remaining and toxic to cells, e.g., the monomer acrylamide and crosslinker
bisacrylamide in PAAm gels [61]. In order to remove these toxic compounds, the
gels are thoroughly washed with PBS. Additionally, if cells are capable of degrad-
ing the synthetic matrix, the resulting degradation products should also be tested
for toxicity [62]. In contrast, natural hydrogels have intrinsic biocompatibility and
can provide cues for cell-matrix interactions without further functionalisation.

1.5 Protein hydrogels

Elastic substrates have proved vital in demonstrating the importance of material
properties on cell behaviour as described in Section 1.2. However, cells in vivo do
not reside on top of a synthetic surface, but on or inside an ECM which consists
of an intricate meshwork of many different fibres instead. Also, ECM macro-
molecules not just provide an inert structural support, but they are bioactive and
play an important role in mechanotransduction [63]. Therefore the use of ECM
proteins as cell substrates is much more appropriate. This section will describe
the main mechanical properties of protein hydrogels that are relevant for cell be-
haviour and provide some more information on two commonly used materials as
well as on attempts to better mimic natural materials synthetically.

1.5.1 Mechanical properties

The fibrous structure of protein gels provides them with very distinct mechanical
properties compared to synthetic materials. First, contractile forces exerted by
cells [64] lead to the alignment of fibres within the vicinity of cells [32, 65, 66].
In turn, aligned fibres affect cell behaviour including spreading, migration and
differentiation [67–69].

Secondly, many biological gels display nonlinear mechanical properties such
as strain stiffening [70] and negative normal stress [71]. Strain stiffening causes
the elastic modulus to increase by orders of magnitude as the applied strain in-
creases [70]. Cells can actively stiffen protein networks by generating contractile
stress [66] and spread on very soft strain-stiffening substrates as if they are grow-
ing on a stiff, linearly elastic substrate [31].

Several studies have shown that cellular mechanosensing occurs over much
longer distances on protein gels than on PAAm gels [72, 73]. It was hypothe-
sised that the strain-stiffening properties could account for this force transmission
over relatively long distances. However, computational studies have shown that
it is not strain-stiffening, but the fibrous structure that enables long-range stress
transmission in protein gels [74, 75].
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1.5.3 Collagen

Collagen is the most abundant fibrous protein in mammals and the major compo-
nent of the ECM [85]. Collagen consists of three left-handed polypeptide helices
wound together into a right-handed triple helix and at the ends of each helix pep-
tide bonds crosslink adjacent helices (Figure 1.5b). The resulting long fibrils can
form bundles of much larger diameters [86], the thickness of which determines
the tensile strength of the connective tissue. The orientation of collagen fibrils in
the ECM is controlled locally by the cells that produce them, and influences cell
migration and polarisation [87, 88]. Cell adhesion to collagen is conformation
dependent and it relies on the triple helical structure of collagen [89].

1.5.4 Synthetic mimics

Except for their intrinsic biocompatibility, biodegradability and presence of ad-
hesion sites, synthetic materials are being developed that mimic the properties of
protein hydrogels. Two different materials that feature a fibrous structure will be
briefly discussed here.

The first example is a material system that incorporates a fibrillar structure
while providing synthetic control over mechanical and adhesive features. Fi-
bre networks were fabricated by electrospinning methacrylated dextran (DexMA)
across microwells, to exclude a mechanical influence from the underlying sur-
face. Figure 1.5c clarifies this setup. Numerous parameters of the individual fibres
could be tuned in this system: the diameter, density, anisotropy and stiffness. Sub-
sequently, adhesive peptides could be coupled. This approach is a sophisticated
attempt to study the effect of fibre properties that are usually only present in natu-
ral materials while maintaining control over the structure and functionalities of the
material. In contrast to flat, homogeneous hydrogel surfaces, this approach yields
cell-matrix interactions similar with collagen matrices. Cells display stellate mor-
phologies, align fibres and cause bulk contraction of the material. Interestingly,
increasing fibre stiffness suppressed cell spreading and proliferation, in contrast
to an increase in bulk stiffness. At lower fibre stiffness, cells were able to recruit
nearby fibres, thus increasing ligand density at the cell surface, probably causing
their spreading [33].

The second example is a synthetic material that possesses strain-stiffening
properties similar to natural materials (Figure 1.5d). Dilute aqueous solutions of
oligo(ethylene glycol) functionalised poly(isocyanopeptide) (PIC) feature a lower
critical solution temperature (LCST). Above their transition temperature, solu-
tions turn into strong hydrogels of a highly organised fibrillary network [90].
These PIC-based gels show a strain-stiffening behaviour that is quantitatively
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resembling protein hydrogels [91]. The exact stiffening behaviour of PIC gels
can be tuned by parameters including concentration, temperature and polymer
length [92]. Also, PICs can be functionalised with functional peptide moieties
that make their hydrogel suitable as substrate for cell adhesion and studies on the
effect of strain-stiffening properties on cell behaviour [93].

1.6 Aim of this research and thesis outline

Cell culturing, whether for tissue engineering or cell-biology studies, always in-
volves placing cells in a non-natural environment. No material currently exists
that can mimic the entire complexity of natural tissues and variety of cell-matrix
interactions that are found in vivo. It is very important to fully understand all in-
teractions between a cell and its environment, and, more importantly, how these
interactions affect cell behaviour. The research described in this thesis results in
a better understanding of a specific part of cellular interactions, namely mechan-
otransduction.

The majority of studies on mechanotransduction have been performed on con-
tinuous, linearly elastic materials. The natural ECM, however, consists of a fib-
rillary structure that shows nonlinear mechanical properties. Chapter 2 demon-
strates two different approaches to modify the fibre structure and mechanics of
fibrin gels. The effect of the changes in gel structures and mechanics on cellular
behaviour are investigated. It shows that the properties of the individual fibrin
fibres play an essential role in determining mesenchymal stem cell spreading and
differentiation, in contrast to the bulk mechanics of the gels.

The general approach in the field of mechanotransduction is to find the cru-
cial material properties by investigating the effect of the parameter of interest
on the cellular phenotype when this phenotypical parameter is considered stable.
However, studies that follow this approach tend to ignore the fact that cells are
complex adaptive systems, where the history of the system forms an integral part
of the present behaviour. Therefore these studies will never acquire a complete
understanding of cells. For the subsequent chapters in this thesis, we changed
the focus of cell-culture studies towards one that includes the complex nature of
adaptation of cells to the substrate.

Since cells are highly dynamic systems that constantly adapt to their environ-
ment, their initial contact with the substrate is already playing a role in their future
behaviour. In Chapter 3 the spreading dynamics of mesenchymal stem cells on
synthetic versus protein gels are studied in detail. We demonstrate that cells take
very distinct spreading trajectories on the different substrates. Interestingly, cell
morphology after 24 h is superficially similar. A more accurate description of the
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1.5.3 Collagen
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phologies, align fibres and cause bulk contraction of the material. Interestingly,
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nearby fibres, thus increasing ligand density at the cell surface, probably causing
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properties similar to natural materials (Figure 1.5d). Dilute aqueous solutions of
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critical solution temperature (LCST). Above their transition temperature, solu-
tions turn into strong hydrogels of a highly organised fibrillary network [90].
These PIC-based gels show a strain-stiffening behaviour that is quantitatively
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trajectory by which cells adapt to the different substrates upon seeding is given by
gene expression over time. Chapter 4 describes the results of an RNA-sequencing
experiment at multiple time points in relation to more traditional studies on cell
behaviour. This approach yielded both invariant and divergent characteristics of
cells while they spread on different substrates and as such provides an insight into
the cellular processes that integrate the mechanical cues over time.

In the last research chapter of this thesis, the study on dynamics of cell be-
haviour is extended to human epidermal stem cells. Chapter 5 describes the
spreading trajectory of keratinocytes on a continuous synthetic substrate versus
a fibrous collagen gel. Preliminary findings on the behaviour of these cells are
summarised here.

In Chapter 6 we bring a summary of the foregoing chapters into a broader
perspective and provide an outlook for exciting future work.
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This chapter describes two different approaches to modify the structure and 
mechanics of fibrin gels. The addition of extra thrombin increased the density of 
the fibrin fibres but had little effect on the macroscopic mechanics of the gels. 
The formation of a fibrin gel in the presence of a PIC network resulted in less dense 
fibrin fibres and a modified macroscopic strain-stiffening response. Cell studies on 
these gels show that bulk mechanics alone cannot explain differences in cell area, 
but the mechanical properties of individual fibres likely play an essential role.

This chapter has been published as:
S. M. C. Bruekers†, M. Jaspers†, J. M. A. Hendriks, N. A. Kurniawan,  
G. H. Koenderink, P. H. J. Kouwer, A. E. Rowan and W. T. S. Huck,
Cell Adhesion & Migration. 2016, 10, 495 – 504.

† These authors contributed equally to this work

Chapter 2

Fibrin-fibre architecture
influences cell spreading and
differentiation



24

Fibrin-fibre architecture influences cell spreading and differentiation

2.1 Introduction

The adhesion of cells to the extracellular matrix (ECM) has a profound impact on
celullar behaviour, influencing cell spreading, migration and differentiation [1, 2].
Precisely how cells sense their environment is still unclear but it is now well-
established that the mechanical properties of the ECM play an important role [3–
5]. Studies on 2-dimensional (2D) model substrates, typically polyacrylamide hy-
drogels, have shown that cells spread more on stiff substrates and tend to differen-
tiate into lineages reflecting the stiffness of the substrate [3]. Hydrogels composed
of flexible synthetic polymers, however, do not adequately represent the physical
nature of the ECM. The extracellular biopolymer networks in the human body,
e.g., collagen and fibrin, are usually fibrillar and are composed of crosslinked
semiflexible fibres. These fibres are formed through bundling of individual fila-
ments, leading to a complex hierarchical structure [6]. This structural design gives
these networks unique mechanical properties known as strain stiffening, i.e., their
stiffness increases under deformation [7]. The mechanics of these biomaterials
are thought to play a fundamental role in their biological function through a pro-
cess of mechanotransduction [8–11]. In contrast to natural ECM gels, commonly
used synthetic hydrogels do not possess such strain-stiffening properties and their
stiffness remains constant up to very large strains [7]. In recent studies it has been
shown that not only bulk mechanical properties, but also the specific interaction
of cells with individual fibres is crucial in tailoring the cellular response [12].

In our study, we are interested in tailoring the structural properties of the fi-
bres of a biopolymer network and studying how this influences cell behaviour.
As a model system, we chose fibrin, a plasma protein that has a natural function
as a cell scaffold during wound healing and is popular for clinical and bioengi-
neering applications [13]. Here, we show two different approaches for changing
both the individual fibre architecture and the bulk gel mechanics of fibrin hydro-
gels. In the first approach we added extra thrombin to the fibrinogen solution,
which results in an increase of the fibrin polymerisation rate and changes the
architecture of the resulting fibrin fibres. In the second approach we combined
fibrin with a second polymer network based on synthetic polyisocyanopeptides
(PICs) [14]. This synthetic polymer based hydrogel has been shown to exhibit
strain-stiffening behaviour in the same stress range as many biopolymer gels, in-
cluding fibrin [7, 13, 15]. This similarity of the mechanical properties prompted
us to combine the PICs with fibrin in order to tailor the mechanical properties
of the fibrin network within these hybrid hydrogels. We confine our studies on
fibrin/PIC hydrogels to planar substrates, as cell spreading and differentiation as
a function of the mechanical properties of the substrate have been extensively
studied in 2D environments.
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2.2 Results

In the present study, three series of fibrin gels were prepared with a fibrin con-
centration ranging from 1 mg mL−1 to 5 mg mL−1. In the first series, fibrin
gels were formed by mixing fibrinogen solutions in PBS with an equal volume of
cell culture medium (DMEM + 10 % fetal-bovine serum (FBS)). The thrombin
present in the FBS converts fibrinogen into fibrin monomers and initiates their as-
sociation into a network of fibrils. The second series of fibrin gels were prepared
similarly to the first series, but an additional 0.5 U mL−1 thrombin was added to
increase the rate of gelation. For the third series, fibrin/PIC composite gels were
obtained by mixing fibrinogen solutions with 2 mg mL−1 solutions of PIC in cell
culture medium in the liquid state on ice. Heating this mixture to 37 °C leads
to the formation of a PIC network due to the lower critical solution temperature
(LCST) nature of this polymer and activation of thrombin. In this way, a fibrin
network is formed within the pre-formed PIC network. Confocal microscopy on
fluorescently labelled fibrin showed that the fibrin network structure is signifi-
cantly altered by the presence of PIC, resulting in a more heterogeneous network
of thicker fibrin bundles. In contrast the fibrin and fibrin + thrombin gels are not
significantly different (Figure 2.1a).

The structural differences in the fibrin networks were further analysed by tur-
bidimetry [16, 17]. This technique provides quantitative information on the diam-
eter and molecular packing density of individual fibres by measuring the scattered
light intensity as a function of wavelength [18]. For a suspension of randomly
oriented, long and thin cylindrical fibres, the turbidity is a function of the fibre ra-
dius r, the mass:length ratio of the fibres µ and the fibrin concentration c (details
in experimental section). The fibre diameter is known to be dependent on the fib-
rin concentration [19], but several trends among the three series can be observed
(Figure 2.1b). The fibre bundles in normal fibrin gels of 1 mg mL−1 to 5 mg mL−1

have an average diameter that systematically decreases with fibrin concentration
from 240 nm to 210 nm, consistent with prior work [20]. The PIC bundles are
not observed in confocal or turbidity measurements due to the very small bundle
diameter of several nanometers. The presence of PIC resulted in an increase in
the bundle diameter: the average diameter ranges from 270 nm to 230 nm and
is larger than for pure fibrin gels at each fibrin concentration examined. The ad-
dition of extra thrombin to the fibrinogen solution had little effect on samples
of low concentration (1 mg mL−1 and 2 mg mL−1), but led to thinner bundles
than in pure fibrin gels at high fibrin concentration (3 mg mL−1 to 5 mg mL−1).
Under these conditions, the diameter systematically decreased from 250 nm to
180 nm with increasing fibrin concentration. Based on the measured mass:length
ratio of the fibre, the number of protofibrils per fibre N can be extracted from

25

Fibrin-fibre architecture influences cell spreading and differentiation

2.1 Introduction

The adhesion of cells to the extracellular matrix (ECM) has a profound impact on
celullar behaviour, influencing cell spreading, migration and differentiation [1, 2].
Precisely how cells sense their environment is still unclear but it is now well-
established that the mechanical properties of the ECM play an important role [3–
5]. Studies on 2-dimensional (2D) model substrates, typically polyacrylamide hy-
drogels, have shown that cells spread more on stiff substrates and tend to differen-
tiate into lineages reflecting the stiffness of the substrate [3]. Hydrogels composed
of flexible synthetic polymers, however, do not adequately represent the physical
nature of the ECM. The extracellular biopolymer networks in the human body,
e.g., collagen and fibrin, are usually fibrillar and are composed of crosslinked
semiflexible fibres. These fibres are formed through bundling of individual fila-
ments, leading to a complex hierarchical structure [6]. This structural design gives
these networks unique mechanical properties known as strain stiffening, i.e., their
stiffness increases under deformation [7]. The mechanics of these biomaterials
are thought to play a fundamental role in their biological function through a pro-
cess of mechanotransduction [8–11]. In contrast to natural ECM gels, commonly
used synthetic hydrogels do not possess such strain-stiffening properties and their
stiffness remains constant up to very large strains [7]. In recent studies it has been
shown that not only bulk mechanical properties, but also the specific interaction
of cells with individual fibres is crucial in tailoring the cellular response [12].

In our study, we are interested in tailoring the structural properties of the fi-
bres of a biopolymer network and studying how this influences cell behaviour.
As a model system, we chose fibrin, a plasma protein that has a natural function
as a cell scaffold during wound healing and is popular for clinical and bioengi-
neering applications [13]. Here, we show two different approaches for changing
both the individual fibre architecture and the bulk gel mechanics of fibrin hydro-
gels. In the first approach we added extra thrombin to the fibrinogen solution,
which results in an increase of the fibrin polymerisation rate and changes the
architecture of the resulting fibrin fibres. In the second approach we combined
fibrin with a second polymer network based on synthetic polyisocyanopeptides
(PICs) [14]. This synthetic polymer based hydrogel has been shown to exhibit
strain-stiffening behaviour in the same stress range as many biopolymer gels, in-
cluding fibrin [7, 13, 15]. This similarity of the mechanical properties prompted
us to combine the PICs with fibrin in order to tailor the mechanical properties
of the fibrin network within these hybrid hydrogels. We confine our studies on
fibrin/PIC hydrogels to planar substrates, as cell spreading and differentiation as
a function of the mechanical properties of the substrate have been extensively
studied in 2D environments.

24

2



26

Fibrin-fibre architecture influences cell spreading and differentiation

1 2 3 4 5
0

50

100

150

1 2 3 4 5
50

100

150

200

1 2 3 4 5
150

200

250

300 Fibrin
Fibrin + PIC
Fibrin + thrombin

a Fibrin Fibrin + Thrombin

b

Fi
be

r d
ia

m
et

er
 d

 [n
m

]

Fibrin concentration c [mg mL-1] Fibrin concentration c [mg mL-1] Fibrin concentration c [mg mL-1]

Pr
ot

of
ib

ril
s/

fib
er

 N

Fi
be

r d
en

si
ty

 [m
g 

m
L-1

]

c d

20 µm

e

Fibrin + PIC

Figure 2.1: Tuning of the architecture of the fibrin network by addition of extra
thrombin or PIC during gel preparation. (a) Confocal images show that the presence
of PIC results in slightly thicker bundles. (b) Turbidity experiments quantified the
fibre diameter. (c) The number of protofibrils per fibre was obtained from turbidity
measurements, showing that the addition of thrombin results in the highest number
of protofibrils per fibre and the addition of PIC in the lowest. (d) The protein mass
density within the fibres was calculated from the fibre diameter and protofibrils/fibre
showing that PIC decreases the fibre density and the addition of extra thrombin re-
sults in the densest fibres. Mean ± s.d. (e) Schematic representations of fibre cross-
section showing a model how the differences in fibre density may arise.
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these measurements (Figure 2.1c). For pure fibrin networks, N increased with
fibrin concentration, from 90 protofibrils per fibre at 1 mg mL−1 fibrin to to 110
at 5 mg mL−1 fibrin. The addition of extra thrombin had little effect on samples
of low concentration, but resulted in a higher N for the high concentration gels.
The maximum number of protofibrils per fibre was now 150 at a fibrin concentra-
tion of 5 mg mL−1. At the lower fibrin concentrations, thrombin can be assumed
not to be the limiting factor in the gelation process and thus the addition of extra
thrombin has no effect on the resulting gel structure. Surprisingly, the presence
of PIC caused a reduction of N over the entire fibrin concentration range, with
N now ranging from 70 to 100. Apparently, the molecular packing density of the
fibres is reduced in the presence of PIC.

From the combined information on fibre diameter and the number of protofib-
rils per fibre, we can calculate the protein mass density within the fibres under
the assumption that the fibres have a cylindrical shape (Figure 2.1d) [17]. Since
the fibrin fibre diameter is largest in the fibrin/PIC composite networks while the
number of protofibrils per fibre is the smallest, these fibres have a much smaller
protein density (30 mg mL−1 to 60 mg mL−1) than in the case of pure fibrin and
fibrin/thrombin networks. For the pure fibrin networks, the density increases from
40 mg mL−1 to 80 mg mL−1 with increasing fibrin concentration, while for the
fibrin/thrombin networks the density increases more strongly, from 40 mg mL−1

to 140 mg mL−1.

These results suggest that the presence of the PIC network, which is formed
prior to fibrin gelation (data not shown), leads to fibrin bundles which have in-
tercalating PIC fibres, thus changing the architecture and hence mechanical prop-
erties of the fibrin network. A model that can potentially account for these find-
ings is the recent fibre packing structure proposed by Yang [21] and adapted by
Yeromonahos [22], which is depicted in Figure 2.1e. According to this model, the
protofibrils are packed in a crystalline lattice, but gaps where protofibrils are miss-
ing introduce disorder. Experimental support for this model comes from small an-
gle X-ray scattering measurements, which revealed a fractal-like disordered scat-
tering pattern combined with broad peaks indicating partial order [22]. Given the
marked difference in packing density of the fibres formed under different assem-
bly conditions, we expect that the fibres formed in the presence of PIC are more
loosely packed and hence more flexible than in pure fibrin gels [20].

To test whether the differences in network structure affect the mechanics of
the fibrin and fibrin/PIC composite hydrogels on the macroscopic scale, we per-
formed shear rheology measurements (Figure 2.2). Since fibrin and PIC gels indi-
vidually are both strongly strain-stiffening materials, the stiffness was measured
as a function of the applied stress using a pre-stress protocol [23]. The stiffness
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measurements, showing that the addition of thrombin results in the highest number
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Figure 2.2: The differential modulus K ′ as a function of stress for (a) fibrin gels,
(b) fibrin gels with extra thrombin added and (c) fibrin/PIC composite gels. (d) The
plateau modulus G0 and (e) critical stress σc of these gels as a function of fibrin
concentration.

of these materials is described by the differential modulus K ′ = δσ/δγ, where
σ and γ are the stress and strain respectively. For PIC hydrogels, K ′ shows two
distinct regimes: a linear regime where the stiffness is constant and K ′ equals
the plateau modulus G0 and a nonlinear regime where the stiffness increases with
applied stress as K ′ ∝ σ3/2 (open circles in Figure 2.2c) [15]. This 3/2 exponent
is associated to the entropic elasticity of semiflexible polymers [24, 25]. The me-
chanical response of the fibrin gels is more complex: with increasing shear stress,
there is a linear regime, which is followed by a strain-stiffening regime, then
a second strain-independent regime, and finally another strain-stiffening regime
(Figure 2.2a). This complex behaviour was recently shown to originate from
the hierarchical architecture of the fibres [19]. The first stiffening regime is en-
tropic in origin and results from pulling out thermal slack from fibre segments be-
tween crosslinks, while the second stiffening regime is the result of force-induced
changes in the molecular packing structure of the fibres. The first stiffening regime
shows a stress-dependence of about K ′ ∝ σ0.8 whilst the second stiffening regime
is expected to eventually reach K ′ ∝ σ3/2 at very high stress [19] (Figure 2.2a).
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The addition of extra thrombin has little effect on the mechanical response of
the fibrin gels (Figure 2.2b), and the same K ′ ∝ σ0.8 relationship as observed for
normal fibrin gels was found. The addition of thrombin also has little effect on G0

(Figure 2.2d) and on the critical stress σc, where the fibrin gel starts to stiffen (Fig-
ure 2.2e). The almost identical macroscopic mechanics are somewhat surprising
since the addition of thrombin does change the architecture of the fibrin fibres on
the microscopic scale (Figure 2.1). Theoretical models for semi-flexible networks
predict that stiffer and more densely packed fibres should lead to stiffer gels with
a higher G0 [25, 26]. From calculations based on a semi flexible network model
we found that the increase in N upon adding extra thrombin cannot be compen-
sated by an increase in the pore size of the network. Therefore, the fact that no
increase in G0 was observed can only be explained by a transition from a tight to
a more loose fibre regime [20]. The addition of thrombin increases the density of
the fibrin fibres, but apparently decreases the coherence between the protofibrils
within the fibre, in analogy to what happens in growing actin bundles [27].

Interestingly, the fibrin/PIC composite gels show a stiffening response that
lies in between the response of the separate fibrin and PIC networks (Figure 2.2c).
When the two components are mixed in a 1:1 mass ratio, the stiffening response
is similar to that of the single PIC network with K ′ ∝ σ3/2. However when the
fibrin to PIC ratio is increased to 5:1, the nonlinear stress response is more similar
to that of a pure fibrin network, with K ′ ∝ σ0.8. This indicates that an applied
stress causes deformation of both the fibrin network and the PIC network, which
both contribute to the strain-stiffening response of the composite material. The
presence of PIC also contributes to G0 of the composite gels and significantly
increases σc. The PIC gels have a critical stress of about 3 Pa, which is higher
than for fibrin gels due to the much smaller persistence length of the PIC fibres
compared to fibrin fibres. This causes the composite gels to be less sensitive to
small stresses than pure fibrin gels.

The three different fibrin gels enable us to vary both the bulk mechanics and
the fibre architecture of the resulting fibrin networks. Since substrate properties
are believed to dictate cell behaviour [28], human mesenchymal stem cell (hMSC)
spreading and differentiation on the different gels were studied in two dimensional
environments. For cell morphology studies, hMSCs were seeded onto the gels at
low cell densities to study cell-matrix interactions and prevent cell-cell signalling.
After 24 h incubation, the cells were fixed, actin and nuclear stainings were per-
formed, and the average cell areas were quantified from confocal microscopy im-
ages (Figure 2.3). Cells on fibrin gels were observed to have an average area of
circa 4 × 103 µm2, whilst cells on substrates with extra thrombin added were
observed to spread approximately 50 % more, resulting in average cell areas of
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Figure 2.2: The differential modulus K ′ as a function of stress for (a) fibrin gels,
(b) fibrin gels with extra thrombin added and (c) fibrin/PIC composite gels. (d) The
plateau modulus G0 and (e) critical stress σc of these gels as a function of fibrin
concentration.

of these materials is described by the differential modulus K ′ = δσ/δγ, where
σ and γ are the stress and strain respectively. For PIC hydrogels, K ′ shows two
distinct regimes: a linear regime where the stiffness is constant and K ′ equals
the plateau modulus G0 and a nonlinear regime where the stiffness increases with
applied stress as K ′ ∝ σ3/2 (open circles in Figure 2.2c) [15]. This 3/2 exponent
is associated to the entropic elasticity of semiflexible polymers [24, 25]. The me-
chanical response of the fibrin gels is more complex: with increasing shear stress,
there is a linear regime, which is followed by a strain-stiffening regime, then
a second strain-independent regime, and finally another strain-stiffening regime
(Figure 2.2a). This complex behaviour was recently shown to originate from
the hierarchical architecture of the fibres [19]. The first stiffening regime is en-
tropic in origin and results from pulling out thermal slack from fibre segments be-
tween crosslinks, while the second stiffening regime is the result of force-induced
changes in the molecular packing structure of the fibres. The first stiffening regime
shows a stress-dependence of about K ′ ∝ σ0.8 whilst the second stiffening regime
is expected to eventually reach K ′ ∝ σ3/2 at very high stress [19] (Figure 2.2a).
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Figure 2.3: hMSC spreading is affected by the structure and mechanical properties
of the fibrin network. Fibrin gels that were formed with extra thrombin stimulate the
cells to spread more in comparison to pure fibrin. In contrast, the addition of PIC
to fibrin substrates reduces hMSC spreading. (a) Confocal images of hMSCs after
24 h culture on 2 mg mL−1 fibrin gels showing F-actin (phalloidin staining; red)
and nucleus (DAPI staining; cyan). (b) Quantification of cell spreading 24 h after
seeding on the fibrin, fibrin + thrombin and fibrin/PIC gels. Mean ± s.d. ∗ p < 0.05.

about 6× 103 µm2. In contrast, the spread area of cells on the fibrin/PIC compos-
ite gels was significantly reduced. More cells remained round whilst the spread
cells had a smaller area, resulting in an average cell area of about half of cells
on fibrin (circa 2 × 103 µm2). One possible explanation is that cell spreading on
fibrin/PIC networks may be restricted because of a limited number of accessible
adhesion sites. However, since the hMSCs do spread on the lowest fibrin con-
centration (1 mg mL−1), it is unlikely that the number of available adhesion sites
is limiting the spreading in all fibrin/PIC samples (with fibrin concentrations up
to 5 mg mL−1). It was observed that the hMSC surface area was only weakly
dependent on the fibrin concentration. The differences in cell area between the
different fibrin networks are much more pronounced.

The differentiation of hMSCs into osteoblasts and adipocytes was also stud-
ied on the different gels (Figure 2.4). hMSCs were seeded on the 2 mg mL−1 and
4 mg mL−1 fibrin samples of the three types of gels. After culturing in mixed
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adipogenic/osteogenic medium for 10 days, approximately 15 % of the cells had
developed into mature adipocytes, as indicated by the Oil Red O staining, inde-
pendently of the gel type. Differentiation into osteoblasts after culturing for 7 days
was similar for both pure fibrin gels and fibrin + extra thrombin gels with circa
25 % of the cells staining positive for alkaline phosphatase. In contrast, the pres-
ence of PIC in the fibrin gels reduced the differentiation into osteoblasts to only
10 % of the cells.

2.3 Discussion

As discussed in the introduction, both bulk and local substrate properties can di-
rect cell behaviour [1–5]. It is therefore interesting to disentangle at what scale
matrix mechanics is dominating cell spreading and differentiation in our system.
As described above, turbidimetry revealed that the fibre architecture is affected
by the presence of PIC and by the addition of extra thrombin to fibrin gels. Bulk
rheology measurements showed that the presence of PIC affected the mechanics,
whilst the addition of extra thrombin had little effect on both the G0 and the σc of
the gels.

In the experiments described above, differentiation was only affected by the
presence of PIC in the fibrin gels. As the plateau modulus of the composite gels is
higher than that of the other gels, one may have expected that more cells differen-
tiate into osteoblasts [29]. This was however not observed, indicating that (bulk)
mechanical properties are not the only responsible factor. On the other hand, we
observed that the hMSCs spread less on fibrin/PIC substrates. Since cell morphol-
ogy has also been linked to differentiation [30], it is possible that the limited cell
spreading on the 2D fibrin/PIC substrates is preventing the hMSCs to differenti-
ate into osteoblasts. Because the addition of thrombin does affect cell spreading,
the bulk rheology alone cannot explain the differences in cell area. The observed
trend in the turbidity measurements corresponds to the cell spreading results. On
the networks with the largest fibre diameter, the lowest fibre density, and thus
the softest bundles (the fibrin/PIC composite) the cells have the smallest average
area. The opposite is also true; on the networks with the smallest fibre diame-
ter, the highest fibre density and thus the stiffest bundles (in the fibrin gels with
extra thrombin) the average cell area is largest. This strongly suggests that cell
spreading is influenced by individual fibre architecture and mechanics, rather than
by the materials bulk mechanics. It should be noted that the cells were cultured
in a 2D environment, in which cell behaviour is not necessarily identical to a 3D
environment [31].
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about 6× 103 µm2. In contrast, the spread area of cells on the fibrin/PIC compos-
ite gels was significantly reduced. More cells remained round whilst the spread
cells had a smaller area, resulting in an average cell area of about half of cells
on fibrin (circa 2 × 103 µm2). One possible explanation is that cell spreading on
fibrin/PIC networks may be restricted because of a limited number of accessible
adhesion sites. However, since the hMSCs do spread on the lowest fibrin con-
centration (1 mg mL−1), it is unlikely that the number of available adhesion sites
is limiting the spreading in all fibrin/PIC samples (with fibrin concentrations up
to 5 mg mL−1). It was observed that the hMSC surface area was only weakly
dependent on the fibrin concentration. The differences in cell area between the
different fibrin networks are much more pronounced.

The differentiation of hMSCs into osteoblasts and adipocytes was also stud-
ied on the different gels (Figure 2.4). hMSCs were seeded on the 2 mg mL−1 and
4 mg mL−1 fibrin samples of the three types of gels. After culturing in mixed
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Figure 2.4: The influence of the fibrin structure on differentiation of hMSCs. (a)
Oil Red O and (b) alkaline phosphatase staining on the fibrin, fibrin + thrombin and
fibrin/PIC gels. (c) Quantification of differentiation after 7 d (Alk Phos) and 10 d
(Oil Red O) in culture.
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2.4 Conclusion

In conclusion, two different approaches to modify the structure and mechanics of
fibrin gels have been demonstrated. The addition of extra thrombin during gela-
tion increased the density of fibrin fibres but had little effect on the macroscopic
mechanics of the fibrin gels. On the other hand, the formation of the fibrin net-
work in the presence of a PIC network resulted in less dense fibrin fibres and a
modified macroscopic strain-stiffening response, due to the composite nature of
the gel. The overall concentration of fibrin in the gels resulted in a general trend
in fibre density and gel stiffness: fibres in standard fibrin gels decreased slightly
in diameter and the gels showed increasing stiffness with increasing concentra-
tion. The addition of extra thrombin resulted in fibres with strongly increased
densities with increasing fibrin concentrations but bulk mechanical properties that
matched those of standard fibrin gels. For the fibrin/PIC composite networks little
variation in fibre diameters and densities with increasing fibrin concentration was
observed, whilst the mechanical properties of the composite gel changed from
predominantly PIC-like to predominantly fibrin-like.

These series of materials give insight into the effect of the gel morphology and
mechanics on hMSC spreading and differentiation. It was found that the average
cell area was largest on the bundles with the highest fibre density (fibrin + extra
thrombin) and smallest for cells cultured on fibres with the lowest fibre density
and thus, presumably, the softest bundles (the fibrin/PIC composite). Since the
addition of extra thrombin did not alter the macroscopic strain stiffening response
of the gels, the bulk mechanics alone cannot account for the observations. To-
gether with the observation that there was very little variation in cell behaviour
within a series of gels of increasing fibrin concentration, we conclude that the me-
chanical properties of individual fibres within these gels likely play an essential
role. Future cell studies should therefore take into account both the macroscopic
mechanics of the substrate and the role of microscopic properties of the individual
fibres.
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2.6 Experimental section

Gel preparation: Fibrin-only gels were prepared by mixing fibrinogen (from
bovine plasma; Sigma Aldrich) solutions in PBS with equal volumes of DMEM-
Hepes (Gibco) + 10 % FBS (Gibco) + pen/strep to obtain solutions of 1, 2, 3, 4
and 5 mg mL−1. Gels were obtained after 1 h incubation at 37 °C. In the series
with extra thrombin, thrombin (bovine, Sigma Aldrich) was added directly before
incubation at 37 °C at a final concentration of 0.5 U mL−1. For the fibrin/PIC
composite networks, 2 mg mL−1 PIC (kindly donated by Maarten Jaspers, syn-
thesised as reported previously [15, 32]) was dissolved in DMEM-Hepes + 10 %
FBS + pen/strep by stirring at 4 °C for at least 24 h before mixing with the fib-
rinogen solution.

Turbidimetry: The protocol was adapted from previous work [18]. For a sus-
pension of cylindrical fibres with diameter d, for the turbidity t holds: tλ5 =
Aµ(λ2 −Br2), with t = D ln(10), A = (88/15)cπ3ns(dn/dc)

2(1/NA) and
B = (184/231)π2n2

s . Here, D is the optical density, ns is the refractive index of
the solvent, dn/dc is the specific refractive index increment (dn/dc = 0.17594
cm3 g−1 for fibrin [22]), NA is Avogadros number, µ is the mass:length ratio of
the fibre, r is the fibre radius and c is the fibrin concentration. From plotting tλ5

versus λ2 and fitting a linear function, the average fibre diameter d = 2r can be
obtained. The number of protofibrils per fibre N is calculated from µ through
N = µ/µ0, where µ0 = 1.44 × 1011 Da cm−1 is the mass:length ratio of the
protofibril [33]. The fibre density is calculated as µ(πr2)−1 with the assumption
that the fibres have a cylindrical shape [17]. For these turbidity measurements,
pre-gel solutions were transferred into cuvettes (1 cm path length) and incubated
at 37 °C for a minumum of 1.5 h. For turbidimetry analysis, the samples were
placed in a Lambda 35 spectrophotometer (Perkin Elmer), with the temperature
set at 37 °C. Turbidity data in the wavelength range of 500 nm to 800 nm was
analysed using custom-written MATLAB scripts [18]. For the fibrin/PIC sam-
ples, the measurement for a 1 mg mL−1 PIC hydrogel (which has a much lower
optical density than the fibrin gels) was subtracted as background so the PIC does
not contribute to the scattering data.

Rheology: Measurements were performed on a stress-controlled rheometer (Dis-
covery HR-1, TA instruments) in an aluminium parallel-plate geometry with a
40 mm diameter and a 500 µm gap. Because of the variable temperature pro-
gram and the large negative normal stresses in semi-flexible polymer networks,
we used the plate-plate geometry by default. Test measurements with isother-
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mal cone-plate and large volume Couette geometries give identical mechanical
results, both in the linear and the nonlinear regime. The samples were loaded into
the rheometer in the liquid state at 5 °C and subsequently heated to 37 °C. To fol-
low the formation of the fibrin network, the complex modulus G∗ was measured
by applying an oscillatory deformation with an amplitude of γ = 0.01 and a fre-
quency of ω = 1.0 Hz for 1 h, after which the storage modulus G′ was constant.
Drying of the sample was prevented by maintaining a humid atmosphere. The
nonlinear stiffening regime was studied at T = 37 °C using a pre-stress protocol
where the material was subjected to a constant pre-stress value σ0 set in the range
of 0.1 Pa to 800 Pa with a small oscillatory stress superposed at a frequency rang-
ing from ω = 10 Hz to ω = 0.1 Hz. The differential modulus K ′ was independent
of frequency. The oscillatory stress was at least 10 times smaller than the applied
pre-stress.

Cell culture and staining: Bone marrow-derived human mesenchymal stem
cells (Lonza) were cultured to passage 6 and seeded onto the gels at circa 1.3×103

cells cm−2 for morphological studies, 2.5× 103 cells cm−2 for osteogenic differ-
entiation and 2.5× 104 cells cm−2 for adipogenic differentiation in a 1:1 mixture
of osteogenic and adipogenic induction medium (DMEM + 10 % FBS + pen/strep,
containing 5 × 10−7 M dexamethasone, 5 mM β-glycerolphosphate, 0.1 mM
ascorbic acid-2-phosphate, 250 µM 3-isobutyl-1-methylxanthine, 5 µg mL−1 in-
sulin (from bovine pancreas) and 5 × 10−8 M rosiglitazone maleate). After 24 h
in culture, cells were fixed and stained with DAPI to detect nuclei and TRITC-
phalloidin (Millipore) to stain actin filaments for morphology studies. Signifi-
cance of differences in cell area were tested using by one-way analysis of variance
(ANOVA) with Bonferroni post hoc correction. Staining for alkaline phosphatase
(as osteogenic marker) and oil red O (as adipogenic marker) was performed after
7 d and 10 d respectively. The fibrin network was labelled with FITC (Sigma
Aldrich).

Microscopy: Confocal laser scanning microscopy was performed on a TCS SP2
AOBS from Leica-microsystems using excitation lines 405 nm, 488 nm and 561
nm. All images shown are single optical sections. Contrast and brightness of
images were enhanced in order to ease visualisation of gel structure and cell mor-
phology. Cell differentiation was analysed by brightfield microscopy on a Zeiss
Axiovert 135 TV which was equipped with a Coolsnap 5M color camera. Images
of Oil red O staining underwent a non-linear adjustment to normalise the back-
ground color between the different gel types. No processing was applied to the
images showing alkaline phosphatase staining.
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3.1 Introduction

The mechanical properties of the extracellular matrix (ECM) have emerged as
an important microenvironmental cue regulating cell spreading and cell fate deci-
sions. Studies on polyacrylamide (PAAm) hydrogels coated with collagen or other
ECM proteins have demonstrated a strong correlation between hydrogel stiffness
and cell adhesion, spreading, migration, proliferation and differentiation [1–3].
However, studies on many other substrates (including collagen hydrogels, syn-
thetic fibres, or PDMS) indicate that cells might respond to a wider variety of
mechanical characteristics, including fibre density and thickness, capacity to re-
model the matrix, tethering of surface coatings, or surface topography [4–7].

Despite the uncertainty about the relative importance of various parameters,
there is a growing consensus that cells somehow integrate the complex interplay
of insoluble cues from the substrate. It is unclear how this process of integration
unfolds, as studies aimed at elucidating mechanotransduction mechanisms tend
to characterise cellular phenotypes under equilibrium conditions. In other words,
cell state is usually determined when the phenotypical parameter under investi-
gation can be considered stable, for example spreading after 24 h or longer, or
differentiation of cells after several days to weeks. This is at odds with the fact
that cells are highly dynamic systems, constantly probing and adapting to their en-
vironment [8, 9]. The observed phenotype is the result of a dynamically changing
pattern of protein expression, and the history of the system forms an integral part
of the cell behaviour. A profound example of this are the experiments carried out
by Yang et al., that provided a strong indication of the presence of a mechanical
memory in stem cells. The activation of Yes-associated protein (YAP) and tran-
scriptional coactivator with PDZ-binding motif (TAZ) in human mesenchymal
stem cells (hMSCs) on soft poly(ethyle glycol) (PEG) gels depended on previ-
ous culture time on stiff tissue-culture polystyrene (TCPS) or stiff PEG gels [10].
Another study shows that mechanical perturbation triggers MSCs to develop a
mechanical memory encoded in structural changes in the nucleus. Increasing
strain levels and number of loading events led to a greater degree of chromatin
condensation that persisted for longer periods of time after the discontinuance of
loading [11].

We reasoned that a better understanding of how cells adapt upon seeding onto
substrates and integrate the various mechanical cues, requires an insight into the
dynamics of the adaptive process. To be sure, the dynamics of spreading of cells
on a variety of substrates has been studied in detail [12–17]. The balance of
forces, the development of focal adhesions, and the build-up of tension in the
cytoskeleton on substrates with different mechanical characteristics have all been
captured in impressive physical models [18–21]. Here we wished to study cell
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spreading dynamics on a range of substrates and to quantify cell morphology and
cell-matrix interactions. This serves as the starting point for a systems level study
on cell behaviour which is described in Chapter 4.

3.2 Results and discussion

The morphological aspects of cell spreading dynamics were studied by quantifi-
cation of cell shape over time on six different substrates. Human mesenchymal
stem cells (hMSCs) were cultured on polyacrylamide (PAAm) gels of interme-
diate (≈ 3 kPa) and high (≈ 23 kPa) stiffness, coated with either collagen fila-
ments or fibrin monomers and compared to hMSCs cultured on collagen Type I
(< 1 kPa) or fibrin (< 1 kPa) gels, respectively (see Section 3.5 for a detailed
description of the formation of substrates). These substrates differ in mechani-
cal properties (stiffness, strain stiffening, porosity) but are as similar as possible
in the biochemical cues they present when PAAm-col is compared with collagen
gels and PAAm-fb with fibrin.

We followed hMSC adhesion and spreading from seeding up to 24 h using
live cell imaging techniques. Low cell densities were used in order to observe
single cells and eliminate cell-cell communication. Figure 3.1 shows represen-
tative cells in different stages of spreading and remarkable differences were ob-
served between the spreading on the coated PAAm hydrogels of different stiffness
compared to the protein hydrogels. The initial spreading of cells on stiff PAAm
gels was highly isotropic and cells adopted a striking disc-like morphology. The
actin cytoskeleton had a radial arrangement as well as multiple transverse fibres
which together appeared as circular actin rings (Figure 3.2a). To our knowledge,
these actin structures were only observed before by Bershadsky and colleagues in
fibroblasts that were forced in an isotropic circular shape until their actin was re-
organised into a chiral pattern [22]. Similar, but less symmetrical actin structures
were found when the formation of stable focal adhesions was prevented [23, 24].
In these latter examples, however, the actin cytoskeleton was not reorganised in
a next stage and further cell spreading did not occur. On our PAAm gels, the
radial and transverse fibre organisation was transient, the adhesive area was not
restricted and eventually small protrusions appear. The cells then adopted more
irregular shapes (Figure 3.1) showing parallel actin stress fibres, as commonly
observed [2, 7, 25, 26]. In contrast, cells on protein gels remained small and we
observed the formation of protrusions after 30 min up to several hours after seed-
ing (Figure 3.1 and Figure 3.2a). An evident increase in cell area occurred only
in a later stage, in which the cells adopted a well spread morphology with actin
fibres present mainly in the protrusions of the cell body. Finally, cells on medium
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Figure 3.1: Cell spreading dynamics is very different for PAAm and protein gels.
hMSC spreading at time points that illustrate the route of spreading on the six gel
types. Representative cells were selected for each time point. Scale bar represents
50 µm.
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Figure 3.2: Details of cell spreading dynamics. (a) Actin structure during the differ-
ent trajectories of spreading showing the radial and transverse fibres after 1 h on the
stiff PAAm gels and the onset of spreading with the formation of protrusions after
5 h on the protein gels. Scale bar represents 50 µm. (b) Quantification of cell area
and (c) perimeter over time, showing the different spreading trajectories on PAAm
and protein gels. Mean ± SEM from three replicates (mean from two for medium
PAAm) with over 50 cells analysed per sample per replicate, ANOVA oneway anal-
ysis followed by Tukey post hoc correction per timepoint is shown in Table 3.1 and
Table 3.2.

PAAm exhibited markedly smaller spreading areas over the course of 24 h.
The evolution of cell morphology on all six substrates is shown in Figure 3.2b

and Figure 3.2c. The increases in both cell area and cell perimeter show distinct
trajectories for cells on each of the different substrates. The steep slope of the
area over time on stiff PAAm corresponds to the rapid increase in cell area that
we observed previously. In contrast, cell area on the protein gels increases much
slower since in the first couple of hours the cells are barely expanding. The first
signs of spreading on protein gels are small protrusions that hardly affect cell area,
but more so increase the perimeter of the cells. The fact that cell perimeter on the
protein gels reaches the levels of stiff PAAm sooner than the cell area is in line
with these distinctions in spreading trajectories. However, as can already be seen
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Table 3.1: Statistical analysis of cell area over time per time point.

Timepoint Stiff PAAm-col v.s. collagen Stiff PAAm-fb v.s. fibrin
10 min NS NS
30 min ∗∗ ∗∗

1 h ∗∗ ∗∗
3 h ∗∗ ∗∗
6 h ∗∗ ∗∗
10 h ∗∗ ∗∗
14 h ∗∗ ∗
24 h NS NS

NS: p > 0.05, ∗: p < 0.05, ∗∗: p < 0.01

Table 3.2: Statistical analysis of cell perimeter over time per time point.

Timepoint Stiff PAAm-col v.s. collagen Stiff PAAm-fb v.s. fibrin
10 min NS NS
30 min ∗∗ ∗

1 h ∗∗ NS
3 h ∗∗ NS
6 h NS NS
10 h NS NS
14 h NS NS
24 h NS NS

NS: p > 0.05, ∗: p < 0.05, ∗∗: p < 0.01

from the convergence of some of the trajectories in Figures 3.2b and Figure 3.2c,
the morphology after 24 h can be remarkably similar, especially if one compares
the cells on fibrin gels with those on fibrin-coated stiff PAAm, but also for cells
on collagen compared to those on collagen-coated stiff PAAm (Figure 3.3).

The combination of distinct spreading trajectories but significant overlap in
morphology at 24 h prompted us to explore the spreading trajectories on stiff
(≈ 23 kPa) PAAm and protein gels in more detail. We observed that cell spread-
ing on protein gels is associated with cellular remodelling of the substrates (shown
by live cell imaging experiments, and by imaging fluorescently labelled hydrogels
(Figure 3.4a)). Fibre recruitment has been described as a mechanism by which
cells probe and respond to mechanics in fibrillar matrices [7, 18], and our findings
are in agreement with previous literature reports [27–30]. We performed bead dis-
placement studies to quantitatively compare substrate deformation on PAAm and
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Figure 3.3: hMSC spreading on stiff PAAm and protein gels shows only minor
differences between the gels after 24 h. (a) Cell outlines of ten representative cells
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ratio quantified from triplicate experiments with a minimum of 60 cells per sample.
Mean ± SEM, ANOVA oneway analysis shows significance levels of p > 0.05.
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Table 3.1: Statistical analysis of cell area over time per time point.

Timepoint Stiff PAAm-col v.s. collagen Stiff PAAm-fb v.s. fibrin
10 min NS NS
30 min ∗∗ ∗∗

1 h ∗∗ ∗∗
3 h ∗∗ ∗∗
6 h ∗∗ ∗∗
10 h ∗∗ ∗∗
14 h ∗∗ ∗
24 h NS NS

NS: p > 0.05, ∗: p < 0.05, ∗∗: p < 0.01

Table 3.2: Statistical analysis of cell perimeter over time per time point.

Timepoint Stiff PAAm-col v.s. collagen Stiff PAAm-fb v.s. fibrin
10 min NS NS
30 min ∗∗ ∗

1 h ∗∗ NS
3 h ∗∗ NS
6 h NS NS
10 h NS NS
14 h NS NS
24 h NS NS

NS: p > 0.05, ∗: p < 0.05, ∗∗: p < 0.01

from the convergence of some of the trajectories in Figures 3.2b and Figure 3.2c,
the morphology after 24 h can be remarkably similar, especially if one compares
the cells on fibrin gels with those on fibrin-coated stiff PAAm, but also for cells
on collagen compared to those on collagen-coated stiff PAAm (Figure 3.3).

The combination of distinct spreading trajectories but significant overlap in
morphology at 24 h prompted us to explore the spreading trajectories on stiff
(≈ 23 kPa) PAAm and protein gels in more detail. We observed that cell spread-
ing on protein gels is associated with cellular remodelling of the substrates (shown
by live cell imaging experiments, and by imaging fluorescently labelled hydrogels
(Figure 3.4a)). Fibre recruitment has been described as a mechanism by which
cells probe and respond to mechanics in fibrillar matrices [7, 18], and our findings
are in agreement with previous literature reports [27–30]. We performed bead dis-
placement studies to quantitatively compare substrate deformation on PAAm and
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protein substrates. Figure 3.4b shows representative images of the displacement
fields on PAAm-col, collagen and fibrin gels. The length and colour of the arrows
indicate the magnitude of the local displacement in the direction of the arrow. On
PAAm gels of different stiffness, very small bead displacements were measured
(average 1.5 ± 0.7 µm for stiff PAAm), showing that cells barely deform the
PAAm gels. In contrast, the protein gels show average bead displacements around
20 µm towards the cell (Figure 3.4c). The average onset of bead displacement
(quantified from 32 cells) was approximately 30 min on collagen and 4 h on fib-
rin. After 8.5 h the motion of the fluorescent beads ceased, indicating mechanical
equilibrium between the cell traction forces and the elastic resistance of the pro-
tein gels [31, 32]. Within this time frame, most cells remained within the window
of recording.

Since we even observed gel deformation before we could identify protrusions
from the cell body, see Figure 3.4a, we were interested in the relative onset of
deformation versus the onset of spreading. Figure 3.4d shows how the onset of
deformation and onset of spreading are related for individual cells. Both graphs
are divided into two regions: the top-left corner where cells first deform the matrix
before protrusions were observed and the bottom-right corner were cells spread
before they deformed the matrix. All cells on collagen gels deformed the matrix
before protrusions were observed. On fibrin this process seemed to be more dis-
persed, with a similar fraction of cells first deforming the matrix, or first spread-
ing. We cannot exclude that there are small, short-lived protrusions that we were
unable to observe causing the deformations. Nevertheless, a difference in cell
spreading dynamics remains between collagen versus fibrin as the onset of defor-
mation is much sooner on collagen and cell area increases earlier on fibrin than
on collagen.

As stiff PAAm gels are thus providing a rigid substrate, the cells can form
pronounced focal adhesions. On the protein gels, focal adhesions were observed
only occasionally, and these were less pronounced and smaller than on the PAAm
substrates which is consistent with previous literature [33] (Figure 3.5).

Our observations that cells follow distinct spreading trajectories on different
substrates can be rationalised by looking at cell spreading from a physical per-
spective. Asnacios and colleagues have developed a model in which a cell can be
considered as a transiently crosslinked actin gel. In this minimal model, the cells
sensitivity to the stiffness of the substrate and cell expansion can be explained by
the collective dynamics of actin, actin crosslinkers and myosin motors. Inside ad-
hering cells, there is a balance between actin polymerisation and contraction, or
retrograde flow. When the former wins, the cells expand [18]. Our observations
that the cells deform the fibrin and collagen matrices before they start spreading,
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Figure 3.4: Gel deformation and cell spreading over time. (a) Round (left) and
spread (right) hMSCs stained for actin (red) on labelled collagen and fibrin gels
(green). Both round and spread cells can deform the matrix. All scale bars represent
50 µm. (b) Gel deformation was quantitatively measured by bead displacement. The
cells on PAAm gels do barely deform the matrix, whereas the cells on collagen and
fibrin can deform the gel over long distances. (c) Average displacement of beads
within 150 µm of cells on PAAm-col, collagen or fibrin. (d) Comparison between
onset of deformation and spreading. On collagen, all cells first deform the matrix
before they started to spread (top left part). On fibrin, approximately half of the
cells first deformed the matrix, the others only deformed the matrix after spreading
(bottom right part).
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protein substrates. Figure 3.4b shows representative images of the displacement
fields on PAAm-col, collagen and fibrin gels. The length and colour of the arrows
indicate the magnitude of the local displacement in the direction of the arrow. On
PAAm gels of different stiffness, very small bead displacements were measured
(average 1.5 ± 0.7 µm for stiff PAAm), showing that cells barely deform the
PAAm gels. In contrast, the protein gels show average bead displacements around
20 µm towards the cell (Figure 3.4c). The average onset of bead displacement
(quantified from 32 cells) was approximately 30 min on collagen and 4 h on fib-
rin. After 8.5 h the motion of the fluorescent beads ceased, indicating mechanical
equilibrium between the cell traction forces and the elastic resistance of the pro-
tein gels [31, 32]. Within this time frame, most cells remained within the window
of recording.

Since we even observed gel deformation before we could identify protrusions
from the cell body, see Figure 3.4a, we were interested in the relative onset of
deformation versus the onset of spreading. Figure 3.4d shows how the onset of
deformation and onset of spreading are related for individual cells. Both graphs
are divided into two regions: the top-left corner where cells first deform the matrix
before protrusions were observed and the bottom-right corner were cells spread
before they deformed the matrix. All cells on collagen gels deformed the matrix
before protrusions were observed. On fibrin this process seemed to be more dis-
persed, with a similar fraction of cells first deforming the matrix, or first spread-
ing. We cannot exclude that there are small, short-lived protrusions that we were
unable to observe causing the deformations. Nevertheless, a difference in cell
spreading dynamics remains between collagen versus fibrin as the onset of defor-
mation is much sooner on collagen and cell area increases earlier on fibrin than
on collagen.

As stiff PAAm gels are thus providing a rigid substrate, the cells can form
pronounced focal adhesions. On the protein gels, focal adhesions were observed
only occasionally, and these were less pronounced and smaller than on the PAAm
substrates which is consistent with previous literature [33] (Figure 3.5).

Our observations that cells follow distinct spreading trajectories on different
substrates can be rationalised by looking at cell spreading from a physical per-
spective. Asnacios and colleagues have developed a model in which a cell can be
considered as a transiently crosslinked actin gel. In this minimal model, the cells
sensitivity to the stiffness of the substrate and cell expansion can be explained by
the collective dynamics of actin, actin crosslinkers and myosin motors. Inside ad-
hering cells, there is a balance between actin polymerisation and contraction, or
retrograde flow. When the former wins, the cells expand [18]. Our observations
that the cells deform the fibrin and collagen matrices before they start spreading,

46

3



48

Spreading dynamics of human mesenchymal stem cells

PAAm-col CollagenPAAm-fb

P
h
a
llo

id
in

V
in

c
u
lin

Fibrin

Figure 3.5: Focal adhesions are larger and more pronounced on the PAAm gels.
Vinculin staining after 24 h culture. Scale bar represents 10 µm.

nicely fit this model developed by Asnacios and colleagues. Accordingly, initially
the retrograde actin flow wins in cells on our very soft fibrin and collagen gels.
This causes the cells to pull the substrate fibres towards themselves. The gel stiff-
ens during this process, due to bundling of the fibres and the strain-stiffening prop-
erties of the protein hydrogels. When the fibres become really thick, the stresses
build up and then the actin polymerisation wins and the cells start spreading. Also
our results that the relative onset of spreading is later on collagen compared to
fibrin can be explained by the fact that the collagen gel is slightly softer than fib-
rin and therefore more strain, by means of deformation, needs to be applied by
the cells to achieve the required resistance. Furthermore, the anisotropic nature
of spreading on the protein gels can also be explained by Asnacios’ model. The
substrate is inhomogeneous at the level of cell adhesions, as is the bundling of
fibres. Therefore the stresses that are applied by the cell, just like the ones expe-
rienced by the cell, are anisotropic, resulting in the anisotropic spreading that we
observed.

In contrast, polyacrylamide gels are either too soft to create large stresses in-
side the cell (on soft PAAm), or the stresses are large immediately after attachment
to the gel (on stiff PAAm). These material properties cause cells to not spread at
all and immediate cell spreading without matrix deformation, respectively. Also
the substrate surface is homogeneous at the level of the cells, resulting in isotropic
spreading on the stiff PAAm gels.
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3.3 Conclusion

We have shown that cellular adaptation to their mechanical environment upon
seeding follows distinct trajectories. Differences in phenotypes arise early, as ex-
emplified by the isotropic spreading on stiff PAAm gels, whereas cells on protein
gels show matrix deformation, and spreading along deformed regions. However,
after strikingly different initial morphologies, cellular phenotypes appear to con-
verge over time, and after 24 h cells can look remarkably similar, especially on
stiff PAAm and fibrin. Although the differences in spreading dynamics are largest
between stiff PAAm and the protein gels, our deformation studies show that there
are also differences between collagen and fibrin gels. Cells on collagen gels were
found to deform the gel much sooner whereas cells on fibrin have an earlier onset
of cell spreading.
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3.5 Experimental section

Preparation of polyacrylamide hydrogels: This method was based on a pre-
viously described protocol [6]. Glass coverslips (13 mm, thickness no 1, borosili-
cate glass) were oxidised using oxygen plasma and then incubated in a 0.3 wt/vol%
solution of 3-(trimethoxysilyl)propyl methacrylate (Sigma Aldrich) in dry toluene
overnight. The slides were washed thoroughly with ethanol and water. Solu-
tions of acrylamide (AA) at final concentrations of 5 wt/vol%, 8 wt/vol% and
20 wt/vol% and bis-acrylamide (BA) at 0.01 wt/vol%, 0.02 wt/vol%, 0.15 wt/vol%
and 0.375 wt/vol% were prepared. Polymerisation was initiated by the addition of
5 µL of 10 wt/vol% ammonium persulfate (Sigma Aldrich) and 1.5 µL TEMED
(Sigma Aldrich) to the AA/BA solutions in PBS. 4 µL of the gel precursor solution
was immediately pipetted onto de methacrylated glass coverslips and a 20 mm
glass coverslip, washed but untreated, was carefully placed on top of the poly-
merising solution. After 1.5 h to 2 h, the samples were soaked in PBS buffer
overnight to remove the remaining monomer and crosslinker. The top coverslips
were peeled off to obtain the PAAm gels adhering to the coverslides. To facilitate
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the retrograde actin flow wins in cells on our very soft fibrin and collagen gels.
This causes the cells to pull the substrate fibres towards themselves. The gel stiff-
ens during this process, due to bundling of the fibres and the strain-stiffening prop-
erties of the protein hydrogels. When the fibres become really thick, the stresses
build up and then the actin polymerisation wins and the cells start spreading. Also
our results that the relative onset of spreading is later on collagen compared to
fibrin can be explained by the fact that the collagen gel is slightly softer than fib-
rin and therefore more strain, by means of deformation, needs to be applied by
the cells to achieve the required resistance. Furthermore, the anisotropic nature
of spreading on the protein gels can also be explained by Asnacios’ model. The
substrate is inhomogeneous at the level of cell adhesions, as is the bundling of
fibres. Therefore the stresses that are applied by the cell, just like the ones expe-
rienced by the cell, are anisotropic, resulting in the anisotropic spreading that we
observed.

In contrast, polyacrylamide gels are either too soft to create large stresses in-
side the cell (on soft PAAm), or the stresses are large immediately after attachment
to the gel (on stiff PAAm). These material properties cause cells to not spread at
all and immediate cell spreading without matrix deformation, respectively. Also
the substrate surface is homogeneous at the level of the cells, resulting in isotropic
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cell adhesion, the hydrogel was covered with a covalently bound protein coat-
ing using N-sulfosuccinimidyl-6-(4-azido-2-nitrophenylamino)hexanoate (sulfo-
SANPAH, Life Technologies) as a crosslinker. 2 × 15 µL of a 1 mg mL−1 so-
lution in milliQ H2O was pipetted onto the gel surfaces, which were then placed
under a 365 nM UV lamp (ABM, USA) and irradiated for 5 min. The gels were
washed twice with PBS and the procedure was repeated once. After the second
round of washing with PBS, the substrates were coated with 50 µg mL−1 of rat
Type I collagen in PBS for 2.0 h at room temperature or with 0.1 mg mL−1 of
bovine fibrinogen in PBS for 1.5 h followed by 0.5 h incubation with thrombin
1 U mL−1 in PBS. Samples were again washed two times with PBS prior to cell
seeding.

Preparation of fibrin hydrogels: Fibrinogen (FBNG, from bovine plasma, Sig-
ma Aldrich) was dissolved in PBS (4 mg mL−1) and then put through a 0.22 µm
filter to sterilise the solution. Gelation was achieved by mixing the FBNG solu-
tion with CO2-independent medium (DMEM-Hepes, 10% FBS) in equal volumes,
resulting in 2 mg mL−1 fibrin gels after 1 h incubation at 37 °C. For gel deforma-
tion studies, fibrin gels were stained directly after gelation with FITC prior to cell
seeding.

Preparation of collagen hydrogels: Rat-tail collagen Type I (BD biosciences)
gels were prepared similarly to the manufacturers protocol. High concentration
collagen was diluted to 4 mg mL−1 with pre-mixed 1/10 of the volume with
10 × PBS, 0.023 × the collagen volume of 1 M NaOH was added to neutralise
the pH. An equal amount of DMEM-Hepes was added to dilute the collagen to a
2 mg mL−1 solution. Gelation occurred during 30 min incubation at 37 °C. For
gel deformation studies, collagen gels were stained directly after gelation with pri-
mary anti-collagen antibody (Abcam, ab34710) for 1 h at 37 °C and subsequently
with Alexa488-conjugated secondary antibody (Thermo Fisher, A-11001), prior
to cell seeding.

Culturing of hMSCs and seeding onto substrates: hMSCs were obtained from
Lonza and cultured up to passage 6 before seeding them onto gels at a density of
circa 1.3 × 103 cells cm−2 for the analysis of spreading and gel deformation at
multiple time points.

Live cell imaging: Phase contrast images were acquired at 2 min intervals on
an IncuCyte live cell analysis system (Essen BioScience). For bead displacement
studies, PAAm pre-gels as well as collagen and fibrin solutions were mixed with

50



51

Bibliography

fluorescent beads, which served as fiduciary markers for tracking the deforma-
tion of the matrix under adherent cells. The bead displacement field around each
cell was mapped from a time series of fluorescent images that were collected
using an inverted time lapse microscope (Nikon Diaphot 300 with Hamamatsu
C8484 − 05G CCD Camera, Okolab CO2 stage incubator and Okolab 2D time
lapse software). The initial bead position was determined 20 min after cell seed-
ing, when cells were attached to the gel surface. A time series of images was
collected at a frequency of one image every 10 min. Beads displacement analyses
were performed with a custom script in Fiji software.

Immunofluorescence staining and fluorescence microscopy: hMSCs on hy-
drogels were fixed with 4 % PFA for 10 min and permeabilised with 0.2 %
Triton-X100 for 10 min. Following blocking with 10 % BSA solution in PBS
for 1 h, substrates were incubated with primary antibodies (vinculin (Abcam,
ab18058) and Alexa633-conjugated phalloidin (Sigma Aldrich) and subsequently
with Alexa488-conjugated secondary antibodies (Life Technologies) and DAPI.
Confocal laser scanning microscopy was performed on a SP8x WLL DMi8 mi-
croscope from Leica-microsystems. All images shown are single optical sections.

3.6 Bibliography

[1] Pelham, R. and Wang, Y. Proceedings of the National Academy of Sciences
of the United States of America 94, 13661–13665 (1997).

[2] Engler, A. J., Sen, S., Sweeney, H. L., and Discher, D. E. Cell 126(4), 677–
89 (2006).

[3] Wells, R. G. Hepatology 47(4), 1394–400 apr (2008).

[4] Nikkhah, M., Edalat, F., Manoucheri, S., and Khademhosseini, A. Biomate-
rials 33(21), 5230–46 apr (2012).

[5] Sun, Y., Chen, C. S., and Fu, J. Annual Review of Biophysics 41, 519–42 jan
(2012).

[6] Trappmann, B., Gautrot, J. E., Connelly, J. T., Strange, D. G. T., Li, Y.,
Oyen, M. L., Cohen Stuart, M. A., Boehm, H., Li, B., Vogel, V., Spatz, J. P.,
Watt, F. M., and Huck, W. T. S. Nature Materials 11(7), 642–9 (2012).

[7] Baker, B. M., Trappmann, B., Wang, W. Y., Sakar, M. S., Kim, I. L., Shenoy,
V. B., Burdick, J. A., and Chen, C. S. Nature Materials 14, 1262–1268
(2015).

51

Spreading dynamics of human mesenchymal stem cells

cell adhesion, the hydrogel was covered with a covalently bound protein coat-
ing using N-sulfosuccinimidyl-6-(4-azido-2-nitrophenylamino)hexanoate (sulfo-
SANPAH, Life Technologies) as a crosslinker. 2 × 15 µL of a 1 mg mL−1 so-
lution in milliQ H2O was pipetted onto the gel surfaces, which were then placed
under a 365 nM UV lamp (ABM, USA) and irradiated for 5 min. The gels were
washed twice with PBS and the procedure was repeated once. After the second
round of washing with PBS, the substrates were coated with 50 µg mL−1 of rat
Type I collagen in PBS for 2.0 h at room temperature or with 0.1 mg mL−1 of
bovine fibrinogen in PBS for 1.5 h followed by 0.5 h incubation with thrombin
1 U mL−1 in PBS. Samples were again washed two times with PBS prior to cell
seeding.

Preparation of fibrin hydrogels: Fibrinogen (FBNG, from bovine plasma, Sig-
ma Aldrich) was dissolved in PBS (4 mg mL−1) and then put through a 0.22 µm
filter to sterilise the solution. Gelation was achieved by mixing the FBNG solu-
tion with CO2-independent medium (DMEM-Hepes, 10% FBS) in equal volumes,
resulting in 2 mg mL−1 fibrin gels after 1 h incubation at 37 °C. For gel deforma-
tion studies, fibrin gels were stained directly after gelation with FITC prior to cell
seeding.

Preparation of collagen hydrogels: Rat-tail collagen Type I (BD biosciences)
gels were prepared similarly to the manufacturers protocol. High concentration
collagen was diluted to 4 mg mL−1 with pre-mixed 1/10 of the volume with
10 × PBS, 0.023 × the collagen volume of 1 M NaOH was added to neutralise
the pH. An equal amount of DMEM-Hepes was added to dilute the collagen to a
2 mg mL−1 solution. Gelation occurred during 30 min incubation at 37 °C. For
gel deformation studies, collagen gels were stained directly after gelation with pri-
mary anti-collagen antibody (Abcam, ab34710) for 1 h at 37 °C and subsequently
with Alexa488-conjugated secondary antibody (Thermo Fisher, A-11001), prior
to cell seeding.

Culturing of hMSCs and seeding onto substrates: hMSCs were obtained from
Lonza and cultured up to passage 6 before seeding them onto gels at a density of
circa 1.3 × 103 cells cm−2 for the analysis of spreading and gel deformation at
multiple time points.

Live cell imaging: Phase contrast images were acquired at 2 min intervals on
an IncuCyte live cell analysis system (Essen BioScience). For bead displacement
studies, PAAm pre-gels as well as collagen and fibrin solutions were mixed with

50

3



52

Spreading dynamics of human mesenchymal stem cells

[8] Kim, J. and Eberwine, J. Trends in Cell Biology 20(6), 311–318 (2010).

[9] Furusawa, C. and Kaneko, K. Science 338(6104), 215–217 (2012).

[10] Yang, C., Tibbitt, M. W., Basta, L., and Anseth, K. S. Nature Materials
13(6), 645–52 (2014).

[11] Heo, S.-J., Thorpe, S. D., Driscoll, T. P., Duncan, R. L., Lee, D. A., and
Mauck, R. L. Scientific Reports 5(5), 16895 (2015).

[12] Badley, R. A., Woods, A., Carruthers, L., and Rees, D. A. Journal of Cell
Science 43, 379–90 (1980).

[13] Bardsley, W. G. and Aplin, J. D. Journal of Cell Science 61, 365–373 (1983).

[14] Dubin-Thaler, B. J., Giannone, G., Döbereiner, H.-G., and Sheetz, M. P.
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[32] Giannone, G., Mège, R.-M., and Thoumine, O. Trends in Cell Biology 19(9),
475–86 sep (2009).

[33] Doyle, A. D., Carvajal, N., Jin, A., Matsumoto, K., and Yamada, K. M.
Nature Communications 6, 8720 (2015).

53

Spreading dynamics of human mesenchymal stem cells

[8] Kim, J. and Eberwine, J. Trends in Cell Biology 20(6), 311–318 (2010).

[9] Furusawa, C. and Kaneko, K. Science 338(6104), 215–217 (2012).

[10] Yang, C., Tibbitt, M. W., Basta, L., and Anseth, K. S. Nature Materials
13(6), 645–52 (2014).

[11] Heo, S.-J., Thorpe, S. D., Driscoll, T. P., Duncan, R. L., Lee, D. A., and
Mauck, R. L. Scientific Reports 5(5), 16895 (2015).

[12] Badley, R. A., Woods, A., Carruthers, L., and Rees, D. A. Journal of Cell
Science 43, 379–90 (1980).

[13] Bardsley, W. G. and Aplin, J. D. Journal of Cell Science 61, 365–373 (1983).

[14] Dubin-Thaler, B. J., Giannone, G., Döbereiner, H.-G., and Sheetz, M. P.
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Both invariant and divergent characteristics of human mesenchymal stem cells  
are followed while they spread on different polyacrylamide and protein substrates. 
Dynamics in RNA-sequencing data reveal that early differences in spreading 
dynamics leave an imprint in later cell behaviour. This includes consequences in 
YAP/TAZ localisation, proliferation and differentiation behaviour.
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Cell behaviour associated with early spreading trajectories

4.1 Introduction

The idea that a cell can be characterised and categorised by only its morphology is
outdated. Nowadays it is appreciated that cells are mainly defined by their coding
and noncoding RNA, that forms a genome-scale network to regulate each other’s
activity [1, 2]. Therefore the state of a cell can be captured by sequencing its
entire transcriptome [3]. RNA sequencing relies on extracting the total RNA out
of cells and the resulting data can be considered as a snapshot of the state of the
cells at the moment of extraction. Gene expression changes over time and thus
to capture the dynamics of cell states, it is necessary to perform RNA-sequencing
experiments at multiple time points. The Ingber group was the first to monitor
genome-wide mRNA levels at various times to study the state of cells. Using
this approach they showed that human promyelocytic HL60 cells follow distinct
trajectories when triggered into neutrophil differentiation in vitro by utilising two
biochemically distinct stimuli [4].

It is evident from Chapter 3 that cell spreading follows distinct trajectories as-
sociated with different materials properties of the substrate. We were intrigued if
these different trajectories can also be observed intracellularly and whether these
trajectories have long-lasting impact. The observed phenotype usually is the re-
sult of a dynamically changing pattern of protein expression, and the history of the
system forms an integral part of the cell behaviour [5, 6]. To follow both invariant
and divergent characteristics of cells while they spread on different substrates, we
wished to perform a time-resolved systems level study, as reported in this chap-
ter. Here we study the dynamics of gene expression and protein localisation at
multiple time points and verify a selection of interesting outcomes with additional
experiments. This approach provides a direct window on the cellular processes
that integrate the multitude of mechanical cues over time.

4.2 Results and discussion

As a first step we studied changes in gene expression over time using genome-
wide RNA sequencing to obtain more molecular insight into the dynamics of cel-
lular processes during the observed dynamic spreading behaviour on the different
types of substrates. For this, we harvested cells for RNA isolation after 1 h, 5 h,
10 h and 24 h of culture on PAAm-col, PAAm-fb, collagen and fibrin substrates
and compared expression levels to the original cell suspension at the moment of
seeding as a common reference sample (t0). We chose to compare RNA expres-
sion levels on collagen and fibrin gels versus stiff PAAm gels coated with collagen
and fibrin, respectively, as these substrates showed different spreading trajectories
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Figure 4.1: Total number of differentially expressed genes per geltype over time.
These numbers are very similar on PAAm-col and PAAm-fb, causing the lines to
overlap. After 1 h there are many more genes differentially expressed on the protein
gels compared to the PAAm gels.

but closest morphologies after 24 h and present similar biochemical cues (see
Chapter 3 for details).

Starting from t0, which is identical for all four substrates since all samples
were seeded from the same cell suspension, the number of differentially expressed
genes (p < 0.01) expectedly increased over time, as can be appreciated from
Figure 4.1. Interestingly there were many more genes differentially expressed on
the protein gels after 1 h of culture compared to the PAAm gels. This is in contrast
to our previous observations on morphology, where the rapid changes occurred
on the PAAm gels and the response of cells on protein gels seemed much slower
(Figure 3.1 and Figure 3.2).

By combining all differentially expressed genes from each sample compared
to t0, a list of 15 515 genes was obtained. Because our sequencing experiment
was performed only once, we made a stringent selection of genes to continue our
analysis. This selection of genes is based on the fragments per kilobase of exon
per milion reads mapped (FPKM) at t0 as a measure of their reliable detection
and the fold change as calculated by the ratio of FPKM values from each sample
compared to t0 as a measure of their change in expression levels. We focussed
on 948 RNA transcripts that were reliably detected at t0 (FPKM ≥ 2) and were
differentially expressed in at least one time-point compared to t0 (p ≤ 10−10 and
fold-change ≥ 5).

For a general overview on similarities and differences between samples from
identical timepoints, the top 25 upregulated and downregulated genes were com-
pared. Unsurprisingly, the overlap in the top 25 upregulated genes on all four gel-
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types was decreasing over time (data not shown), indicating the divergence in cell
state in time on the four types of substrates. After 24 h, clear differences between
fibrin and collagen gels were observed as demonstrated by the lines 0−0−4−0,
whereas there was still more overlap between PAAm-col and PAAm-fb gels as
can be appreciated from the line 6− 2− 4− 1 (Figure 4.2a). No clear trend was
observed in the top 25 downregulated genes after 24 h. To investigate whether
the difference between protein and PAAm gels in the number of differentially ex-
pressed genes (Figure 4.1) is a delay or an indication for a different response,
we also compared the top 25 genes on the protein gels after 1 h to the PAAm
gels after 5 h. From the top 25 upregulated and downregulated genes, only 8
and 4 genes, respectively, were present in this selection on all four geltypes (Fig-
ure 4.2b, central numbers). This clearly indicates that changes in gene expression
are not simply delayed on the PAAm substrates, but instead different responses
are triggered. Currently we don’t see any particular genes associated with specific
functions unambiguously contributing to similarities or differences between the
four geltypes.

For further and more detailed analysis, K-means clustering (9 clusters) was
applied (top-bottom) to our selection of 948 genes for all 18 samples (left-right,
Fig 4.3). Several clusters show dynamic gene regulation over time that is consis-
tent among all four substrates. For instance, a subsection of Cluster 4 (denoted 4∗)
harbours genes, including FOSB and JUNB, that are upregulated one hour after
seeding and subsequently downregulated. Similarly, Cluster 1 and Cluster 3 (in-
cluding FOS and JUN targets) show similar transient upregulation with a slightly
delayed onset (Figure 4.4a). Genes in these three clusters show essentially identi-
cal patterns on all four substrates. The similarity between the different substrates
indicates that similar networks of immediate early genes [7] are active in cells on
all substrates in the early stages upon seeding. Also the remainder of Cluster 4 as
well as Cluster 8 show similar expression over time on all four substrates, albeit
downregulated compared to t0 as shown in Figure 4.3. Our K-means clustering
analysis also identified several clusters that showed differences in gene expression
between the gels. Cluster 6 clearly distinguishes the PAAm and protein gels with
higher expression levels on PAAm gels for the genes in this cluster. Substrate
specific effects were found on Cluster 2 and Cluster 5 where collagen discrim-
inates from the other gels and Cluster 9 where cells on fibrin gels show unique
upregulations. We used principal-component analysis (PCA) to identify common
underlying structures in the RNA-sequencing dataset that could help identify the
observed differences between the samples (Figure 4.4b). Principal component 1
(PC1, explaining 41.7 % of the variability of the dataset) essentially orders all
the samples according to time. In contrast, principle component 4 (PC4, 5.2 %)
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Figure 4.2: General overview of similarities and differences in gene expression.
(a) Venn diagrams summarising the magnitude of the overlap in top 25 upregulated
(left) and downregulated (right) genes per substrate after 24 h showing the divergence
in RNA-expression profiles. (b) Venn diagrams summarising the magnitude of the
overlap in top 25 upregulated (left) and downregulated (right) genes per substrate
after 1 h at the protein gels and 5 h at the PAAm gels indicating that the difference
in number of differentially expressed genes after 1 h is not simply delayed on PAAm
gels compared to the protein gels.
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Figure 4.4: Similarities and differences in dynamic gene-expression programs. (a)
Transient gene upregulation that is similar on all gels. Average Z-scores show that
the kinetics of expression sequences of Cluster 4∗, Cluster 3 and Cluster 1 are similar
on the different substrates. (b) Principal component 4 can distinguish the PAAm
substrates from the protein gels. (c) Average relative expression levels from genes in
Cluster 6 show differences in gene expression on PAAm and protein gels.

distinguishes the PAAm substrates from the protein gels and with the genes in
Cluster 6 being the key contributor to this difference (Figure 4.4c).

To identify the biological and molecular processes represented in the different
clusters, we performed gene-ontology overrepresentation (GO) analysis. A se-
lection of the biological processes that were found significantly overrepresented
(p < 0.001) are presented in Figure 4.5, a full overview can be found in Ta-
ble 4.1 in the supplementary information (Section 4.6). Analysis indicated that
Cluster 6, which distinguishes PAAm from protein gels, seems to be enriched
in genes involved in extracellular matrix turnover. Examples of ECM related
genes in Cluster 6 are ACAN, FBN1, FBN2, HSPG2, COL11A1, COL12A1,
COL14A1, COL25A1 and COL4A1. These genes are coding for the proteins ag-
grecan, fibrillin, heparan sulfate proteoglycan 2 and several collagens, which are
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all components of the ECM. This indicates that the cells on PAAm gels are pro-
ducing more ECM proteins and hence are modifying their environment. These
are important differences, although a detailed analysis of how these sets of genes
alter the internal trajectories is beyond the scope of this study.

Our RNA-sequencing data also provided information on integrin expression
levels on the different substrates. Integrins are part of the focal adhesions (FAs)
that physically connect the cytoskeleton of a cell to their environment and the type
of integrins that are expressed is depending on the adhesive moieties presented to
the cell [8]. Therefore we were wondering whether clear distinctions between
PAAm-col and collagen versus PAAm-fb and fibrin could be observed, due to the
differences in biochemical cues of the substrate. Figure 4.6a provides an overview
of all integrin subunits as well as discoidin domain receptors that were expressed
on all samples and all time points (FPKM > 0). This heat map clearly shows
that cells express different adhesion molecules on the various substrates. Integrin
β1, a principal receptor for collagen, is highly expressed on all substrates (FPKM
> 103), albeit slightly lower on fibrin gels. Immunostainings showed that acti-
vated integrin β1 is present on all substrates and aligned with intracellular stress
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all components of the ECM. This indicates that the cells on PAAm gels are pro-
ducing more ECM proteins and hence are modifying their environment. These
are important differences, although a detailed analysis of how these sets of genes
alter the internal trajectories is beyond the scope of this study.

Our RNA-sequencing data also provided information on integrin expression
levels on the different substrates. Integrins are part of the focal adhesions (FAs)
that physically connect the cytoskeleton of a cell to their environment and the type
of integrins that are expressed is depending on the adhesive moieties presented to
the cell [8]. Therefore we were wondering whether clear distinctions between
PAAm-col and collagen versus PAAm-fb and fibrin could be observed, due to the
differences in biochemical cues of the substrate. Figure 4.6a provides an overview
of all integrin subunits as well as discoidin domain receptors that were expressed
on all samples and all time points (FPKM > 0). This heat map clearly shows
that cells express different adhesion molecules on the various substrates. Integrin
β1, a principal receptor for collagen, is highly expressed on all substrates (FPKM
> 103), albeit slightly lower on fibrin gels. Immunostainings showed that acti-
vated integrin β1 is present on all substrates and aligned with intracellular stress
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fibres (Fig 4.6b). Other collagen-binding integrins show more distinct expression
levels on the different substrates. The expression of integrin α2, typically associ-
ated with collagen binding, increases in time on collagen substrates, but decreases
after 10 h on the other three gel types, including the collagen coated PAAm. Inte-
grin α10 expression increased on all substrates except fibrin gels. Interestingly, we
also observed that discoidin domain receptor family member 1 (DDR1), a protein
involved in the communication of cells with their microenvironment, showed in-
creasing expression levels on collagen gels, while slightly decreasing on the other
substrates. Fibrin-binding and other integrins show various other differences be-
tween the substrates. Interestingly, there is no clear difference between PAAm-col
and collagen gels on one hand and PAAm-fb and fibrin gels on the other, the total
pattern of integrins that is expressed seems dependent on more factors than only
the cell type used and the adhesion molecules present. Furthermore, this subsec-
tion of genes again shows that cells on each substrate follow distinct trajectories.

As a final series of experiments, we wished to confirm that the differences
between substrates we observed in morphology or in gene expression levels, are
also present in more functional readouts. In recent studies, cell spreading on stiff
substrates has been associated with nuclear localisation of two downstream com-
ponents of the Hippo pathway: Yes-associated protein (YAP) and transcriptional
coactivator with PDZ-binding motif (TAZ). It is thought that cells growing on stiff
substrates can develop stress fibres and cytoskeletal tension, which are known to
prevent phosphorylation of YAP/TAZ, resulting in their nuclear localisation [9].
As TEAD1, a transcription factor activated by the mechanosensitive YAP1 [9–12],
was among the genes in Cluster 6, we tested whether the type of substrate could
have an effect on YAP/TAZ localisation in hMSCs after 24 h of culture. Flu-
orescence staining (Figure 4.7a) shows that YAP and TAZ remain located in the
cytosol of the cells on collagen and fibrin. Quantification of triplicate experiments
show nuclear localisation in 2.3 ± 2.1 % of hMSCs on collagen and 4.7 ± 2.1 %
on fibrin gels (Figure 4.7b). Control experiments on PAAm gels showed that on
stiff gels there was indeed nuclear localisation (75 % to 85 % on stiff PAAm and
10 % to 20 % on medium PAAm) and YAP/TAZ remained in the cytosol on soft
PAAm (approximately 2 % nuclear localisation, Figure 4.7b). Thus in contrast
to existing literature, cell spreading and F-actin organisation alone are not suffi-
cient to cause YAP and TAZ to localise into the nucleus. It should be noted that
YAP/TAZ localisation is not simply delayed in cells cultured on protein gels, e.g.,
due to a later increase in cell area and later formation of actin fibres. We found that
after culturing the cells for 48 h on the protein gels, still no nuclear localisation
occurred (Figure 4.8).

As a second follow-up on the RNA-sequencing data, we focussed on the dif-
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Figure 4.7: Different gene-expression dynamics indicate long-term outcomes of cel-
lular state: YAP/TAZ localisation after 24 h. (a) YAP/TAZ localisation in hMSCs
on the four gel types after 24 h. Scale bar represents 50 µm. (b) Quantification of
YAP/TAZ nuclear localisation on different PAAm stiffness with our standard PAAm
gel in blue in comparison with the protein gels in green. Collagen and collagen
coated gels in homogeneous colours, fibrin and fibrin coated gels striped columns.
Mean ± SEM from three replicates with over 25 cells analysed per sample per repli-
cate. ANOVA oneway analysis followed by Tukey post hoc test shows significance
levels of ∗∗: p < 0.01 compared to corresponding collagen or fibrin gel.
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fibres (Fig 4.6b). Other collagen-binding integrins show more distinct expression
levels on the different substrates. The expression of integrin α2, typically associ-
ated with collagen binding, increases in time on collagen substrates, but decreases
after 10 h on the other three gel types, including the collagen coated PAAm. Inte-
grin α10 expression increased on all substrates except fibrin gels. Interestingly, we
also observed that discoidin domain receptor family member 1 (DDR1), a protein
involved in the communication of cells with their microenvironment, showed in-
creasing expression levels on collagen gels, while slightly decreasing on the other
substrates. Fibrin-binding and other integrins show various other differences be-
tween the substrates. Interestingly, there is no clear difference between PAAm-col
and collagen gels on one hand and PAAm-fb and fibrin gels on the other, the total
pattern of integrins that is expressed seems dependent on more factors than only
the cell type used and the adhesion molecules present. Furthermore, this subsec-
tion of genes again shows that cells on each substrate follow distinct trajectories.

As a final series of experiments, we wished to confirm that the differences
between substrates we observed in morphology or in gene expression levels, are
also present in more functional readouts. In recent studies, cell spreading on stiff
substrates has been associated with nuclear localisation of two downstream com-
ponents of the Hippo pathway: Yes-associated protein (YAP) and transcriptional
coactivator with PDZ-binding motif (TAZ). It is thought that cells growing on stiff
substrates can develop stress fibres and cytoskeletal tension, which are known to
prevent phosphorylation of YAP/TAZ, resulting in their nuclear localisation [9].
As TEAD1, a transcription factor activated by the mechanosensitive YAP1 [9–12],
was among the genes in Cluster 6, we tested whether the type of substrate could
have an effect on YAP/TAZ localisation in hMSCs after 24 h of culture. Flu-
orescence staining (Figure 4.7a) shows that YAP and TAZ remain located in the
cytosol of the cells on collagen and fibrin. Quantification of triplicate experiments
show nuclear localisation in 2.3 ± 2.1 % of hMSCs on collagen and 4.7 ± 2.1 %
on fibrin gels (Figure 4.7b). Control experiments on PAAm gels showed that on
stiff gels there was indeed nuclear localisation (75 % to 85 % on stiff PAAm and
10 % to 20 % on medium PAAm) and YAP/TAZ remained in the cytosol on soft
PAAm (approximately 2 % nuclear localisation, Figure 4.7b). Thus in contrast
to existing literature, cell spreading and F-actin organisation alone are not suffi-
cient to cause YAP and TAZ to localise into the nucleus. It should be noted that
YAP/TAZ localisation is not simply delayed in cells cultured on protein gels, e.g.,
due to a later increase in cell area and later formation of actin fibres. We found that
after culturing the cells for 48 h on the protein gels, still no nuclear localisation
occurred (Figure 4.8).

As a second follow-up on the RNA-sequencing data, we focussed on the dif-
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Figure 4.8: Different gene-expression dynamics indicate long-term outcomes of cel-
lular state: YAP/TAZ localisation after 48 h. (a) YAP/TAZ localisation in hMSCs
on the four gel types after 48 h. Scale bar represents 50 µm. (b) Quantification of
YAP/TAZ nuclear localisation on different PAAm stiffness with our standard PAAm
gel in blue in comparison with the protein gels in green. Collagen and collagen
coated gels in homogeneous colours, fibrin and fibrin coated gels striped columns.
Mean from over 25 cells analysed per sample.
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ferences between collagen gels and the three other substrates. Interestingly, Clus-
ter 2 is enriched in genes involved in cell cycle progression and proliferation,
whereas Cluster 5 is enriched in muscle cell proliferative genes. Thus, our RNA-
sequencing analysis suggests that cells seeded on collagen only gels might initiate
towards a muscle cell fate and do not follow the same cell proliferation program
as cells on the other substrates. Subsequent quantification of hMSC proliferation
as determined by EdU incorporation over 24 h shows significantly lower prolif-
eration on collagen than on stiff PAAm-col whereas cell proliferation on fibrin is
not significantly different from cells on stiff PAAm-fb (Figure 4.9a). This is in
agreement with the indications from Cluster 2. Next, the possibility of cells on
collagen differentiating towards muscle cells was investigated. The transcription
factor MyoD plays a major role in regulating myogenic differentiation. Cells cul-
tured both on collagen and fibrin were found to have nuclear localisation of MyoD
after 24 h of culture, indicating their potential differentiation towards muscle (Fig-
ure 4.9b) [13]. For cells on collagen, this is indeed confirming the results from
the RNA sequencing. However, the nuclear localisation of MyoD on fibrin gels is
surprising, since no other indications of myogenic differentiation were found for
these cells.

Finally, we explored how different trajectories impacted on the differentiation
of hMSCs into their most studied cell types: osteoblasts and adipocytes [5, 14–
17]. hMSCs were seeded on the four types of gels. After culturing in mixed
adipogenic/osteogenic medium for 10 days, Oil red O staining showed no differ-
ence between the substrates in the relative presence of adipocytes (Figure 4.10a).
Differentiation into osteoblasts was examined after culturing the hMSCs for 7
days in mixed medium. On PAAm and fibrin gels, approximately 60 % to 70 %
and 40 %, respectively, of cells stained positive for Alkaline Phosphatase. Cells
on collagen gels, however, did not differentiate towards osteoblasts (Figure 4.10).
These experiment again illustrate that initial differences in interactions between
cells and their substrate lead to long-lasting differences in cell behaviour.

4.3 Conclusion

Dynamics in RNA-sequencing data paint an ambivalent picture: on the one hand
cells on all substrates follow a common expression pattern of early response
genes, but differences appear in for example integrin expression patterns, espe-
cially when comparing PAAm and protein gels, but also between collagen and
fibrin substrates. Gene expression profiles do show that the early differences have
left an imprint, leading cells to integrate the various mechanical cues in different
ways. The different trajectories lead to significant differences in the localisation of
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Figure 4.8: Different gene-expression dynamics indicate long-term outcomes of cel-
lular state: YAP/TAZ localisation after 48 h. (a) YAP/TAZ localisation in hMSCs
on the four gel types after 48 h. Scale bar represents 50 µm. (b) Quantification of
YAP/TAZ nuclear localisation on different PAAm stiffness with our standard PAAm
gel in blue in comparison with the protein gels in green. Collagen and collagen
coated gels in homogeneous colours, fibrin and fibrin coated gels striped columns.
Mean from over 25 cells analysed per sample.
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Figure 4.9: Different gene-expression dynamics indicate long-term outcomes of cel-
lular state: proliferation and muscle differentiation. (a) Cell proliferation determined
by EdU incorporation over 24 h. (b) Quantification of nuclear localisation of MYOD.
Mean ± SEM, ANOVA oneway analysis followed by Tukey post hoc test shows sig-
nificance levels of ∗: p < 0.05 and ∗∗: p < 0.01 compared to corresponding collagen
or fibrin gel.
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Figure 4.10: Different gene-expression dynamics indicate long-term outcomes of
cellular state: differentiation into adipocytes and osteoblasts. (a) Oil Red O (top) and
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100 µm. (b) Quantification of differentiation after 7 d (Alk Phos) and 10 d (Oil Red
O). Mean ± SEM, ANOVA oneway analysis followed by Tukey post hoc test shows
significance levels of ∗: p < 0.05, ∗∗: p < 0.01 and NS: p > 0.05 compared to
corresponding collagen or fibrin gel.
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Figure 4.9: Different gene-expression dynamics indicate long-term outcomes of cel-
lular state: proliferation and muscle differentiation. (a) Cell proliferation determined
by EdU incorporation over 24 h. (b) Quantification of nuclear localisation of MYOD.
Mean ± SEM, ANOVA oneway analysis followed by Tukey post hoc test shows sig-
nificance levels of ∗: p < 0.05 and ∗∗: p < 0.01 compared to corresponding collagen
or fibrin gel.
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YAP/TAZ, proliferation rates, and cellular differentiation on different substrates.
Our studies make clear that the continuously evolving patterns of morphological
changes and gene expression profiles that result from probing the environment and
integration of all interactions, blur any correlation between a particular property
of the substrate and cellular phenotype. Instead, the early spreading trajectories
provide a strong indication of future cellular behaviour. Our findings have impor-
tant implications for research into synthetic materials that can mimic the ECM.
The significant differences observed on different substrates, indicate that it might
be possible to control cellular behaviour and cell fate by controlling the dynamics
of cell spreading, and future research might identify the key materials properties
that tune these dynamics.
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4.5 Experimental section

Gel preparation: Preparation of PAAm-col, PAAm-fb, collagen and fibrin gels
as described in Section 3.5.

Culturing of hMSCs and seeding onto substrates: hMSCs were obtained from
Lonza and cultured up to passage 6 before seeding them onto gels at a density
of circa 1.3 × 103 cells cm−2 for YAP/TAZ expression studies as well as pro-
liferation assays and MyoD localisation studies. All adipo/osteo differentiation
experiments were performed in a 1:1 mixture of adipogenic and osteogenic in-
duction medium (DMEM + 10 % FBS + pen/strep, containing 5 × 10−7 M
dexamethasone, 5 mM β-glycerolphosphate, 0.1 mM ascorbic acid-2-phosphate,
250 µM 3-isobutyl-1-methylxanthine, 5 µg mL−1 insulin (from bovine pancreas)
and 5 × 10−8 M rosiglitazone maleate). Cells were seeded at circa 2.5 × 103

cells cm−2 for osteogenic differentiation and 2.5× 104 cells cm−2 for adipogenic
differentiation in MIX medium on the substrates. Medium was changed two times
per week. Osteogenic differentiation was analysed after 7 days by staining for al-
kaline phosphatase, and adipogenic differentiation after 10 days by staining with
Oil red O.

70



71

Experimental section

RNA isolation and purification: RNAs from 6 subsamples were isolated by an
extraction using Trizol reagent (Life Technologies) according to the manufactur-
ers protocol. The RNA pellets from these subsamples were resuspended in water
and pooled to a total volume of exactly 100 µL. The samples were further puri-
fied by means of a Nucleospin RNA clean-up kit (Machery-Nagel), including an
on column treatment with rDNAse. Finally the samples were eluted in 60 µL of
RNAse-free water. Quality control was performed using an Agilent 6000 nano kit
on an Agilent BioAnalyzer 2100. Subsequent RNA sequencing was performed by
ServiceXS Leiden, The Netherlands.

Immunofluorescence staining and fluorescence microscopy: hMSCs on hy-
drogels were fixed with 4 % PFA for 10 min and permeabilised with 0.2 %
Triton-X100 for 10 min. Following blocking with 10 % BSA solution in PBS
for 1 h, substrates were incubated with primary antibodies (YAP/TAZ (Cell sig-
nalling, D24E4), β1 integrin (BD Biosciences, 550531), MyoD (BD Biosciences,
554130) and Alexa633-conjugated phalloidin (Sigma Aldrich) and subsequently
with Alexa488 or -546-conjugated secondary antibodies (Life Technologies) and
DAPI. For proliferation studies, EdU labelling was performed following the man-
ufacturer’s protocol (Click-iT EdU Alexa Fluor-488 HCS Assay, Thermo fisher
scientific). Confocal laser scanning microscopy was performed on a SP8x WLL
DMi8 microscope from Leica-microsystems. All images shown are single optical
sections.

Statistical analysis: Significance of differences throughout this study were tested
using one-way analysis of variance (ANOVA) with Tukey post hoc correction with
∗: p < 0.05, ∗∗: p < 0.01 and NS: p > 0.05. Analysis was performed on triplicate
independent experiments using cells from the same donor throughout. ANOVA
was chosen over t-tests due to its more conservative nature.
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4.5 Experimental section

Gel preparation: Preparation of PAAm-col, PAAm-fb, collagen and fibrin gels
as described in Section 3.5.

Culturing of hMSCs and seeding onto substrates: hMSCs were obtained from
Lonza and cultured up to passage 6 before seeding them onto gels at a density
of circa 1.3 × 103 cells cm−2 for YAP/TAZ expression studies as well as pro-
liferation assays and MyoD localisation studies. All adipo/osteo differentiation
experiments were performed in a 1:1 mixture of adipogenic and osteogenic in-
duction medium (DMEM + 10 % FBS + pen/strep, containing 5 × 10−7 M
dexamethasone, 5 mM β-glycerolphosphate, 0.1 mM ascorbic acid-2-phosphate,
250 µM 3-isobutyl-1-methylxanthine, 5 µg mL−1 insulin (from bovine pancreas)
and 5 × 10−8 M rosiglitazone maleate). Cells were seeded at circa 2.5 × 103

cells cm−2 for osteogenic differentiation and 2.5× 104 cells cm−2 for adipogenic
differentiation in MIX medium on the substrates. Medium was changed two times
per week. Osteogenic differentiation was analysed after 7 days by staining for al-
kaline phosphatase, and adipogenic differentiation after 10 days by staining with
Oil red O.
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4.6 Supplementary information

Table 4.1: Significantly overrepresented GO terms per cluster.

Cluster GO term
Cluster 1 none

Cluster 2

cell cycle phase; mitotic cell cycle phase
biological phase
M phase; mitotic M phase
mitotic prometaphase
nuclear chromosome segregation
anaphase; mitotic anaphase
sister chromatid segregation
mitotic sister chromatid segregation
regulation of chromosome segregation
DNA strand elongation involved in DNA replication
DNA strand elongation
regulation of mitotic nuclear division

Cluster 3
negative regulation of MAPK cascade
negative regulation of protein serine threonine kinase activity

Cluster 4

glomerulus vasculature development
kidney vasculature development; renal system vasculature devel-
opment
negative regulation of sequence specific DNA binding transcrip-
tion factor activity
glomerulus development
negative regulation of cell activation
negative regulation of NFκB transcription factor activity
nephron development
negative regulation of cell adhesion
connective tissue development

Cluster 5

muscle cell proliferation
regulation of smooth muscle cell proliferation
smooth muscle cell proliferation
cellular response to zinc ion
negative regulation of growth
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Table 4.1: (continued)

Cluster GO term

Cluster 6

extracellular matrix disassembly
heart morphogenesis
regulation of cellular response to growth factor stimulus
cardiac muscle tissue development
collagen metabolic process
multicellular organismal macromolecule metabolic process
negative regulation of cellular response to growth factor stimulus
epithelial tube morphogenesis
multicellular organismal metabolic process
digestive system development
cartilage development
regulation of transmembrane receptor protein serine threonine ki-
nase signaling pathway
sprouting angiogenesis
kidney epithelium development
negative regulation of cellular component movement
connective tissue development
catenin import into nucleus
collagen catabolic process
regulation of JNK cascade
positive regulation of protein kinase B signaling
multicellular organismal catabolic process
glial cell differentiation

Cluster 7
regionalisation
circadian rhythm

73

Cell behaviour associated with early spreading trajectories

4.6 Supplementary information

Table 4.1: Significantly overrepresented GO terms per cluster.

Cluster GO term
Cluster 1 none

Cluster 2

cell cycle phase; mitotic cell cycle phase
biological phase
M phase; mitotic M phase
mitotic prometaphase
nuclear chromosome segregation
anaphase; mitotic anaphase
sister chromatid segregation
mitotic sister chromatid segregation
regulation of chromosome segregation
DNA strand elongation involved in DNA replication
DNA strand elongation
regulation of mitotic nuclear division

Cluster 3
negative regulation of MAPK cascade
negative regulation of protein serine threonine kinase activity

Cluster 4

glomerulus vasculature development
kidney vasculature development; renal system vasculature devel-
opment
negative regulation of sequence specific DNA binding transcrip-
tion factor activity
glomerulus development
negative regulation of cell activation
negative regulation of NFκB transcription factor activity
nephron development
negative regulation of cell adhesion
connective tissue development

Cluster 5

muscle cell proliferation
regulation of smooth muscle cell proliferation
smooth muscle cell proliferation
cellular response to zinc ion
negative regulation of growth

72

4



74

Cell behaviour associated with early spreading trajectories

Table 4.1: (continued)

Cluster GO term

Cluster 8

stem cell differentiation
in utero embryonic development
regulation of organ morphogenesis
cardiac muscle tissue development
muscle cell proliferation
cardiac septum morphogenesis
ventricular septum morphogenesis
outflow tract morphogenesis
regulation of cellular response to growth factor stimulus
epithelial tube morphogenesis
cardiac septum development
cardiac chamber development
mesenchymal cell differentiation
regionalisation

Cluster 9

cellular response to type I interferon
response to type I interferon
type I interferon signaling pathway
negative regulation of multi organism process
negative regulation of viral life cycle
negative regulation of viral process
viral genome replication
negative regulation of viral genome replication
regulation of viral genome replication
regulation of type I interferon production
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Genetics 11(8), e1005465 (2015).

[13] Weintraub, H., Davis, R., Tapscort, S., Thayer, M., Krause, M., Benezra,
R., Blackwell, T. K., Turner, D., Rupp, R., Hollenberg, S., Zhuang, Y., and
Lassar, A. Science 251(4995), 761–766 (1991).

[14] Engler, A. J., Sen, S., Sweeney, H. L., and Discher, D. E. Cell 126(4), 677–
89 (2006).

[15] Trappmann, B., Gautrot, J. E., Connelly, J. T., Strange, D. G. T., Li, Y.,
Oyen, M. L., Cohen Stuart, M. A., Boehm, H., Li, B., Vogel, V., Spatz, J. P.,
Watt, F. M., and Huck, W. T. S. Nature Materials 11(7), 642–9 (2012).

[16] McBeath, R., Pirone, D. M., Nelson, C. M., Bhadriraju, K., and Chen, C. S.
Developmental Cell 6, 483–495 (2004).

[17] Chaudhuri, O., Gu, L., Klumpers, D., Darnell, M., Bencherif, S. A., Weaver,
J. C., Huebsch, N., Lee, H.-P., Lippens, E., Duda, G. N., and Mooney, D. J.
Nature Materials 15, 326–334 (2016).

75

Cell behaviour associated with early spreading trajectories

Table 4.1: (continued)

Cluster GO term

Cluster 8

stem cell differentiation
in utero embryonic development
regulation of organ morphogenesis
cardiac muscle tissue development
muscle cell proliferation
cardiac septum morphogenesis
ventricular septum morphogenesis
outflow tract morphogenesis
regulation of cellular response to growth factor stimulus
epithelial tube morphogenesis
cardiac septum development
cardiac chamber development
mesenchymal cell differentiation
regionalisation

Cluster 9

cellular response to type I interferon
response to type I interferon
type I interferon signaling pathway
negative regulation of multi organism process
negative regulation of viral life cycle
negative regulation of viral process
viral genome replication
negative regulation of viral genome replication
regulation of viral genome replication
regulation of type I interferon production

4.7 Bibliography

[1] Kim, J. and Eberwine, J. Trends in Cell Biology 20(6), 311–318 (2010).

[2] Furusawa, C. and Kaneko, K. Science 338(6104), 215–217 (2012).

[3] Ozsolak, F. and Milos, P. M. Nature Reviews Genetics 12(2), 87–98 (2011).

[4] Huang, S., Eichler, G., Bar-Yam, Y., and Ingber, D. E. Physical Review
Letters 94(12), 1–4 (2005).

[5] Yang, C., Tibbitt, M. W., Basta, L., and Anseth, K. S. Nature Materials
13(6), 645–52 (2014).

74

4



76

Cell behaviour associated with early spreading trajectories

76



Cell behaviour associated with early spreading trajectories

76

Adhesion and initial spreading of human keratinocytes follows distinct trajectories 
depending on mechanical properties of the substrate. After different initial 
morphologies on collagen-coated polyacrylamide versus collagen gels, cells can 
be more alike after 24 h of culture. Subsequent studies on cell behaviour show 
significant differences between the two conditions.

Chapter 5

Keratinocyte spreading 
dynamics and behaviour
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5.1 Introduction

The vast majority of studies described in literature on mechanotransduction as
well as the research described in previous chapters in this thesis have been per-
formed on human mesenchymal stem cells (hMSCs). hMSCs are a popular system
for differentiation studies, partly because of their multilineage potential and pos-
sible future use in regenerative medicine [1, 2]. The capability to differentiate into
several cell types, however, increases the level of difficulty to fully understand all
decision-making processes within hMSCs. In contrast, epidermal stem cells (or
keratinocytes) are well characterised in terms of their differentiation behaviour
and have the capability to either remain as stem cells or to differentiate into corni-
fied cells and form the protective outer layer of the skin [3]. Keratinocyte prolif-
eration takes place in the basal layer of the epidermis, which is connected to the
basement membrane (Figure 5.1). During the process of terminal differentiation,
a cell detaches from the basement membrane and migrates through the spinous
and granular layer towards the cornified layer at the skins surface. The further a
cell has migrated from the basal layer, the closer it is to terminal differentiation
and the more changes it has been subjected to, including losing their nucleus and
ability to divide. Also, precursors of the cornified envelope, such as the commonly
used marker of differentiation involucrin [4], and keratin filaments are produced
to form a crosslinked and insoluble, protective, outer layer of the skin [3, 5].
Whilst being stem cells, keratinocytes adhere to this basement membrane under-
neath them and practically reside in a (closely-packed) two-dimensional (2D) en-
vironment where the extracellular matrix (ECM)-cell signalling occurs only in
one plane. The combination of their clear process of differentiation and their 2D
niche makes keratinocytes a very suitable model to study cell-matrix interactions
in a 2D system.

In Chapter 3 we have extensively described our motivation for examining cells
over a time course, starting from their very initial interactions with their substrates.
In short, cells continuously adapt to their environmental cues and it is the integra-
tion of interactions, reflected by the early spreading trajectories, which provide a
strong indication for future cellular behaviour. A comprehensive understanding
requires us therefore to study the trajectory that cells follow to reach their steady-
state behaviour. Chapter 3 and Chapter 4 together show that the early spreading
dynamics clearly affect hMSC behaviour. We believe that this is not unique to
hMSCs and should also be true for other cell types. Since keratinocytes are such
a good model for our 2D spreading studies, we followed how they adapt to dif-
ferent substrates (polyacrylamide hydrogels coated with collagen versus collagen
hydrogels) over 24 h and present our results on their spreading dynamics as well
as some results on their behaviour in this chapter.
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Figure 5.1: Schematic representation of terminal differentiation in human interfolic-
ular epidermis. Stem cells and transit amplifying cells are proposed to be located in
the basal layer where they adhere to the basement membrane. As they undergo ter-
minal differentiation the cells move to the surface of the skin and cornify. Figure
adapted from Owens et al. 2003 [6].

5.2 Results

To study the spreading dynamics and subsequent behaviour of human epidermal
stem cells, or keratinocytes, cells cultured on polyacrylamide (PAAm) gels were
compared to cells on 2 mg mL−1 collagen Type I (< 1 kPa) gels. The selection of
the stiffness of the PAAm gel followed a small screening experiment in which cell
area and perimeter of cells on collagen were compared to cells on PAAm gels of
approximately 1 kPa, 3 kPa, 23 kPa and 1.1 × 102 kPa after 24 h of culture. The
cell morphology on collagen was very similar to both cell morphology on gels
of circa 3 kPa and 23 kPa and the differences amongst the latter two were mini-
mal (data not shown). Because of the possibility to directly compare results from
this study to the experiments described in chapter 3 and Chapter 4, the PAAm
gel of approximately 23 kPa was chosen for the future experiments. The com-
parison of results on spreading dynamics and cell behaviour between hMSCs and
keratinocytes will be done in the epilogue of this chapter, Section 5.5.

So, keratinocytes were cultured on stiff PAAm gels (≈ 23 kPa) coated with
collagen filaments and compared to keratinocytes cultured on collagen Type I
gels (< 1 kPa). These substrates differ in mechanical properties (stiffness, strain
stiffening and porosity) but are as similar as possible in the biochemical cues they
present. Keratinocyte adhesion and spreading was followed from seeding up to
24 h by live cell imaging as well as by fixing and staining the cells at a range of
time points. Only cells that were not in physical contact with other cells were
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Figure 5.2: Keratinocyte-spreading dynamics is very different for PAAm and colla-
gen gels. (a) Keratinocyte spreading at time points that illustrate the route of spread-
ing on both gel types. Representative cells were selected for each time point. Scale
bar represents 50 µm. (b) Quantification of cell area and (c) perimeter over time,
showing the different spreading trajectories on PAAm and collagen gels. Mean ±
SEM from three replicates with over 60 cells analysed per sample per replicate, two-
tailed independent t-test analysis per time point indicated with ∗: p < 0.05, ∗∗:
p < 0.01.
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included in this study as cell-cell contact can direct cell behaviour and would con-
ceal the effect of cell-matrix interactions [7]. Figure 5.2a shows representative
cells in different stages of spreading on the coated PAAm gels compared to the
collagen gels. It can be appreciated from these images that the onset of spread-
ing is earlier on PAAm gels where cells were observed with thicker actin shells
in the initial stages of spreading. In contrast, cells on collagen gels showed very
small protrusions as the first signs of spreading. Quantification of cell area and
perimeter on all time points revealed the evolution of cell morphology on both
substrates as is shown in Figure 5.2b and Figure 5.2c. In agreement with our
qualitative observations, these graphs show that cells spread earlier and faster on
PAAm gels than on collagen. Both cell area and perimeter indicate distinct tra-
jectories for cells on the two gel types, but interestingly they are converging after
24 h where both area and perimeter are no longer statistically different on PAAm
in comparison to collagen gels.

During our time course experiments, we noticed that the collagen gel surface
area decreased dramatically in time. Of course, in order for cells to spread they
have to apply forces onto their environment and therefore we were interested to
figure out whether this gel shrinkage was indeed caused by the cells. Imaging cells
on fluorescently labelled collagen gels showed that the keratinocytes were able to
deform the protein matrix already at very early stages, when the cells still appear
to be round (Figure 5.3a). However, we cannot exclude that small protrusions are
already present and causing these deformations. Measuring gel surface area over
time for different cell densities (Figure 5.3b) shows that gel area is dependent on
both the incubation time as well as the number of cells seeded. Together, this is a
strong indication that the cells actively contract the collagen gel. Focal adhesions
(FAs) are considered the most important physical connections between cells and
their substrates. Since the keratinocytes on collagen gels are applying these large
forces onto the gel causing deformations, we were wondering whether the FAs
would be clearly pronounced and visible after staining for vinculin. On PAAm
gels, clearly visible, elongated FAs were observed at the cell perimeter as shown
in Figure 5.4. On collagen gels, many clear but smaller and less organised FAs
could be observed. Interestingly, high levels of cytoplasmic vinculin that was not
accumulated in FAs were found.

Keratinocyte spreading clearly follows distinct trajectories associated with
different material properties of the substrate. Since the trajectories at our materi-
als seem to be converging after 24 h, we can investigate the effect of the spread-
ing trajectory independently from cell morphology at 24 h. We were intrigued
to see whether these different trajectories lead to differences in cell behaviour.
In this regard, we decided to investigate the localisation of Yes-associated pro-
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Figure 5.2: Keratinocyte-spreading dynamics is very different for PAAm and colla-
gen gels. (a) Keratinocyte spreading at time points that illustrate the route of spread-
ing on both gel types. Representative cells were selected for each time point. Scale
bar represents 50 µm. (b) Quantification of cell area and (c) perimeter over time,
showing the different spreading trajectories on PAAm and collagen gels. Mean ±
SEM from three replicates with over 60 cells analysed per sample per replicate, two-
tailed independent t-test analysis per time point indicated with ∗: p < 0.05, ∗∗:
p < 0.01.
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Figure 5.3: Collagen deformation over time. (a) Round (left) and spread (right)
keratinocytes stained for actin (red) on labelled collagen gels (green). Both round
and spread cells can deform the matrix. All scale bars represent 10 µm. (b) Gel
surface area over time for different cell seeding densities shows that cells actively
contract the collagen gel.

tein (YAP) and transcriptional coactivator with PDZ-binding motif (TAZ) because
they are known for being mechanosensitive and play important roles in directing
cell fate [8]. Fluorescence staining in Figure 5.5a shows the expected nuclear
localisation of YAP/TAZ on stiff PAAm gels, but surprisingly on collagen gels
a somewhat arbitrary distribution of cells with nuclear and cytosolic YAP/TAZ
were observed. Quantification of triplicate experiments show (Figure 5.5b) that
nuclear localisation occurs in approximately 96 % of the keratinocytes on PAAm
gels and in 68 % on collagen. A single control experiment showed lower levels of
nuclear localisation on softer PAAm gels. On the soft (≈ 1 kPa) and intermediate
(≈ 3 kPa) PAAm gels gels, a single experiment showed nuclear YAP/TAZ in circa
11 % and 56 % of the cells, respectively. Since collagen is much softer than all
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Figure 5.4: Focal adhesions are clearly visible on both gels. Vinculin staining after
24 h culture on PAAm and collagen. Scale bars represent 10 µm.

PAAm gels, these results indicate that stiffness alone cannot explain the outcome
on collagen.

As nuclear YAP/TAZ in keratinocytes is associated with cell proliferation and
YAP and TAZ are found to become mostly cytoplasmic in differentiating cells [9],
we were wondering whether more cells on collagen gels would commit to differ-
entiate compared to cells on PAAm. Involucrin is often used as an early marker
for differentiation, as soon as 24 h after cell seeding. Since we are interested in the
dynamics of cell behaviour, we decided to follow involucrin expression over time.
Figure 5.5c shows a steady increase in cells stained positive for involucrin, thus
indicating differentiation, up to 20 % and 46 % after 24 h on PAAm and collagen,
respectively. This higher level of differentiation on collagen is in agreement with
the lower number of cells with nuclear YAP/TAZ as described before.
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Figure 5.5: Keratinocyte behaviour on PAAm and collagen gels. (a) YAP/TAZ
localisation in keratinocytes on the two gel types after 24 h. Scale bar represents
50 µm. Mean ± SEM from three replicates with over 25 cells analysed per sample
per replicate. Two-tailed independent t-test shows significance levels of ∗∗: p < 0.01
(b) Quantification of YAP/TAZ nuclear localisation. (c) Quantification of differenti-
ation over time, two-tailed independent t-test analysis per time point indicated with
∗: p < 0.05.
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5.3 Discussion

Our study shows that keratinocytes on stiff PAAm gels compared to collagen sub-
strates take distinct spreading trajectories that interestingly converge after 24 h.
Results on cell behaviour, namely YAP/TAZ localisation and cell differentiation,
show clear differences between the substrates. This indicates the importance of
the spreading dynamics in directing cell behaviour, however, many questions re-
main. To investigate the spreading dynamics in more detail, future studies could
include bead displacement experiments to quantify gel deformation, both the onset
and magnitude. Although our results already indicate that cells actively contract
the collagen gels, further confirmation could be obtained by disrupting cell attach-
ment to the gel, e.g., by detaching cells with trypsin or by adding a small peptide
to compete for the integrin receptors. Also inhibiting the myosin II contractile ac-
tivity of cells on collagen by treatment with blebbistatin could validate that cells
deform the gels by an active mechanism. Also, it would be very interesting to elu-
cidate the origin of the high levels of cytoplasmic vinculin that is not associated
to focal adhesions but present throughout the cell.

Especially on the cell behaviour part, more experiments need to be performed
to have a better understanding of the consequences of a certain spreading tra-
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differences in behaviour caused by the adhesion and spreading on the different
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similar cell morphologies on PAAm gels of approximately 3 kPa (medium) and
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using the PAAm gel of approximately 3 kPa for a comparison with collagen is
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Figure 5.5: Keratinocyte behaviour on PAAm and collagen gels. (a) YAP/TAZ
localisation in keratinocytes on the two gel types after 24 h. Scale bar represents
50 µm. Mean ± SEM from three replicates with over 25 cells analysed per sample
per replicate. Two-tailed independent t-test shows significance levels of ∗∗: p < 0.01
(b) Quantification of YAP/TAZ nuclear localisation. (c) Quantification of differenti-
ation over time, two-tailed independent t-test analysis per time point indicated with
∗: p < 0.05.
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a single experiment on all four PAAm gels showed similar levels of nuclear local-
isation of YAP/TAZ on the 3 kPa PAAm gel as on the collagen. Also, literature
shows that more cells are differentiating on softer PAAm [11], perhaps approach-
ing our levels of differentiation on collagen. This could indicate that keratinocyte
behaviour on the medium PAAm (≈ 3 kPa) gels would be more similar to col-
lagen as a substrate for keratinocytes and it would be interesting to investigate
this further. It would be particularly interesting to compare the cell spreading dy-
namics on those two substrates that have very different mechanical properties but
might induce similar cell behaviour. Another option could be to vary the struc-
ture and mechanical properties of the collagen gel and study the effect hereof
on the keratinocyte spreading dynamics and subsequent behaviour. This can be
achieved, e.g., by preparing the gels at different temperatures. Collagen gels that
were formed at a higher temperature exhibited a more compact structure and were
composed of longer and thinner fibres compared to those formed at a lower tem-
perature [12, 13]. Perhaps a collagen substrate can be found that induces similar
cell behaviour compared to stiff PAAm.

5.4 Conclusion

Here we have shown that the adaptation of keratinocytes to their mechanical en-
vironment upon seeding follows distinct trajectories. Differences in phenotypes
appear early, as cells on PAAm gels increase their area and perimeter faster than
cells on collagen gels. Also the actin structure of spreading cells shows some dif-
ferences between the gels; a more pronounced actin shell at the edge of cells on
PAAm compared to several small protrusions on collagen. These protrusions are
likely causing the deformations in the protein network while they are reinforcing
their own existence and growing in size and number. After these different ini-
tial morphologies, cells on both gels are again more alike after 24 h of culture.
Subsequent studies on cell behaviour, namely YAP/TAZ localisation and cell dif-
ferentiation show significant differences between the two conditions. Although
more detailed studies on cell behaviour as well as a total screening by means of
RNA sequencing would provide a better overview of similarities and differences
in cell state, our results already show that the early differences have left an imprint
leading cells to integrate the various cues in different ways.

5.5 Epilogue

We started the project with keratinocytes to see whether our observations from
chapters 3 and 4 are also true for a different cell type. We used hMSCs because
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of their multilineage potential and possible future use in regenerative medicine.
Keratinocytes were chosen because of their straightforward differentiation path-
way and their 2D adhesion to the ECM. Here we take a moment to compare the
results for hMSCs and keratinocytes.

First, both cell types follow spreading trajectories that are depending on the
substrate. Interestingly, for stiff PAAm (≈ 23 kPa) and collagen, these trajectories
appear to be converging after 24 h for both hMSCs and keratinocytes as far as
morphology is concerned. Moreover, we observed that the onset of spreading,
by means of an increase in cell area, is later on the protein gels than on stiff
PAAm in all our experiments. On collagen both cell types start expanding by the
formation of protrusions, whereas on PAAm the cell expansion is more isotropic.
Additionally, cells on protein gels are deforming the gel from very early stages
onwards.

Second, we found barely any nuclear localisation of YAP/TAZ in hMSCs on
the protein gels, whereas the majority of keratinocytes on collagen show nuclear
localisation. It would be interesting to map the stiffness around spread cells on
collagen to elucidate whether and to what extent the keratinocytes stiffen the colla-
gen gels. Perhaps they stiffen their surroundings more than hMSCs and therefore
they might have more cells with nuclear YAP/TAZ. On PAAm gels nuclear local-
isation was stiffness dependent for both cell types. On the other hand, we hypoth-
esised that the presence of FAs could be playing a critical role in the localisation
of YAP/TAZ. This is based on our observation that keratinocytes on collagen have
quite clear FAs, whereas hMSCs on collagen have very small FAs that are difficult
to image. Similarly, cells on soft PAAm are not able to form FAs whereas cells
on stiff PAAm are. It would be interesting to investigate YAP/TAZ localisation in
keratinocytes on collagen where a titration series of a focal complex inhibitor was
added.

Third, our experiments revealed lower levels of hMSC proliferation on colla-
gen gels. A similar experiment was not yet performed for keratinocytes. However,
the lower levels of nuclear YAP/TAZ compared to PAAm and the higher levels of
involucrin in keratinocytes on collagen indicate lower proliferation on collagen.

Taken altogether, we found that keratinocytes and hMSCs show similar be-
haviour for most experiments that were performed, although more experiments on
keratinocyte behaviour are needed. Our results do however indicate that spread-
ing dynamics are associated with cell behaviour not only for hMSCs but also for
keratinocytes.
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atinocyte cultures, ready to use for the experiments described in this chapter. Also
the scientific discussions are much appreciated.

5.7 Experimental section

Gel preparation: Preparation of collagen and PAAm-col gels as described in
Section 3.5.

Keratinocyte culture and seeding onto substrates: Keratinocytes from human
foreskin (KNP) in culture (passage 3 to 6) on a feeder layer of inactivated J2 3T3
fibroblasts were obtained from the Mulder lab (Molecular biology - Molecular
developmental biology at Radboud University) the day prior to seeding cells onto
the substrates. Before the keratinocytes were collected from the flask, the feeder
cells were detached and removed by three 5 min incubations in Versene (5 mL) at
room temperature while applying mechanical force by tapping against the flask.
Keratinocytes were then detached by incubating in 5 mL of 0.025 % trypsin in
EDTA at 37 ° C for 5 min. Then 5 mL of FAD medium were added to inactivate
the trypsin and the cells were suspended by pipetting up and down. Any remaining
cell clumps were removed by filtration through a sterile 70 µm filter (Millipore).
The cells were then centrifuged at 1200 rpm for 5 min, the supernatant was re-
moved and 10 mL of fresh medium were added. Unless indicated otherwise, the
cells were seeded 2.5 × 103 cm-2 onto the substrates. After 1.5 h incubation the
cells that had not been attached were removed and new FAD was added to the
wells.

Immunofluorescence staining and fluorescence microscopy: Keratinocytes
on hydrogels were fixed with 4 % PFA for 10 min and permeabilised with 0.2 %
Triton-X100 for 10 min. Following blocking with 10 % BSA solution in PBS
for 1 h, substrates were incubated with primary antibodies (vinculin (Abcam,
ab18058), involurin (Abcam, ab68) and Alexa633-conjugated phalloidin (Sigma
Aldrich) and subsequently with Alexa488-conjugated secondary antibodies (Life
Technologies) and DAPI. Confocal laser scanning microscopy was performed on
a SP8x WLL DMi8 microscope from Leica-microsystems. All images shown are
single optical sections.
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Statistical analysis: Significance of differences throughout this study were tested
using independent samples t-test with ∗: p< 0.05, ∗∗: p< 0.01 and NS: p> 0.05.
Analysis was performed on triplicate independent experiments using cells from
the same donors throughout.
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Chapter 6

Summary and perspectives

This chapter summarises the findings described in this thesis and provides the 
most important future directions for the research in the field of mechanotrans-
duction as well as important suggestions in the execution of future applications.

Parts of this chapter have been published in:
J. Thiele, Y. Ma, S. M. C. Bruekers, S. Ma and W. T. S. Huck,
Advanced Materials. 2014, 26, 125 – 148.
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6.1 Summary

Virtually all cells in the body are exposed to an extracellular matrix (ECM) to
which they adhere via a number of different cell-surface receptors. This interac-
tion allows the cells to sense mechanical cues from the ECM, such as stiffness, but
also respond to the degradability, porosity and distribution of binding sites. These
cues can induce changes in cell shape and size, and trigger responses such as dif-
ferentiation and proliferation. Thus, as a key component of the stem-cell niche, the
ECM is not just an inert scaffold, but can profoundly influence cell-fate choices.
Chapter 1 features as a broad introduction to the field of mechanotransduction
and describes how cells respond to physical properties of their environment, as far
as needed for the reading and understanding of this thesis.

The novel research described in Chapter 2 is an example of how materials
science can be used to obtain a deeper understanding of cell-matrix interactions.
The mechanical and structural properties of a fibrin network were altered by the
addition of extra thrombin or polyisocyanopeptides (PIC). The addition of extra
thrombin increased the density of the fibrin fibres, but showed to have only little
effect on the macroscopic mechanics of the gels. The formation of a fibrin gel in
the presence of a PIC network resulted in less dense fibrin fibres and a modified
macroscopic strain-stiffening response. Cell studies on these gels showed that
bulk mechanics alone cannot explain differences in cell area, but the mechanical
properties of individual fibres are likely to play an essential role.

Although our knowledge of the factors that influence cell behaviour is rapidly
expanding, it is still impossible to accurately predict how complex systems such
as cells respond to perturbations. The work in Chapter 3, Chapter 4 and Chap-
ter 5 shows a first attempt to study the response of cells to a rather strong pertur-
bation, namely the seeding of cells from suspension onto substrates with differ-
ent mechanical properties. Chapter 3 follows the spreading dynamics of human
mesenchymal stem cells (hMSCs) on synthetic and protein substrates. Cell mor-
phology upon seeding follows strikingly distinct trajectories, depending on the
mechanical properties of the substrate. Interestingly, cellular phenotypes, in par-
ticular their area and perimeter, appear to converge over time.

Cell morphology is by no means a comprehensive characterisation of the re-
sponse of a cell. Therefore Chapter 4 describes the adaptation of the cells to
the different substrates by following the dynamics in gene expression. RNA-
sequencing data reveal that on one hand cells on all substrates follow a common
expression pattern of early response genes, but also differences in gene expression
appear. The different trajectories lead to significant differences in cell behaviour.
Together these data indicate that the early differences leave an imprint leading
cells to integrate the various cues in different ways.
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The effects of spreading dynamics on cell behaviour were also studied for ker-
atinocytes. In contrast to hMSCs, epidermal stem cells have a relatively straight-
forward differentiation process and reside in a 2D niche in vivo. This combi-
nation makes keratinocytes a very suitable model for our spreading dynamics
studies. Chapter 5 provides the results on spreading dynamics and behaviour
of keratinocytes on two types of substrates. Cell adhesion and initial spreading
follow distinct trajectories depending on mechanical properties of the substrate,
but converge over time. Subsequent studies on cell behaviour show significant
differences between the two conditions. Also a comparison between hMSCs and
keratinocyte dynamics is given in this chapter.

Together, these chapters show, that to understand cellular behaviour, it is cru-
cial to follow the response of the cell over time, and to build up a detailed under-
standing of the trajectory that cells take to reach a certain state. These chapters
also make clear that these trajectories are multidimensional and should include
as many different parameters as possible. Cells are not static systems, so they
should not be studied as if they are. Our observations provide more evidence that
cells integrate manifold cues from their environment and that a small selection of
parameters does not provide an accurate description of the cell state.

6.2 Perspectives

Hydrogels, composed of synthetic or natural polymers, have provided a powerful
platform to precisely tune mechanical properties such as degradability, biocom-
patibility and porosity, and study cellular responses to specific material properties.
The fundamental research described in this thesis also exemplifies the importance
of the cellular microenvironment for cell behaviour. Chapter 2 is an example of
connecting specific material properties to cellular response. Chapter 3, Chapter 4
and Chapter 5 show the relevance of acknowledging that cells are complex sys-
tems with dynamic adaptation. The acquired fundamental knowledge in the field
of mechanotransduction will especially become meaningful when it will be gen-
erally applied to all work with cells. The remainder of this section elaborates on
suggestions for further fundamental research and outlines some future directions
of the field in general.

6.2.1 The importance of dynamics

The study of the effect of specific parameters on a small set of cell properties
already provides useful information for future cell-based applications. However,
it does not yet provide a sufficiently complete insight into the nature of the cellular
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responses. As cells are complex adaptive systems [1, 2], they integrate a multitude
of local interactions resulting in their total behaviour. Also, the history of the
system forms an integral part of the cell behaviour, and there have been reports
that stem cells possess a mechanical memory [3]. It is important to realise that
even though cells can be indistinguishable in some respects, e.g., the amount of a
specific protein, they are not necessarily identical as a whole [4].

Hopefully the work in this thesis will act as a catalyst for other researchers to
study cells more from a dynamic complex system point of view. The ultimate aim
would be that we can accurately predict cell behaviour in new conditions because
we understand how extracellular signals affect a cells trajectory and therefore be-
haviour. If we can achieve this goal, it should be much more straightforward to
select the optimal substrates and culture conditions to obtain cells in the state that
we aim for, e.g., in tissue engineering applications.

Furthermore it would be very interesting to investigate the time scale that is
applicable to affecting the state of cells. In other words, how long may a pertur-
bation take without significantly affecting the cell? A practical example hereof
is the time in between cell harvesting and seeding, thus when cells are usually
in suspension. It is well known that the time that cells spend in suspension can
have major influences on the cells, e.g., by inducing terminal differentiation in
keratinocytes [5].

Another aspect of the same example of transfering cells to a new surface, or
”passing cells”, is the amount of time between two passages. It is generally ac-
cepted that most celltypes should be cultured sub-confluency to avoid quiescence,
which results in no further expansion of the population. But for a specific cell type
and culture conditions, the time between passages can be influenced by tuning the
cell-seeding density. When lower number of cells are seeded, it takes longer be-
fore the cells reach sub-confluency and need to be passed. Because passing cells
is a side issue of culturing cells in vitro and is not applicable in vivo, it would be
fascinating to study the effect of timing and develop protocols that minimise the
changes in cell state by passing cells.

6.2.2 Different dimensions

Most research in cell biology, including the work described in this thesis, has
been dedicated to cell cultures in two-dimensional (2D) monolayers, even though
these conditions do not even closely mimic tissue physiology in vivo [6–8]. Su-
perficially, the difference between two and three dimensions is that cells in 2D
culture are growing on top of a surface, whereas cells in a three-dimensional (3D)
culture are fully surrounded by the matrix material. This change in dimension-
ality affects many aspects of the cellular environment [9]. In a 2D culture, cell

94



95

Perspectives

adhesion and spreading are essentially unconstrained, but restricted to the hor-
izontal plane, leading to forced apical-basal polarity in cells that are grown in
monolayers. Although polarity is important for some cell types, such as epithelial
cells [10], for many other cells it is undesirable. As encapsulated cells can adhere
in all three dimensions, their morphology remains more rounded, and no polarity
is induced by cell-matrix interactions. Finally, fully embedded cells are sterically
hindered in their spreading and migration due to the confinement of the surround-
ing matrix. Cellular movement through an environment having pore sizes that are
much smaller than the dimensions of the cells relies on proteolytic activity of the
cell [11]. Migration through a confined environment in 3D largely relies on mi-
crotubule dynamics, in contrast to cells on 2D matrices, where migration depends
on cycles of actin protrusion, integrin-mediated adhesion and myosin-mediated
contraction [12]. Furthermore, limited diffusion of proteins and small molecules
through a material results in gradients over the matrix and can cause oxygen ten-
sion within hydrogels [13, 14]. That these aspects can affect cell behaviour is
increasingly appreciated as can be derived from the number of experiments per-
formed in 3D. Therefore ideally all future studies should move from 2D to 3D
environments.

For example, the effect of cell shape on their behaviour, as described in Sec-
tion 1.2.1, has mainly been studied on 2D substrates. There have been few at-
tempts to control the 3D cellular environment with micrometer precision, how-
ever, these approaches were only pseudo 3D as the cells were not fully encap-
sulated by an ECM-mimic [15–17]. With the current knowledge and available
techniques I think it should be achievable to encapsulate and culture cells in truly
3D microcompartments with controlled shapes, size and scaffold rigidity.

For example, the negative structure of the desired microshapes can be pre-
pared in a silicon photoresist that then functions as a master for the microwells.
A hydrogel material that provides sufficient control over structure, stiffness and
allows the diffusion of macromolecules should be selected to prepare the microw-
ells from. To prevent cells from adhering to the surface area between the microw-
ells, this surface can be passivated using poly(lactid acid)-grafted-poly(ethylene
glycol) (PLL-g-PEG). When the scaffold material does not provide cell adhesion
possibilities, the inside of the microwells needs to be functionalised with suitable
proteins or peptides. Then finally cells can be seeded into the microcompartments
and an unpatterned slice, prepared from the same scaffold material and having
identical functionalisation, can be put over the microwells to function as a lid and
fully close the microcompartments. In this manner, the encapsulated cells will
be in a truly 3D environment and experience the same extra-cellular signals from
every side, just like in their niche. Since this approach provides high control over
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the shape and size of the microcompartments, the effects of 3D cell shape and
volume can be studied.

6.2.3 Taking dynamics and dimensionality into practice

Nowadays there is a tremendous amount of data indicating that specific environ-
mental properties affect cells. The main challenge of our field, however, is not
just to obtain more knowledge on mechanotransduction, but to apply this knowl-
edge. A major issue is that even the labs that do have the expertise and facilities to
prepare suitable substrates like hydrogels that match their objectives, usually still
culture cells on hard plastic surfaces before they start their actual experiments.
Generally what is happening is that after isolation of the cells of interest from an
organism, these cells are first cultured on tissue culture polystyrene (TCPS), e.g.,
to expand the population before they are seeded on the substrates of interest. As
shown extensively by the research in this thesis, cells integrate multiple signals
over time and the period of cell expansion is likely to affect the state of the cells.
Therefore it would be a great step forward if the current standard cell-culture con-
ditions would be improved towards conditions that are better mimicking the in
vivo conditions that have no, or at least much smaller, undesired effects on the
cell states.

Most laboratories that do have the equipment and expertise to culture cells on
relevant substrates are still using TCPS. How can we expect that labs that do not
have an intrinsic interest in mechanotransduction and do not have the facilities
to prepare the substrates best suited for their cells will adjust their protocols?
Although I think this adjustment might take several years, I do believe that the
knowledge obtained in mechanotransduction studies will diffuse into other fields
and scientists will appreciate the importance of the mechanical environment of
the cells. In the meantime, protocols are simplified and ready to use materials for
culturing cells in a relevant 3D environment will become commercially available.

6.2.4 Recommendations

To summarise my view on the most important future steps in the field of mechan-
otransduction, I briefly mention my recommendations here. I would like to en-
courage fundamental researchers to further investigate how a complex system as
a cell integrates all its interactions and work on models to accurately predict how
the environment of a cell will influence its state. This could eventually lead to
the design of materials that induce specific cell states in a controlled fashion. For
everyone working with cells, both researchers as well as medical doctors, please
do take into account the entire history of the cells, from the moment of isolation to
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the moment of their usage. All environments that a cell encounters, even tempo-
rary ones, may influence the state of the cell and its future behaviour. Also in this
respect, ideally the cells are cultured in 3D environments that do mimic their nat-
ural environment best, at least until a specific change of cell state is intentionally
induced.
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Nagenoeg alle cellen in het lichaam staan in contact met een extracellulaire matrix
(ECM) waaraan zij via verschillende receptoren op het celoppervlak verbonden
zijn. Deze interactie zorgt ervoor dat de cellen mechanische eigenschappen van
de ECM, zoals stijfheid, kunnen voelen, maar ook kunnen reageren op de mo-
gelijkheid tot afbraak, poriegrootte en de verdeling van bindingsplaatsen. Deze
signalen kunnen leiden tot veranderingen in celvorm en grootte, en kunnen re-
acties zoals differentiatie en proliferatie in gang zetten. Kortom, als een van de
hoofdcomponenten van de stamcelniche is de ECM geen passief materiaal, maar
kan deze juist grote invloed hebben op het gedrag van cellen. Hoofdstuk 1 is
een algemene introductie op het gebied van mechanotransductie en beschrijft hoe
cellen reageren op fysische eigenschappen van hun omgeving, voor zover nodig
om deze thesis te kunnen lezen en begrijpen.

Het nieuwe onderzoek dat beschreven staat in Hoofdstuk 2 is een voorbeeld
van hoe materiaalwetenschap gebruikt kan worden om de interacties tussen cel en
ECM beter te begrijpen. The mechanische en structurele eigenschappen van een
fibrinenetwerk werden veranderd door de toevoeging van extra trombine of poly-
isocyanopeptiden (PIC). De toevoeging van extra trombine leidde tot een toename
in de dichtheid van de fibrinevezels, maar bleek slechts weinig effect te hebben
op de macroscopische eigenschappen van de gels. De vorming van een fibrinegel
in de aanwezigheid van een PIC netwerk resulteerde in een lagere dichtheid van
de fibrinevezels en een verandering in macroscopische vervormingsverstijving.
Celstudies op deze gels hebben laten zien dat bulkmechanica alleen niet de ver-
schillen in celoppervlak kunnen verklaren en dat de mechanische eigenschappen
van individuele vezels zeer waarschijnlijk een essentiële rol spelen.

Ondanks het feit dat de kennis over factoren die celgedrag beı̈nvloeden snel
toeneemt, is het nog steeds onmogelijk om accuraat te voorspellen hoe complexe
systemen zoals cellen zullen reageren op een perturbatie. Het werk in Hoofd-
stuk 3, Hoofdstuk 4 en Hoofdstuk 5 laat een eerste poging zien om de respons van
cellen te bestuderen na een behoorlijk sterke verstoring, namelijk het zaaien van
de cellen vanuit suspensie op oppervlaktes met verschillende mechanische eigen-
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schappen. Hoofdstuk 3 volgt de spreidingsdynamiek van menselijke mesenchy-
male stamcellen (hMSCs) op synthetische en eiwitsubstraten. Na het zaaien volgt
de celmorfologie opvallend verschillende trajecten, afhankelijk van de mechani-
sche eigenschappen van het substraat. Interessant is dat de cellulaire fenotypes,
met name hun oppervlak en omtrek, naar elkaar lijken te convergeren in de tijd.

Celmorfologie is absoluut geen allesomvattende karakterisering van de cel-
respons. Daarom beschrijft Hoofdstuk 4 de adaptatie van de cellen aan de ver-
schillende substraten door de dynamiek in genexpressie te volgen. Data uit een
RNA sequentiebepaling laten zien dat aan de ene kant cellen op alle substraten
een gemeenschappelijk expressiepatroon van snelle responsiegenen hebben, maar
dat er ook verschillen in genexpressie zijn. De verschillende trajecten leiden tot
significante verschillen in celgedrag. Samen duiden deze resultaten erop dat de
vroege verschillen een afdruk achterlaten die ertoe leiden dat cellen de variatie
aan signalen op verschillende manieren integreren.

De effecten van spreidingsdynamiek op celgedrag zijn ook bestudeerd voor
keratinocyten. In tegenstelling tot hMSCS hebben epidermale stamcellen een re-
latief eenvoudig differentiatieproces en begeven ze zich in een 2D niche in vivo.
Deze combinatie zorgt ervoor dat keratinocyten een zeer geschikt model zijn voor
onze studies aan de spreidingsdynamiek. Hoofdstuk 5 beschrijft de resultaten
betreffende spreidingsdynamiek en gedrag van keratinocyten op twee typen sub-
straten. Celhechting en de initile spreiding volgen verschillende trajecten, afhan-
kelijk van de mechanische eigenschappen van het substraat, maar convergeren in
de tijd. Vervolgstudies naar het gedrag van de cellen laat significante verschillen
zien tussen de twee situaties. Tot slot wordt in dit hoofdstuk ook een vergelijking
gemaakt tussen de spreidingstrajecten van hMSCs en keratinocyten.

Gezamenlijk laten deze hoofdstukken zien dat het noodzakelijk is om de res-
pons van cellen in de tijd te volgen en een gedetailleerd begrip te krijgen over
het traject dat cellen volgen om een bepaalde staat te bereiken, om het gedrag
van cellen te begrijpen. Deze hoofdstukken maken ook duidelijk dat de trajecten
multidimensionaal zijn en zoveel mogelijk parameters zouden moeten bevatten.
Cellen zijn geen statische systemen en zouden dus ook niet bestudeerd moeten
worden alsof ze dat wel zijn. Onze observaties leveren meer bewijs dat cellen
veel signalen uit hun omgeving integreren en dat een kleine selectie van parame-
ters geen accurate omschrijving geeft van de staat van een cel.
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Stéphanie Bruekers was born on April 10, 1989 in
Weert, The Netherlands. After graduating from sec-
ondary school in 2007 (vwo, cum laude), she moved
to Nijmegen to study Molecular Life Sciences at Rad-
boud University. Additionally, Stéphanie successfully
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Min, Maaruthy, Jing, Casper, Nannan, Francesca, Alex, Mahesh, Britta, Lifei,
Hui, Jayanta, Oliver, Lena, Lı́a, Karina, Erik, Peter, José, Dorine and all students
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Jurjen, jij was soms mijn buurman en als je weer even langs kwam, was het altijd
gezellig en ik wil je bedanken voor zowel je gevraagde als ongevraagde adviezen.
Thank you for the nice working atmosphere, I had a very nice time with all of you
on the second floor!

Also outside the lab and office I really enjoyed spending time with colleagues!
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But it was worth the wait!
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der afgerond, maar helaas was daar geen tijd meer voor. Klaas, ook wil ik jou nog
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In het celkweeklab kwam ik behalve José en Dorine ook regelmatig Saskia,
Britta, Anika en Annika tegen. Het was altijd gezellig om even een praatje met
jullie te maken! Saskia, ik vond het ook erg fijn dat we elkaar konden helpen
met celvragen en bij de verschillende uitdagingen van de confocal. Britta, tussen
het werken door was er gelukkig ook tijd om af en toe samen een kopje thee
te drinken. Dit was vooral gezellig, maar als het nodig was, bood je mij een
luisterend oor en gaf je me de adviezen waar ik behoefte aanhad. Nadat je naar
Schotland bent verhuisd zijn de live-gesprekken vervangen door Skype, maar nog
steeds zijn ze erg fijn en drinken we nu ook meestal een kop thee. Hier heb ik veel
steun aan gehad en daarom vind ik het ontzettend fijn dat je me ook bij de laatste
stappen van mijn promotie wilt bijstaan en mijn paranimf wilt zijn! Ook René
dankjewel voor je gezelligheid en gastvrijheid tijdens het logeren in Bathgate!

Albert, onze projecten konden nauwelijks meer van elkaar verschillen dan
ze doen, maar toch zagen we soms een overlap die we samen bespraken. Een
gezamenlijke Perspectives is er niet gekomen, maar in al onze gesprekken heb ik
veel van je geleerd. Onze karakters en ideeën zijn soms zo tegenovergesteld van
elkaar, terwijl de middenweg dan vaak het beste was. Zo ben jij je introducties
gaan inkorten en ik juist gaan uitbreiden. Ook je kritische blik op mijn figuren
en posters vond ik erg fijn en ik hoop dat dat wederzijds is. Juist omdat we zo
verschillend zijn, zijn we een goed team en daarom ben ik blij dat ook jij mijn
paranimf wilt zijn!
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Geen experimenten zonder administratie, bestellingen en budgetbeheer. Ik wil
dan ook graag Désirée, Marieke, Paula, Jacky, Peter, Jan en Theo bedanken dat
jullie deze taken al die jaren uitvoerden. Peter, jou wil ik ook bedanken voor je
vrolijkheid en oprechte interesse, het was altijd leuk om even bij te kletsen.

Liesbeth en Geert-Jan, jullie wil ik heel erg bedanken voor het delen van jullie
kennis voornamelijk van de confocal, maar ook van andere licht- en elektronen-
microscopen. Verder wil ik Anika en Wenny bedanken voor alle hulp met de
IncuCyte.

Om goed te kunnen werken, is het leven naast je werk ook erg belangrijk.
Daarom wil ik graag al mijn vrienden bedanken voor de afleiding van mijn on-
derzoek de laatste jaren. Allereerst mijn jaarclub: Heleen, Sabine, Rozemarijn,
Annelies en Marjolein bedankt voor alle gezelligheid. Nu we niet meer allemaal
in Nijmegen wonen, zien we elkaar helaas niet meer wekelijks, maar elke keer dat
we afspreken is het weer net zo gek en gezellig als toen! Ook mijn studievrien-
den, inmiddels allemaal ex-mlwers (en scheiko) Imke, Yvonne, Ivo, Floris, Joost
en Loek wil ik bedanken voor alle leuke dingen die we de afgelopen tien jaar sa-
men hebben meegemaakt. En natuurlijk ook Brigitte, je schreef zelf al hoeveel we
eigenlijk samen hebben gedaan de laatste jaren en hoe we elkaar weer nieuwe uit-
dagingen bezorgen. Dankjewel voor alle gezelligheid! Verder niet te vergeten de
uitstapjes, etentjes en cocktailavonden met Silvie (met en zonder Dirk) en Britta
(met en zonder René) die altijd weer zo gezellig waren! Kristel en Sharon, jullie
heb ik de afgelopen jaren dan wel niet zo veel gezien als ik eigenlijk zou wil-
len, maar elke keer als we konden afspreken, was het weer ouderwets vertrouwd
en gezellig. Ik wil jullie graag allemaal bedanken voor het aanhoren van al mijn
promotieperikelen. Tijdens mijn promotie heb ik ontdekt hoe leuk hardlopen is.
Soms loop ik alleen, maar vaak ook niet. Het is ongelooflijk hoe snel je tijdens
het hardlopen banden op kan bouwen en daarom wil ik al mijn hardloopmaatjes
bedanken, jullie hebben mij geholpen aan de broodnodige ontspanning tussen het
promoveren door.

Als er mensen zijn van wie steun onvoorwaardelijk is, dan is het wel familie.
Maar dat betekent niet dat deze minder gewaardeerd wordt! Ik wil dan ook ie-
dereen van mijn familie en schoonfamilie bedanken voor alle interesse en steun
tijdens de afgelopen jaren. In het bijzonder papa, mama en Charlotte. Jullie heb-
ben mijn nieuwsgierigheid van jongs af aan al gestimuleerd en mij geleerd om
altijd mijn best te doen. Zonder jullie vertrouwen en aanmoedigingen was ik
nooit zo ver gekomen. Het was ontzettend fijn om thuis te kunnen vertellen waar
ik mee bezig was (sorry mama en Char, maar jullie praten ook veel over logopedie
;) ), maar ook dat jullie begrepen dat ik het niet altijd maar over mijn promotie
wilde hebben. En als ik thuis kwam met een gek voorstel (bijvoorbeeld het lopen
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van de New York Marathon) dat jullie me misschien voor gek verklaarden, maar
vervolgens wel helemaal hebben gesteund. Dankjulliewel hiervoor! Ook ben ik
heel dankbaar voor de support van mijn grootouders. Ik vind het ongelooflijk
lief en fijn om te merken hoe trots jullie op mij zijn en dat heeft me altijd extra
gemotiveerd.

En tot slot, lieve Robin, dankjewel voor alles! Voor je steun, je vertrouwen,
je interesse, je motivatie, je alles. Eigenlijk kan ik het niet eens onder woorden
brengen wat je voor mij betekent, maar ik heb het gevoel dat jij dat toch al weet.
Dankjewel dat je er voor me was, bent en blijft.

Liefs,
Stéphanie
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