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Summary
Quantifying the effect of structural manipulations on cellular stress 
generation
Stress generation is an important feature of cells, relevant for processes such as migration, 
differentiation and proliferation. In addition, stress generation plays a significant role 
at the tissue level, for instance in the formation and maintenance of tissue organization. 
Understanding stress generation is of fundamental importance for (cardiovascular) tissue 
engineering, in order to obtain organized tissues with proper mechanical functionality. Beside 
this, understanding stress generation can aid in understanding the onset of pathologies in 
which the contractile state of the cell is altered, e.g. in chronic vasoconstriction. Functional 
stress generation is not only of importance for (cardiac) muscle cells, but is also of particular 
relevance for non-muscle cells, like matrix-forming fibroblasts. In these cells, stress 
generation is highly dependent on the cytoskeletal organization within the cell body. Among 
the cytoskeletal proteins, the actin stress fibers are designated as one of the most important 
players in stress generation as they produce contractile stress via actin-myosin interactions. 
On the other hand, cytoplasmic intermediate filaments like vimentin provide the cell with 
stiffness and thus with resistance against cellular contraction by the stress fibers. Unlike 
vimentin, the intermediate filament lamin A is found surrounding the nucleus, where it 
connects the nucleus to stress fibers. Apart from these cellular components, connections 
between cells and between cells and the extracellular matrix can influence stress generation. 
The aim of this thesis is to quantify the effect of several structural manipulations of (myo)
fibroblasts on their stress generation. Stress generation was quantitatively assessed by using 
the thin film method combined with computational modeling. For this, the thin film method 
was modified to allow for manipulation of the cellular orientation.

First, we investigated whether the orientation of individual cells within 2D monolayers 
affects stress generation. We found that net stress generation (a combination of stress 
fiber contraction and vimentin resistance) is independent of the monolayer organization of 
myofibroblasts (a common cell source in cardiovascular tissue engineering). This suggests 
that the total stress distribution of e.g. a tissue engineered construct is dictated by the 
organization of the biomaterial constituting the construct. In that way, the stress distribution 
within engineered tissues created with myofibroblasts can be steered. 
Next, the effect of organization at the subcellular level on stress generation was investigated. 
First, the impact of variations in the organization of the cell’s contractile components, the 
stress fibers, was examined via knockout of lamin A in mouse embryonic fibroblasts (MEFs). 
The impaired stress fiber organization of the knockout MEFs led to a fivefold reduction in 
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net stress generation compared to wild-type MEFs. This shows the devastating effect of 
the impaired stress fiber organization in laminopathic cells. Subsequently, the influence 
of the passive cytoskeletal components resisting the stress fiber contractility was studied 
via knockout of vimentin. The net stress generation of vimentin knockout MEFs was found 
to be three times higher than that of vimentin wild-type MEFs. Since no differences in 
stress fiber composition and organization were found between the vimentin wild-type and 
knockout MEFs, the difference in net stress generation could not be caused by an increased 
contractility of the stress fibers and can, therefore, be directly related to the absence of 
vimentin. 
Lastly, the contribution of the organization of the structural cell-cell interactions to net 
stress generation was investigated via inhibition of the adherens junctions. Little differences 
in stress generation were found between the monolayers in which the adherens junctions 
were inhibited and the unaffected controls. This suggests that for myofibroblasts, the cell-
cell interactions play a minor role in stress generation within a monolayer. 

In conclusion, the results of this thesis demonstrate that not only the structural organization 
of the contractile stress fibers, but also their interplay with other cytoskeletal proteins, is 
essential for functional stress generation of (myo-)fibroblasts. Specifically, we found that the 
structural organization within the cell strongly affects the stress magnitude. How this stress 
is distributed in a monolayer depends on the orientation of the cells. The fundamental 
knowledge obtained in this thesis is a step forward towards quantitative understanding of 
cellular stress generation, and can provide guidelines for (cardiovascular) tissue engineering. 
Next to this, the model system used in this thesis has the potential to serve as an in vitro 
diagnostic tool for diseases that affect cellular stress generation.
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Introduction
The ability to exert contractile stress is of vital importance for proper functioning of 
adherent cells as it is a prerequisite for fundamental cellular processes such as migration 
and differentiation.36,139 In addition, stress generation plays a significant role at the 
tissue level, for instance in the establishment and maintenance of tissue homeostasis.103 
Prominent examples of cells that need to maintain tissue homeostasis are cells residing 
in a mechanically demanding environment, like in the heart or blood vessels. In these 
types of tissues, the cells are continuously subjected to mechanical loads to which they 
need to adjust themselves or their surrounding ECM in order to maintain proper tissue 
functionality.103 Cells are able to feel the mechanical properties and load of their environment 
(mechanosensing), and subsequently adjust to it (mechanoresponse).64 Together, 
mechanosensing and mechanoresponse are referred to as mechanotransduction, a process 
that translates environmental mechanical cues to (bio)chemical signals within the cell that 
lead to a mechanical or chemical response.35,64,157,200 Stress generation plays a major role in 
mechanotransduction as it is involved in both mechanosensing and mechanoresponse. 

Since stress generation is key in a plethora of important cellular processes, this thesis aims 
to gain a more quantitative insight into the stress generation process. This fundamental 
knowledge is of paramount importance for (cardiovascular) tissue engineering, in order to 
obtain organized tissues with proper mechanical functionality. Beside this, understanding 
stress generation can aid in understanding the onset of pathologies in which the contractile 
state of the cell is altered, e.g. in dilated cardiomyopathy or chronic vasoconstriction. Not 
only (cardiac) muscle cells need functional stress generation, it is also particularly relevant 
for non-muscle cells, like matrix-forming fibroblasts. In these cells, stress generation is highly 
dependent on the cytoskeletal organization within the cell body. In order to understand 
the quantitative contribution of the cytoskeletal components and the structures related to 
the cytoskeleton, the effect of several structural manipulations on stress generation have 
been investigated in this thesis. Stress generation was quantitatively assessed by using a 
combined experimental and numerical approach. This approach allowed us to easily apply 
structural manipulations to fibroblast monolayers and subsequently quantify their stress 
generation. The current chapter provides a basal introduction to mechanotransduction and 
the cellular components involved in stress generation, followed by a rationale and outline 
of this thesis. 

Mechanotransduction
The cytoskeleton is attached to the extracellular matrix (ECM) via the focal adhesions.35,64 
Via this pathway, the cells can mechanically probe their environment. Stress is applied 
onto the focal adhesions through both the ECM and the cytoskeleton (mainly via actin-
myosin contraction). This eventually leads to a stress balance at the focal adhesion site 
through remodeling of either the cytoskeleton or the ECM. For example, cells residing in a 
high stiffness environment sense the high resistance that the environment provides upon 
probing the environment and subsequently adjust their cytoskeletal stress by increasing the 
actin-myosin contraction and focal adhesion size.51,182 Another example of the importance 
of stress generation for mechanotransduction is the adjustment of the stress that the 
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ECM applies on the cells. This ECM-derived stress is first transferred to the nucleus via the 
cytoskeleton.200 There, this can initiate gene expression (of mechanically activated genes) 
that affect e.g. ECM production and/or degradation leading to tissue remodeling.38 Taken 
together, the mechanotransduction process is a highly dynamic feedback loop in which the 
cells continuously adjust their cytoskeleton and/or their surrounding ECM to the current 
mechanical state of the tissue, eventually leading to tissue homeostasis.103 Next to the 
environmental stiffness mentioned above, externally applied strain is a mechanical cue that 
also has a large influence on the mechanotransduction process.  Cyclic strain, for example, 
is a mechanical cue that cells in the cardiovascular system experience continuously. Most 
adherent cells, such as myofibroblasts, cardiomyocyte progenitor cells and endothelial cells 
have shown to respond to (uniaxial) cyclic strain by reorienting themselves perpendicular 
to the direction of strain72,111,138,179, a process called strain avoidance. Cells also use stress 
generation to respond to topographical cues in a similar manner as to mechanical cues. 
Cells recognize topographical cues ranging from the nanometer to the micrometer range 
and organize themselves accordingly, in order to align and migrate in the direction of the 
cues.55,70,73,179 This phenomenon is known as contact guidance. 

As described above, stress generation is involved in a large number of cellular 
functions36,73,139,181, therefore, abnormal stress generation can lead to pathology or adverse 
tissue remodeling of engineered tissues that are intended to replace pathological tissues. 
Examples of the effect of abnormal stress generation in (engineered) cardiovascular 
tissues are: 1) chronic vasoconstriction caused by excessive stress generation by the 
vascular smooth muscle cells leading to hypertension65,154, 2) aneurysm formation in tissue 
engineered vascular grafts caused by insufficient stress generation of the cells leading to 
vascular dilation184 and, 3) retraction of tissue engineered heart valve leaflets caused by 
the excessive stress generation of the cells leading to incomplete closure of the valve53,136. 
Hence, understanding stress generation in adherent cells is of fundamental importance for 
understanding the onset of several pathologies and for creating mechanically functioning 
engineered tissues. 

Cellular components involved in stress generation
The cytoskeleton of adherent cells is the most important structural component involved in 
stress generation. The cytoskeleton comprises three interconnected networks consisting of 
actin fibers, microtubules, and intermediate filaments. Via focal adhesions, the cytoskeleton 
is attached to the ECM, while interactions with the cytoskeleton of neighboring cells are 
realized via adherens junctions located in the cell membrane.3 A graphical representation of 
the organization and localization of the above mentioned cellular components can be found 
in Fig. 1.1.
   
Actin filaments
All three components of the cytoskeleton consist of polymers built up from different types 
of monomers. The actin filaments (F-actin) are the thinnest cytoskeletal structure (6-8 
nm143) and are built up from globular actin monomers (G-actin). Actin filaments are polar 
structures with a turnover rate of minutes.4 The (bending) stiffness of the actin filaments 
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ranges between 1.3 and 2.5 GPa143 and actin filament networks break at an extensive stress 
of approximately 3.2 Pa106. With the aid of actin binding proteins, the actin filaments organize 
themselves into several types of tertiary structures, like the networks that are usually found 
in the cell-cortex, and contractile fiber bundles called “stress fibers”.4 These stress fibers 
consist of bundles of actin filaments that interact with each other via several types of actin 
cross-linkers and myosin motor proteins.4,110,143,147 The myosin motors actively pull on the 
actin filaments causing contraction of the stress fibers.4 This interaction between actin 
filaments and myosin motors is thus important for contractile stress generation, making 
the stress fibers the main contributors to stress generation. Next to the crosstalk between 
individual actin filaments, the actin filaments interact with the microtubules via several 
motor proteins and via steric interactions.102 In a similar manner, interactions between actin 
and intermediate filaments are established.102 The stress fibers also connect to the ECM 
via the focal adhesions and to the stress fibers of neighboring cells via adherens junctions. 
Since the stress fibers actually provide the cell with stress generation, these structures are 
the main focus of this thesis. Not only the presence, composition and organization of the 
stress fibers were studied, but also the effect of their interplay with the other cytoskeletal 
components, connection to the ECM, and connection to stress fibers of neighboring cells are 
of interest in quantifying stress generation.  

Microtubules
Microtubules consist of tubulin monomers that form polar tubular structures with a 
fast turnover rate (within minutes), similar to the actin fibers.4 The microtubules are the 
thickest (25 nm143) and stiffest (Young’s modulus: E = 1.9 GPa143) of the three cytoskeletal 
structures, but they also have the lowest breaking strength upon extension as they break 
already at a stress of approximately 0.5 Pa.95,106,143 However, the high stiffness together 
with the tubular structure does give the microtubules an extremely high bending stiffness 
that is approximately 1000 times higher compared to actin.143 Because of these mechanical 
properties, the microtubules provide protection against external compression and maintain 
the integrity of the cell. Next to this, the microtubules provide a platform for intracellular 
transport and are involved in cell division by arranging the chromosomal organization 
before cell division.4,17,75 Because of the high bending stiffness of the microtubules, we 
hypothesize that they provide resistance against stress generation within the cell. The role 
of microtubules in stress generation has been examined previously via disruption of the 
microtubules.28,34,39 Qualitative investigation showed an increase in stress generation upon 
microtubule disruption. This increase in stress generation was however not only related 
to the disruption of the microtubules, but also to the release of contractility enhancing 
molecules that are normally attached to the microtubules.34,39 This secondary effect makes 
quantification of the contribution of microtubules to stress generation a difficult process; 
therefore this was not studied in this thesis. 

Intermediate filaments 
Unlike microtubules and actin filaments, intermediate filaments are non-polar and consist of 
monomers that have a head, rod, and tail domain.4 The monomers dimerize and thereafter 
form tetramers that organize themselves into unit length filaments, which assemble laterally 
to form the final filaments of roughly 10 nm thick.4,143 This type of filament build up enables 
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the intermediate filaments to withstand large deformations; more than double the amount 
of deformation that the microtubules and actin filaments can withstand.106 The intermediate 
filaments provide the cell with stiffness due to their strain stiffening behavior.4,106 
The intermediate filaments are composed of a large variety of monomeric subunits, 
divided into five types.155 The epithelial keratins are subdivided into type I and II. Type III 
intermediate filaments consist of the non-keratins, e.g. vimentin and desmin that are both 
found in mesenchymal cells. The neuronal intermediate filaments are part of the type IV 
filaments. Contrary to the other intermediate filament types, the lamins (type V) are found 
in the nucleus and not in the cytoplasm. The intermediate filaments lamin and vimentin are 
explained here in further detail due to their abundance in fibroblasts and their interaction 
with the stress fibers. 

The lamins are the main components of the nuclear lamina, a dense fibrillar network on the 
inside of the nucleus that provides mechanical support to the nucleus. Of the two types of 
lamins (A and B), the B-type lamins are essential for general cell survival209, while the A-type 
lamins are present in only a subset of cell-types, of which the fibroblast is one.25 Next to 
protecting the nucleus against large deformations, the lamins are involved in processes such 
as gene expression and gene transcription.24,25 Normally, the nuclear lamina is connected 
to the cytoskeleton via LInkers of the Nucleoskeleton and Cytoskeleton (LINC) complexes.46 
Therefore, mutations or a complete lack of the A-type lamins in the nuclear lamina lead 
to a disrupted cytoskeletal organization, an impaired mechanotransduction pathway, and 
altered mechanical behavior of the nucleus.24,99,216 Since the absence of A-type lamins has a 
substantial effect on the organization of the stress fibers, the effect of A-type lamin knockout 
on stress generation was studied in chapter 4.

Vimentin, on the other hand, forms a complex network in the perinuclear region that 
radiates towards the cell cortex. Vimentin protects the whole cell against large deformations 
via its strain stiffening behavior88,106,199, and is known to structurally connect with the 
other cytoskeletal components via plectin, a large cytoskeletal cross-linker102,107,175. This 
interaction is crucial for proper organization of both stress fibers and vimentin intermediate 
filaments.107 Since vimentin provides fibroblasts with resistance against large deformations, 
we hypothesize that it also resists the deformation caused by stress fiber contractility. 
Therefore, we speculate that the knockout of vimentin could cause an increase in the 
amount of stress generation. This was studied in chapter 5. 

Focal adhesions
The stress fibers are connected to the ECM via focal adhesions.3 These complex protein 
structures are the gateway for transporting external mechanical cues into the cell and also 
transport the internal stress generated by the stress fibers to the cells’ environment.35,64,121  
Therefore, the focal adhesions are an important part of the mechanotransduction process.35 
Generally, the focal adhesions consist of clusters of integrins that are attached to actin stress 
fibers via a range of focal adhesion proteins, of which vinculin, talin and paxilin are just a few 
examples.92,160,202 The composition and stability of the focal adhesion change upon changing 
stress exerted onto the focal adhesion.92 The higher the stress, the thicker the stress fiber 
and the larger and more stable the focal adhesion. Since the focal adhesions play a large 
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role in mechanotransduction and stress transfer to and from the ECM, the presence and 
organization of the focal adhesions was investigated in chapters 4 and 5. 

Adherens junctions
The cytoskeleton of adherent cells physically interacts with the cytoskeleton of neighboring 
cells via adherens junctions.3 At the adherens junctions, actin filaments directly bind to 
several types of catenins that in turn bind to the cytoplasmic domain of cadherin.203,204 The 
extracellular domain of cadherin interacts with the extracellular domain of the same type 
of cadherin of a neighboring cell.3,9,87 In fibroblasts the most common type of cadherin is 
N-cadherin.96,98 However, fibroblasts have shown to express a large variety of cadherin types, 
including cadherin-11 and T-cadherin.96,98 Via the adherens junctions, the stress generated 
by the stress fibers can be transferred to neighboring cells. This stress transfer between 
fibroblasts is important for proper functioning of connective tissues. The exact contribution 
of the adherens junctions to stress generation of fibroblast monolayers has not yet been 
quantified. Therefore, the effect of inhibition of N-cadherin and/or cadherin-11 on stress 
generation was studied in chapter 6. 

Rationale and outline
In this thesis, we aim to gain a more quantitative understanding of the contribution of several 
kinds of structural organization to stress generation. Over the years, several methods have 
been developed to quantify stress generation both in 2D and in 3D. These methods were 
reviewed in chapter 2. Based upon this review, chapter 2 ends with an explanation for and 
description of the method used in this thesis: the thin film method combined with sample-
specific finite element modeling.

In chapter 3, the experimental- and numerical-design of the thin film method have been 
explained in more detail. In that chapter, the influence of monolayer organization on stress 
generation was investigated (Fig. 1.2). It was hypothesized that the contractility of individual 

Figure 1.1 Graphical (top view) representation of the most important cytoskeletal elements in adherent cells 
(specifically fibroblasts). The microtubules are depicted in purple, actin stress fibers in green, vimentin in red and the 
nuclear lamina in dark blue. The nucleus itself is light blue. The focal adhesions are represented by orange ellipses 
and the adherens junctions by yellow ellipses.
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cells is independent of monolayer organization; this would mean that the monolayer 
architecture completely dictates the stress distribution within the monolayer.

Since the stress fibers are the main contractile component of adherent cells, the effect 
of stress fiber organization on contractile stress generation was investigated in chapter 
4. Lamin A knockout cells were used as model cells to obtain cells with an impaired actin 
organization due to their disconnection between stress fibers and the nucleus (Fig. 1.2). The 
aim of chapter 4 was to quantify the amount of decrease in stress generation caused by the 
impaired stress fiber organization of the lamin A knockout cells.

The actin stress fiber contractility is hypothesized to be resisted by the stiffness that 
vimentin provides to the cell. The net stress generation is therefore less than the actual 
stress generation by the stress fibers because part of this stress is needed to deform the 
vimentin filaments (Fig 1.2). Vimentin depletion would thus result in an increased net stress 
generation, which was quantified in chapter 5.  

Having studied the effects of monolayer organization and intracellular organization on stress 
generation, the missing link between these two is the intercellular organization. Therefore, 
in chapter 6, the effect of mechanical cell-cell interactions via cadherins was investigated. It 
was proposed that not the cell-cell interactions, but the cell-ECM interactions are the most 
prominent in stress generation of fibroblasts-like cells (Fig. 1.2). Therefore, inhibition of 
cadherins was expected to have little effect on the stress generation by the cell monolayers. 

This thesis concludes with a general discussion in chapter 7, in which the findings of the above 
mentioned chapters are summarized and compared. Thereafter, benefits and limitations of 
the thin film method together with its future perspectives are described. This is followed by 
an outlook towards future research and an overall conclusion of this thesis. Since chapters 
3 to 6 were written to be self-contained and are all based on the same experimental model 
system, some overlap between these chapters is present. 
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Introduction
Various methods have been developed over the years to quantify stress generation since 
it plays a vital role in many fundamental cellular processes.128,134,150,161 These methods 
focus on measuring cell contractility, cellular traction forces or cellular stress generation: 
parameters that are mutually related. Cell contractility is usually measured as the amount 
of compaction (shrinkage) of cell-laden gels or tissues.26,27 Gel/tissue compaction is 
relatively easy to measure qualitatively and is caused by the traction forces that cells exert 
onto their environment. The cellular traction forces themselves can be quantified with 
techniques using e.g. the amount of deflection of flexible micropillars on top of which cells 
are cultured.133,193 The traction forces can be translated into stress by normalizing the force 
for the cross-sectional area. Here, these methods to measure cellular contractility, traction 
force, and stress are taken together and hereafter referred to as methods to quantify stress 
generation. These methods can be divided into three categories: methods that quantify 
stress generation of single cells, of 2D monolayers of cells, or of 3D tissues (including cell-
laden gels). An overview of the state of the art of these techniques is given in this chapter 
and their most important advantages and disadvantages are summarized in table 2.1. In 
this thesis, we are interested in quantifying the effect of several structural manipulations on 
stress generation. Therefore, the method that will be used in this thesis needs to provide 
easy quantification of stress generation and provide the ability to easily apply structural 
manipulations to the cells. This chapter will conclude with the reasoning behind the method 
used in the present thesis, including a description of the manufacturing and use of this 
method.

Methods to quantify stress generation of single cells
One of the first methods that was developed to measure cellular traction forces generated 
by single cells was the substrate wrinkling assay.15,93,94 Cells were plated onto thin flexible 
substrates that start to wrinkle when cells apply traction forces and start to migrate. The 
downside of this method is that these wrinkles only give a qualitative indication of the 
cellular traction force applied to the substrate.93,94 Therefore, this method later evolved into 
the traction force microscopy (TFM) assay that enabled accurate and quantitative traction 
force measurements via the incorporation of fluorescent microbeads in a thicker substrate, 
generally made of polyacrylamide.173 The deformation of the substrate was tracked 
via displacement of the microbeads.173 Together with the mechanical properties of the 
substrate, the substrate deformation is translated into a traction force. TFM has been used 
in a large number of studies due to its ease in implementation and the ability to confine 
cells in a certain shape via micro-contact printing of ECM proteins on the polyacrylamide 
gel.21,108,125,210 
Next to these methods that quantify global cellular traction force or stress, methods have 
been developed that quantify the stress exerted at single or multiple focal adhesions attached 
to the stress fibers that generate the cellular stress. The most commonly used method to 
measure local cellular traction forces is the micropillar assay (also known as micropost 
assay).54,78,79,183,188 In that assay, cells are seeded onto flexible PDMS (polydimethylsiloxane) 
micropillars ranging a few microns in diameter and height. In the micropillar assay, each 
micropillar functions as an individual force-sensing unit and independently senses the 
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forces applied on the focal adhesion attached to that pillar.78 The adherence of the cell to a 
micropillar causes a deflection of that pillar. Since the mechanical properties of the pillars 
are known, a force can be derived from the pillar deflection.78 
Recently, the development of DNA-hairpins enabled measurement of stress generation 
even at a molecular level.20,215 The DNA-hairpins are attached to a fluorophore and quencher 
pair that separate from each other when the DNA-hairpin is unfolded by the cellular traction 
forces exerted onto the hairpin.20 Upon unfolding, and thus separation of the fluorophore 
and quencher, the emission of the fluorophore can be detected and acts as a measure for 
the amount of force exerted on the DNA-hairpin.20 Even though this technique enables 
direct force-sensing, it does not give information on the direction of the force, and creation 
and calibration of the DNA-hairpin sensors is a difficult process.  

Methods to quantify stress generation of 2D monolayers
Even though the above mentioned methods for quantifying stress generation by single cells 
have provided important fundamental insights, they do not represent the in vivo situation. 
Although 2D monolayers are also not completely representative of the in vivo situation, 
the cell-cell interactions that occur make it more representative compared to the single 
cell methods. Expanding the TFM method towards monolayer stress microscopy177,178, 
for example, has enabled the measurement of stress generation by entire monolayers. 
In essence, this method is similar to TFM except for the use of cell monolayers and the 
measurement of stress applied directly at the cell-substrate interface.178 In this way, the 
global and local magnitude and direction of cellular stress can be determined.177   
Another elegant example of a method that quantifies stress generation of 2D monolayers 
is the thin film method. The group of Parker first published this method in 200768 and since 
then, it has evolved into a versatile method that has been used to quantify stress generation 
of a lot of different cell types6,67,174, and with a variety of different substrate materials1,6,140. 
In general, the thin film method consists of a thin PDMS film on which a cell monolayer is 
cultured.6,68,83 As the cells apply traction forces onto the PDMS film, the film bends. The 
amount of curvature of the thin PDMS film can be used to derive the stress by using simple 
mathematical models.  

Methods to quantify stress generation of 3D tissues
In the 1970s, one of the first methods to measure cellular contractility was developed: 
the free-floating, cell-laden collagen gel compaction assay.14,26,56,58,59 The traction forces 
that the cells (usually fibroblasts) exert on the collagen gel cause compaction of the 
gel. The decrease in gel size is used as a qualitative measure for cell contractility.26 This 
method has further evolved towards a quantitative method to quantify cell traction force 
or stress by incorporating the cell-laden gel into a variety of different force measurement 
systems.50,69,133,198 An elegant example is the incorporation of these gels into micro-tissue 
gauges (µTUGs) developed by the group of Chen.133 The µTUGs consists of PDMS micro-posts 
that have been created in a variety of different shapes, sizes, and organizations, in-between 
which the collagen gels are spanned.72,73,133,165,193 The gel compaction causes a deformation 
of the microposts. Together with the mechanical properties of the microposts, this can be 
used to calculate the amount of stress generated within the gel. Unlike in the free floating 
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gels, where the cells adopt a random orientation, the constraints provided by the micro-
posts can cause a preferential cell orientation and in that way the effect of cell orientation 
on cellular stress generation can be studied.193 
Even though collagen is the main constituent of in vivo ECM, other ECM components like 
glycosaminoglycans (GAGs) are missing in these collagen gels. Therefore, van Vlimmeren et 
al. developed a model system (iFACT) in which tissue compaction and stress generation can 

Table 2.1 Advantages and disadvantages of methods to quantify stress generation

Methods to quantify stress generation of single cells

Method Material Cells Advantage Disadvantage Ref.

Substrate 
wrinkling

Collagen coated 
polyacrylamide

3T3 fibroblasts Use of standard lab 
equipment

Qualitative  93,94

TFM Polyacrylamide 
(functionalized), 
PDMS

Fibroblasts, 
osteosarcoma 
cells, VICs, VSMCs

Use of standard lab 
equipment, ability to 
confine cell-shape

Computationally 
expensive

21,108, 

125,210

Micropillar 
assay

PDMS 
(functionalized) 

Fibroblasts, 
ASMCs, MEFs

Ease of 
implementation and 
computation

Micropillar fabrication 54,78 79, 

183,188

DNA hairpin RGD-conjugated 
DNA hairpin on glass

MEFs, carcinoma 
cells

High resolution with 
standard fluorescence 
microscopy

Limited to glass 
substrates, long 
sample preparation

20,215

Methods to quantify stress generation of 2D monolayers

Method Material Cells Advantage Disadvantage Ref.

Thin film PDMS 
(functionalized), 
gelatin, alginate

Cardiomyocytes, 
myoblasts, VSMCs

High throughput, 
ease to enforce cell 
orientation

Synthetic substrates 
with limited biological 
relevance

1,6,68,83, 

89,140, 

206

Monolayer 
stress 
microscopy

Collagen coated 
polyacrylamide

RPMEs, MDCKs Use of standard lab 
equipment, local and 
global stress analysis

Synthetic substrates 
with limited biological 
relevance

177,178

Methods to quantify stress generation of 3D tissues

Method Material Cells Advantage Disadvantage Ref.

Gel 
compaction

Free floating 
collagen gel

Fibroblasts, MEFs Ease of 
implementation

Qualitative 14,56, 

58,59

μTUG Collagen(-matrigel) 
between micro-
posts

Cardiomyocytes, 
HVSCs, fibroblasts

High throughput Requires highly 
contractile cells

72,73, 

133,165, 

193

iFACT de novo formed ECM HVSCs Native ECM, ease of 
computation

Requires a fast 
biodegradable 
material

190,194, 

195,196

3D TFM RGD-conjugated 
PEG, collagen

3T3 fibroblasts, 
carcinoma cells

Traction forces can 
be resolved in all 
directions

Limited to single 
cells, computationally 
expensive

118,132

VICs: Valvular Interstitial Cells, VSMCs: Vascular Smooth Muscle Cells, ASMCs: Aterial Smooth Muscle Cells, 
MEFs: Mouse Embryonic Fibroblasts, RPMEs: Rat Pulmonary Microvascular Endothelial cells, MDCKs: Madin-
Darby Canine Kidney cells, HVSCs: Human Vena Saphena Cells
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be quantified in endogenously produced ECM.194,195,196 In this method, cells are seeded in a 
biodegradable scaffold that starts to degrade after two weeks of culture. After four weeks, 
the scaffold is completely degraded and the de novo formed ECM compacts due to active 
cell traction. Leaf springs attached to the tissue enable quantitative measurement of these 
cellular traction forces. 
The above mentioned methods all quantify the stress generation of a multitude of cells in a 
3D environment. The advancement of confocal microscopy techniques and computational 
resources enabled quantification of stress generation of single cells in a 3D environment 
via the expansion of the 2D TFM method toward 3D TFM.91,118,132 However, since the 
experimental and computational capacity need to be very high to extract stress generation, 
only few studies have been reported using this method.118,132  

Method used in this thesis: thin film method 
As described above, the method that will be used throughout this thesis needs to provide 
easy quantification of stress generation and provide the ability to easily apply structural 
manipulations to the cells. For this purpose, the thin film method is very suitable since the 
curvature of the thin films is easily determined from top view photographs of the films 
and can be subsequently translated into stress via (in our case) finite element modeling. 
Another advantage is that the thin film method can easily be adjusted to apply structural 
manipulations to the cell monolayer. Applying structural manipulations via knockout cells or 
adding inhibitors to the cell culture medium can easily be realized in a multitude of methods 
described above, including the thin film method. However, enforcing cellular orientation is 
not feasible in many of the above mentioned methods, while this is easily achieved in the 
thin film method by micro-contact printing ECM protein patterns on the PDMS substrate of 
the thin film constructs. These features make the thin film method the method of choice to 
quantify stress generation in chapters 3 to 6 of this thesis. 

The film constructs used here consist of a glass substrate on which a thin layer of PDMS is 
attached via the temperature sensitive polymer poly-N-isopropylacrylamide (pIPAAm). The 
PDMS is subsequently functionalized via micro-contact printing of fibronectin, a common 
ECM protein. (Myo)Fibroblasts are seeded onto the thin film construct and cultured until 
a confluent monolayer is reached (Fig 1.2a). Thereafter, rectangular films are cut from 
the PDMS, which partly release from the glass substrate when the pIPAAm dissolves due 
to a decrease in cell culture medium temperature (Fig 1.2b). The contractility of the cell 
monolayer causes the thin PDMS films to bend. The thin film curvature is translated into 
stress using a sample-specific finite element model in which the stress fiber orientation and 
contraction are incorporated. A life-staining of the cell nuclei of each thin film allows cell 
density measurements which enables normalization of the stress generation against the cell 
density. In this way, differences in thin film curvature, and thus stress, caused by differences 
in cell density are compensated. 
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Figure 2.1 Graphical overview of the thin film method. a) Creation of the thin film constructs. b) Cutting and release 
of the thin films as observed from the side and the top.
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Abstract
Understanding cell contractility is of fundamental importance for cardiovascular tissue 
engineering, due to its major impact on the tissue’s mechanical properties as well as the 
development of permanent dimensional changes, e.g. by contraction or dilatation of the 
tissue. Previous attempts to quantify contractile cellular stresses mostly used strongly 
aligned monolayers of cells, which might not represent the actual organization in engineered 
cardiovascular tissues such as heart valves. In the present study, therefore, we investigated 
whether differences in organization affect the magnitude of intrinsic stress generated by 
individual myofibroblasts, a frequently used cell source for in vitro engineered heart valves. 
Four different monolayer organizations were created via micro-contact printing of fibronectin 
lines on thin PDMS films, ranging from strongly anisotropic to isotropic. Thin film curvature, 
cell density, and actin stress fiber distribution were quantified, and subsequently, intrinsic 
stress and contractility of the monolayers were determined by incorporating these data into 
sample-specific finite element models. Our data indicate that the intrinsic stress exerted by 
the monolayers in each group correlates with cell density. Additionally, after normalizing for 
cell density and accounting for differences in alignment, no consistent differences in intrinsic 
contractility were found between the different monolayer organizations, suggesting that 
the intrinsic stress exerted by individual myofibroblasts is independent of the organization. 
Consequently, this study emphasizes the importance of choosing proper architectural 
properties for scaffolds in cardiovascular tissue engineering, as these directly affect the 
stresses in the tissue, which play a crucial role in both the functionality and remodeling of 
(engineered) cardiovascular tissues.
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Introduction
Many cell types exert contractile stresses onto their surroundings via stress fibers.35,38,97,208 
The main contractile components of the stress fibers are the actin fibers and myosin 
motors.35,167,208 The stress fibers can be externally stimulated to exert stress (defined here as 
active cell stress) but also generate an intrinsic level of stress without any external stimulation 
(defined here as intrinsic cell stress). Understanding and controlling the degree of cell stress 
is important for tissue engineering in order to obtain mechanically functioning tissues with 
a proper matrix organization. In cardiovascular tissue engineering, for example, excessive 
(intrinsic) cellular stress can lead to tissue contraction, represented by leaflet shortening 
in case of tissue-engineered heart valves (TEHVs).53,136,190 Conversely, insufficient levels of 
(intrinsic) cellular stress can cause tissue dilation, resulting in leaflet elongation in TEHVs and 
aneurysm formation in vascular grafts.184 The magnitude and direction of cellular stresses 
depend on the (mechanical) environment, e.g. on stiffness, applied strain, or architecture. 
For example, previous studies have demonstrated that stiff substrates induce an increased 
development of stress fibers and focal adhesions compared to soft substrates, enabling the 
cells to exert increased contractile stresses onto their surroundings.35,38,76,133,207 Furthermore, 
cyclic uniaxial strain causes the cells and stress fibers to orient perpendicular to the strain; 
a phenomenon known as strain avoidance behavior.72,112,153 This causes the cells to exert 
stresses in the direction perpendicular to the strain, changing the stress directionality. 
Another phenomenon that affects cell orientation is contact guidance, where the cells align 
in the direction of topographical environmental cues.180 

Numerous studies have been performed to improve our understanding of stress fiber 
remodeling and cellular stress development, both in 2D and in 3D environments. In 3D, 
most studies have investigated the compaction of fibroblast-loaded gels as a measure of cell 
contractility 13,26,27,122. In addition, studies have been performed to investigate the influence 
of external cues, such as stiffness133, cyclic strain72, soluble factors85 or combinations of 
stimuli73,122, on the actin organization in relation to compaction. Cellular stress development 
has also been examined in endogenously produced extracellular matrices 190,194,195,196. Even 
though 3D studies are more relevant for tissue engineering, extracting (individual) cell 
stress is challenging due to the complexity of the environment in which the cells reside. 2D 
studies with cells cultured on substrates may therefore be more suitable for providing the 
fundamental insights into stress fiber remodeling and cellular stress development. 

Various experimental methods exist for measuring cell contractility in 2D128, ranging from 
single cell methods like traction force microscopy167,210 and set-ups using micropost arrays76, 
to monolayer methods such as cyclic stretching of cell monolayers on flexible substrates112 
and the thin film method6,84. The latter method is a suitable method for quantifying both 
stress fiber remodeling and stress development with minimal handling of the cells. 

The thin film consists of a thin layer of polydimethylsiloxane (PDMS) that is attached to a glass 
substrate via the temperature sensitive polymer poly-N-isopropylacrylamide (pIPAAm)68,83. 
The PDMS is subsequently micro-contact printed with lines of extracellular matrix proteins 
to enhance cell adhesion and guide the cells into a specific direction. Rectangular films are 
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typically cut from the PDMS, which partly release from the glass when the pIPAAM dissolves 
upon a decrease in cell culture medium temperature6,68,83. The curvature of the films, as a 
result of the contractile cell layer on top of the PMDS, can then be used to quantify the stress 
exerted by the monolayer of cells. The thin film method is therefore an elegant method for 
determining the contractile properties of aligned contractile tissues, such as smooth7,206,210, 
skeletal 174 or cardiac84,140 muscle tissue. 

Tissue engineered heart valves and blood vessels can be created using (electrospun) fibrous 
scaffolds22,145,163,185 that allow for cell infiltration because of their high porosity. In this case 
the initial cell alignment is determined by the scaffold fiber organization via the mechanism 
of contact guidance. As the scaffold fiber organization is highly variable and never perfectly 
aligned, the cell organization is also not perfectly aligned, and it may be questioned whether 
the stress exerted by perfectly aligned monolayers represents the stress distribution 
inside these engineered tissues. In fact, previous studies with cardiomyocytes have shown 
that the stress developed by a complete monolayer increases upon increasing cellular 
anisotropy.67,116,141 However, these studies have not investigated whether this was due to 
differences in intrinsic contractility of the cells, or rather due to differences in alignment. 

We hypothesize that the intrinsic contractility of individual cells is independent of the 
monolayer organization, which would implicate that the intrinsic stress generated by 
the complete monolayer will be dictated by the cellular organization only. To investigate 
this hypothesis, we will focus on myofibroblasts derived from the saphenous vein in this 
study as this cell type is commonly used for creating tissue engineered cardiovascular 
tissues.53,144,145,166,201 We adapted the thin film method developed by Feinberg et al.68, Alford 
et al.6 and Grosberg et al.83 to determine the intrinsic stress developed by a monolayer 
of myofibroblasts with various degrees of alignment. The differences in alignment were 
obtained by seeding the cells onto micro-contact printed fibronectin patterns with different 
orientations with respect to the long axis of the films. The thin film method was combined 
with live imaging to determine the curvature and cell density of each individual film. Separate 
samples were used to stain the cell nuclei, F-actin and phosphorylated myosin light chain, to 
determine nuclear and stress fiber organization and provide insight into intrinsic stress fiber 
contraction potential. These experimental results were then combined with sample-specific 
finite element modeling to determine the intrinsic stress exerted in the film direction by the 
complete monolayer and the normalized intrinsic cellular contractility. 

Materials and Methods
Construct fabrication
Thin film constructs were fabricated as previously described.5,6,83 In brief, a layer of poly-
N-isopropylacrylamide (pIPAAm; Sigma, Zwijndrecht, The Netherlands) and a layer of 
polydimethylsiloxane (PDMS; Sylgard 184; Dow Corning, Auburn, MI) were spin coated on 
a 25 mm diameter glass cover slip and cured overnight at 65°C. 2.5% of blue silicon dye 
(Silc-Pig; Smooth-On, Macungie, PA) was added to the PDMS in order to visualize the films 
and different rotation speeds were used to create PDMS films with different thicknesses 
in order to account for the difference in film curvature between the different monolayer 
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organizations. In addition, PDMS was spin coated on copper coated glass cover slips used 
for thickness measurements with an optical profilometer (Plµ 2300; Sensofar, Terrassa, 
Spain). In order to determine the elastic modulus of the dyed PDMS, rectangular bars were 
uniaxially strained with a tensile tester (Z010; Zwick/Roell, Venlo, The Netherlands).

Micro-contact printing
PDMS stamps were fabricated using standard photolithography techniques.89 The stamps 
contain features of either 10 µm wide lines with 10 µm spacing in between or a fishnet 
pattern with 5 µm wide lines with 10 µm spacing at an angle of ± 15°, 30° or 45° with 
respect to the 0° axis (Fig. 3.1). PDMS stamps were incubated with 50 mg/mL rhodamine 
fibronectin (Cytoskeleton, Denver, CO) in PBS for one hour, after which they were dried 
using compressed air. The thin film constructs were treated with UV-ozone (PDS UV-ozone 
cleaner; Novascan, Ames, IA) for 8 minutes just before transfer of the fibronectin onto the 
constructs. The stamps were positioned in such a way that the 0°-axis of the stamp coincided 
with the length direction of the to be cut films. After 10 minutes of conformal contact, the 
constructs were rinsed three times with PBS and stored in PBS at 4°C until use.6,89

Cell seeding and culture
Human myofibroblasts were harvested from the vena saphena magna obtained from 
patients according to Dutch guidelines of secondary used material and were seeded at 
passage 7 onto the thin film constructs at a seeding density of 8,400 cells/cm2. After seeding, 
the HVSCs were cultured at 37°C and 5% CO2 for two days in growth medium consisting of 
Advanced DMEM (Invitrogen, Breda, The Netherlands) supplemented with 10% Fetal Bovine 
Serum (Greiner Bio-One), 1% GlutaMax (Invitrogen) and 1% penicillin/streptomycin (Lonza, 
Basel, Switzerland). 

Cell orientation analysis
After culture, half of the samples were fixated in 3.7% formaldehyde (Merck, Schiphol-
Rijk, The Netherlands) for 15 minutes, permeabilized with 0.5% Triton-X 100 (Merck) for 
5 minutes and subsequently incubated for 90 minutes with 2% BSA (Roche, Almere, The 
Netherlands) – 1% horse serum (Sigma) in TBS supplemented with 0.05% Tween (Merck) 
to block non-specific binding. Mouse anti-phosphomyosin light chain IIA (Cell Signaling, 
Danvers, MA) was used to label phosphorylated myosin IIA overnight before addition of 
biotin labeled horse-anti-mouse secondary antibody (Vector, Burlingame, CA) for 90 

Figure 3.1 Schematic overview of the micro-contact printing layout of the four different fibronectin patterns. The 
fibronectin lines are depicted in grey, the spacing in black and the angle α is depicted in the top left corner. The short 
arrows represent 5 µm and the long arrows represent 10 µm.
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minutes. Thereafter, the samples were incubated with streptavidin-Alexa 647 (Invitrogen) 
and phalloidin-Atto 488 (Sigma) for 90 minutes. Before mounting with mowiol (Sigma), the 
samples were incubated with DAPI (Sigma) for 10 minutes. The mounted samples were 
visualized using both fluorescent (Axiovert 200M; Zeiss, Sliedrecht, The Netherlands) and 
confocal microscopy (LSM 510 Meta; Zeiss). Fluorescent microscopy images at 20 times 
magnification were analyzed using custom Matlab (MathWorks, Natick, MA) scripts to 
determine the actin fiber and nuclear orientation with respect to the fibronectin orientation. 
The actin fiber orientation was determined as described previously.72,73,74 For each image a 
histogram containing the fiber percentage per angle was obtained. The actin stress fiber 
distribution was subsequently quantified by fitting the following curve to each histogram:

φsf = A  c + exp( ( )-(γ - μ)2

2σ2 )i (3.1)

with the main fiber direction (μ) in the 0° direction, γ the fiber angle and A a scaling factor. 
The offset (c) and dispersity (σ) were fit and used as parameters in the finite element model 
described below (Table 3.1). 
The nuclear orientation was quantified by thresholding the DAPI image and fitting an ellipse 
through each nucleus after which the angle of the major axis of the ellipse was determined. 
As for the actin fibers, histograms were constructed containing the nuclear orientation 
percentage per angle. The nuclear aspect ratio was calculated by dividing the length of the 
major axis by the length of the minor axis. Phosphorylated myosin light chain was visualized 
together with actin at 63 times magnification, to investigate potential co-localization of the 
two major stress fiber components. The monolayer thickness was determined by analyzing 
the z-stacks obtained at 40 times magnification with confocal microscopy7, and used as a 
parameter in the finite element model (Table 3.1). 

Intrinsic cell stress assay 
After culture, the other half of the samples was stained with Hoechst (10 μg/ml; Invitrogen) 
for 15 minutes, subsequently rinsed 3 times with PBS and growth medium was added to the 
samples until further use. The stained nuclei were used to determine the nuclear aspect ratio 
and orientation with respect to the fibronectin lines on each individual film (as described 
above). In addition, the cell density (d) was determined by counting the nuclei in these 
images. After staining the nuclei, the samples were transferred to a Petri dish with preheated 
growth medium. The long edges of eight rectangular films were cut from the constructs and 
the excess PDMS was removed. The petri dish containing the sample was then transferred 
to a confocal microscope (TCS SP5X; Leica, Son, The Netherlands) to perform temperature- 
and CO2-controlled (37°C, 5% CO2) live imaging of the nuclei and fibronectin lines on the 

Table 3.1 Overview of parameters used in the finite element model

Chosen parameters Measured parameters Fitted parameters

all groups 0° 15° 30° 45° 0° 15° 30° 45°

Ecell [kPa] 0.7 EPDMS [kPA] 1.52 1.52 1.52 1.52 μ [°] 0 0 0 0

νcell [kPa] 0.3 tPDMS [μm] 8.2 8.2 7.1 6.8 σ [°] 13 18 23 54

νPDMS [kPa] 0.49 tcell [μm] 3.2 3.2 3.2 3.2 c [-] 0.065 0.086 0.138 2.091
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films. Hoechst was excited with a femtosecond pulsed laser (Chameleon; Coherent, Santa 
Clara, CA) at 750 nm and a laser power of 10%. Rhodamine fibronectin was excited with 
a white light laser (Leica) at 535 nm and a laser power of 14%. 1024x1024 pixel images 
were taken with a scan speed of 400 Hz. We did not see any adverse effects of the imaging 
procedure on the cells (data not shown). Next, the ends of the rectangular films were cut 
while the medium was allowed to cool down below 32°C in order to dissolve the pIPAAm, 
and enable the HVSCs to deform the PDMS layer. A picture of the initial curvature (0 h) was 
taken at room temperature using a stereomicroscope (Discovery.V8; Zeiss) after which the 
thin films were placed back at 37°C and 5% CO2. Another picture was taken after 1 hour 
when the contractile equilibrium was reached. 

Analysis of intrinsic cell stress 
The curvature of the films was determined using Matlab by analyzing the projection length 
of the bent films.83 The length and width of each film were obtained from images of the 
undeformed films. Thereafter the intrinsic cellular stress was obtained via sample-specific 
finite element modeling in Abaqus (Dassault Systèmes Simulia Corp., Providence, RI). The 
cell (tcell) and PDMS (tpdms) thickness (table 3.1), and the length and width of each film were 
used as geometrical input for creating a double-layered finite element mesh. Both layers 
consisted of 200 quadratic brick elements (C3D20), with the bottom layer representing 
PDMS and the top layer representing the cell monolayer. The PDMS layer was fixed at one 
of the short edges to represent the experimental setup. The PDMS layer was assigned with 
compressible Neo-Hookean material properties:

σp = κ       I +    (B - J2/3I)   ln J
J J

G (3.2)

with shear modulus G = E/2(1-ν), compression modulus κ = 2G(1+ν)/3(1-2ν), B = F∙FT and J = 
det(F), where F represents the deformation gradient tensor. Parameter values are indicated 
in Table 3.1.
The cell layer of the model was a fiber-reinforced layer with an active, fibrous, component 
(σca) representing the stress fibers, and a passive, compressible Neo-Hookean, component 
(σcp) representing the other cellular components. σcp was calculated by assuming Neo-
Hookean material behavior (equation 3.2; Table 3.1), while σca was determined from the 
stress exerted by the stress fibers in a range of different directions:

σca =    φsf σmaxesfesf∑
i=1

i i i
N

(3.3)

where esf
i  is the stress fiber direction in the deformed configuration, σmax is a measure for 

intrinsic cell contractility, and φsf
i  the actin stress fiber volume fraction for each direction 

as obtained from the fluorescent images. σmax was iteratively increased until the curvature 
of the finite element models matched the experimentally obtained curvature. The total 
intrinsic stress in the cell layer of the model was obtained by adding the passive and active 
stress components: σc = σcp+ σca. The magnitude of the intrinsic stress component in the long 
axis direction of the deformed film (ela) in the cell layer (σf) was determined using:

σf = σc·ela·ela (3.4)
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In order to compare intrinsic cell contractility between samples, we normalized σmax for the 
cell density: 

σnorm =
σmax

d (3.5)

Statistical analysis
Quantitative data were analyzed with SPSS Statistics 22 (IBM, Amsterdam, The Netherlands) 
and were considered significant at p<0.05. Differences in nuclear aspect ratio were analyzed 
using a one-way ANOVA with a Bonferroni post-hoc test. Spearman’s correlation coefficient 
(ρ) was determined to investigate correlations between cell density and either curvature, σf 
or σmax. Differences in σnorm between the four different alignment groups were analyzed using 
a non-parametric Kruskal-Wallis test with pairwise Wilcoxon rank sum tests with corrected 
levels as post-hoc analysis.  

Results
Monolayer organization is determined by the fibronectin pattern
The nuclear and actin orientation of the cells on substrates with different orientations of 
fibronectin lines is shown in Fig. 3.2. For all groups, the orientation of the actin fibers, the 
nuclei of the samples used for staining, and the nuclei of the samples used for the stress 
measurements coincided. This indicates that both the actin orientation and the nuclear 
orientation are a good measure for overall cellular orientation. The cells of the 0° group 
were primarily aligned in the direction of the fibronectin lines, as demonstrated by the high 
peak in the orientation histograms at 0° for both the actin fibers and nuclei (Fig. 3.2a, e). 
Upon increasing the angle between the fibronectin lines, the peak at 0° flattened out until 
a completely random orientation was reached in the 45° group (Fig. 3.2d, h). The mean 
actin fiber distribution of each group was successfully fit using equation 3.2 (Fig. 3.3). The 
obtained parameters are shown in Table 3.1, and served as input for the computational 
model. 
The nuclear aspect ratio was determined to be 1.74 ± 0.09, 1.65 ± 0.05, 1.61 ± 0.05, and 1.60 
± 0.06 for the 0°, 15°, 30°, and 45° group, respectively. This indicates that the nuclei were all 
elliptical and significantly different from each other (p<0.002), except for the aspect ratio of 
the nuclei on the 30° and 45° fibronectin lines.  
    
Curvature increases with increasing cell density
For all groups, 32 films were manufactured to perform curvature measurements on. In case 
of discontinuities in the fibronectin pattern, the film was not included in the analysis. This 
resulted in analysis of respectively 32, 31, 29, and 26 films for the 0°, 15°, 30°, and 45° 
groups. Considerable differences in curvature between films within the same group were 
present (Fig. 3.4a), due to local variations in cell density. Therefore, the number of nuclei 
on each film was quantified via a Hoechst staining (Fig. 3.4b, c) in order to determine the 
correlation between cell density and film curvature for each group at both time points. For 
all groups, positive correlations between cell density and curvature were found, except for 
the 45° group at 0 hours (Fig. 3.4d-g). In addition, a minimum cell density was required for 
the cells to be able to bend the film, which approximately equaled 150-200 cells/mm2.
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Normalized intrinsic contractility seems independent of monolayer alignment
When film curvature was absent, the intrinsic stress exerted by the monolayer was lower 
than the measurement limit of this method. In that case, finite element simulations 
were omitted. Simulations were performed for the remaining 151 films (both time points 
included). 26 simulations failed before reaching the experimentally observed curvature due 
to convergence issues, and were excluded from further analysis. Due to the lack of remaining 
samples with a cell density above 300 cells/mm2 in the 0° group, no clear correlation was 
found between the cell density and the intrinsic stress in the direction of the film (σf) for 
this group (Fig. 3.5a). For 15° samples there was a significant correlation between the cell 
density and σf (Fig. 3.5b). A similar correlation was observed for the 30° samples, albeit 
with larger dispersity (Fig. 3.5c). For the samples with ± 45° fibronectin lines a significant 
correlation was observed at 0 hours (Fig. 3.5d), however not as strong as for the 15° and 30° 
samples, probably also due to the lack of samples with a high cell density. As the intrinsic 

Figure 3.2 Actin (green) and nuclei (blue) of myofibroblasts cultured on fibronectin lines (grey) with four different 
orientation angles (a-d); scale bar is 50 µm and accounts for a-d. Corresponding histograms of the actin and nuclear 
orientation (e-h; mean ± standard error of mean). The green markers represent the actin fibers (40 images), blue 
markers represent the nuclei of the stained samples (40 images) and the red markers represent the nuclei of the 
samples used for stress measurements (26-32 films).
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Figure 3.3 Mean actin orientation (grey triangles) 
with corresponding fit (black lines) for 0° (upward 
triangles; dotted line), 15° (downward triangles; 
dash dot line), 30° (left pointing triangles; dashed 
line), and 45° (right pointing triangles; solid line).
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stress in all directions is taken into account in σmax (equation 3.3; Fig. 3.5e-h), its value was 
higher than σf, which only includes the intrinsic stress in the direction of the film (equation 
3.4). Naturally, the difference between σmax and σf increased with increasing fibronectin 
angle. No significant differences in σnorm were found between groups with the exception 
of the 30° group being significantly higher compared to the 0° group at 0 and 1 hours. The 
median σnorm ranged between 3.43 and 6.76 Pa/(cells/mm2) at 0 hours and between 4.80 
and 8.76 Pa/(cells/mm2) at 1 hour (Fig. 3.6).   

Stress fiber organization is similar in all groups
Stainings for actin and phosphorylated myosin light chain, the major stress fiber components, 
are shown in Fig. 3.7. In all groups, actin fibers were abundantly present and oriented along 
the longitudinal direction of the cells. Phosphorylated myosin light chain was observed to 
co-localize with the actin fibers, confirming the ability of the stress fibers to contract. 

Discusion
Understanding cell contractility is of fundamental importance for cardiovascular tissue 
engineering, due to its major impact on the tissue’s mechanical properties as well as the 
development of permanent dimensional changes, e.g. by contraction or dilatation of the 
tissue. In previous attempts to quantify the contractile cellular stresses by means of the 
thin film method7,84,140,174,206,210, mostly strongly aligned monolayers of cells were used, which 
might not represent the actual cellular organization in engineered cardiovascular tissues. 
In the present study, we investigated whether differences in alignment would affect the 
magnitude of the intrinsic stress generated by individual myofibroblasts. We hypothesized 
that the intrinsic contractile stress exerted by the myofibroblasts is independent of 
the monolayer organization, as a result of which the total intrinsic stress exerted by the 

Figure 3.4 Representative top view image of bent films with 30° fibronectin lines at equilibrium (1 hour), the black 
bars represent the projection length and the white bars the initial length; scale bar is 1 mm (a). Examples of confocal 
images of nuclei (blue) on fibronectin lines (grey) at 0° (b) and ±45° (c); scale bar is 50 µm. Density-curvature plots 
of the films at 0 hours (red triangles) and 1 hour (black diamonds) for the 0° (d), 15° (e), 30° (f), and 45° (g) groups. 
Spearman’s correlation coefficient is depicted in the top left corner for each density-curvature plot (n=26-32). *: 
significant correlation with p<0.05, **: significant correlation with p<0.01.
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monolayer should be dictated by the actual cell alignment. To test our hypothesis, patterns 
of fibronectin lines were micro-contact printed on thin film constructs in order to create 
monolayers with varying degrees of cell alignment. The intrinsic stress exerted by each 
monolayer in the direction of the film was determined from the curvature of the thin films, 
and was found to correlate positively with the cell density. Importantly, after accounting for 
differences in cell alignment and normalizing for cell density, no consistent differences in 
intrinsic cellular contractility were found between the different monolayer organizations, 
suggesting that the intrinsic stress exerted by monolayers of myofibroblasts can indeed be 
predicted from the cellular organization. These findings are supported by the similarity in 
staining for stress fiber organization observed in the different groups. 
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Using a simple and controlled method consisting of micro-contact printing different 
fibronectin patterns, cell sheets with organizations ranging from highly aligned to completely 
random were successfully created. As the actin fiber orientation and the nuclear orientation 
were overlapping (Fig. 3.2e-h), both appeared to be good indicators of cell orientation and 
organization. Since previous research has shown that the nuclear aspect ratio is correlated 
with the cellular aspect ratio7,206,210, we used this measure as an indicator of cellular shape. 
In all conditions, the aspect ratio was larger than 1.60 indicating the presence of elliptical 
nuclear shapes and thus elongated cells (Fig. 3.2a-d). The nuclear aspect ratio increased 
upon increasing cellular alignment, suggesting that the cells adopted a more elongated 
shape for higher degrees of cellular alignment.

The minimum cell density that was required to induce significant curvature of the films 
was 150-200 cells/mm2, regardless of the cellular organization (Fig. 3.4). In a study that 
investigated collagen gel compaction by osteoblasts, a comparable threshold value of 100 
cells/mm2 was found69. When the threshold density was exceeded, both the intrinsic stress 
in the direction of the film (σf) and the measure for intrinsic cell contractility (σmax) correlated 
with cell density and increased over time (Fig. 3.5). These correlations were less strong in 
the 0° and 45° group, probably due to the low number of samples with a high cell density (> 
300 cells/mm2). Few studies have been published on the effect of cell density on contraction 
using gel compaction assays without a predefined cellular organization.37,59,69,152 Similar to 
the results obtained in our study, they found that the initial compaction is higher in high-

Figure 3.7 Representative fluorescent microscopy images of actin (green), phosphorylated myosin light chain (red), 
fibronectin (grey), and nuclei (blue). Merged images are shown on the top row (a-d), actin and nuclei are shown on 
the middle row (e-h), and phosphorylated myosin light chain and nuclei are shown on the bottom row (i-l). The scale 
bar is 50 μm and accounts for all images.
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density gels compared to low-density gels. Moreover, the high-density gels also reached the 
maximum compaction at a faster rate compared to the low-density gels, although the actual 
maximum was the same for both types of gels. It is however unclear if the maximum degree 
of compaction is caused by direct cellular contractility only. 

When correcting the intrinsic stress exerted by the monolayer for differences in cell density 
and cellular organization, significant differences in intrinsic cell contractility (σnorm) were only 
found between the 0° and 30° degree groups, which may be explained by the combined 
effects of the high spread in σnorm at the 30° group, the lack of samples with a high cell density 
in the 0° group, and the lack of low cell density samples in the 30° group. Taken together, 
no consistent significant differences in the normalized stress were observed between the 
different groups (with the median σnorm ranging from 3.43 to 8.76 Pa/(cells/mm2)). Therefore, 
our data suggest that the intrinsic stress exerted by individual myofibroblasts is independent 
of the monolayer organization. The actin and phosphorylated myosin light chain staining 
support this finding as no differences in the stress fiber organization were found between 
groups (Fig. 3.7). 

Previous studies that have investigated the relationship between cell organization and stress 
development have mainly focused on myocardial tissues.67,116,141,174,193 Most of these studies 
observed that the stress developed by the complete tissue is higher when the cells are aligned 
compared to a random cell organization. In addition to that, similar to this study, Knight et 
al.116 recently investigated multiple degrees of anisotropy, demonstrating a doubling of the 
stress in the film direction of anisotropic myocardial tissue compared to isotropic tissue, 
with a gradual decrease in global stress with decreasing anisotropy. However, as these 
stresses were not corrected for differences in alignment and cell density, it remains unclear 
whether the stress generated by individual cardiomyocytes depends on the local or global 
cell alignment. This uncertainty is even more emphasized by the fact that two studies that 
have normalized the globally found cardiac tissue stress are contradictory to each other, 
where Feinberg et al. concluded that the force generated by individual sarcomeres increases 
upon increasing alignment67, and Van Spreeuwel et al. found that cardiomyocytes in both 
anisotropic and isotropic tissues exert similar amounts of force193. 

A limitation of the current study is the presence of a spatial variability in PDMS thickness 
between samples that were manufactured with the same settings. As the stress that is 
necessary to bend the thin film is strongly dependent on the magnitude of the thickness68, 
this variability may have induced some uncertainty in the calculated stresses. Furthermore, 
it resulted in a decrease in sample size of σf, σmax, and σnorm compared to the curvature 
data, due to the fact that in case of 0 mm-1 curvature the stresses could not be quantified 
as a result of low cell densities in combination with relatively high local PDMS thickness. 
In addition, by normalizing the calculated intrinsic stress for cell density, we assumed that 
all cells were exerting their intrinsic stress solely onto the PDMS layer, without pulling on 
their neighboring cells via cell-cell contacts. Future studies should point out whether this 
assumption is completely valid. 
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In summary, the results of our study suggest that the individual intrinsic contractility of 
myofibroblasts is independent of monolayer architecture, implying that the architecture 
itself dictates the total intrinsic stress distribution in the tissue. With regard to cardiovascular 
tissue engineering, the initial organization of engineered tissues is often imposed via the 
presence of fibrous scaffolds.22,145,163,185 These scaffolds are essential in delivering the correct 
material properties that will induce physiological tissue deformations.10,136 As the scaffold 
architecture directly determines the direction in which individual cells exert stress and the 
magnitude of this stress is not affected by the architecture, the total stress distribution in 
the tissue, generated by all cells in that tissue, is completely determined by the scaffold 
architecture. Hence, the fact that the intrinsic stress generated by individual cells remains 
the same implies that the total intrinsic stress distribution can directly be altered by 
changing the architecture of the scaffold. This plays a crucial role in both the functionality 
and remodeling of (engineered) cardiovascular tissues.
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Abstract
In order to maintain tissue homeostasis and functionality, adherent cells need to sense and 
respond to environmental mechanical stimuli. An important ability that adherent cells need 
in order to properly sense and respond to mechanical stimuli is the ability to exert contractile 
stress onto the environment via actin stress fibers. The stress fibers form a structural chain 
between the cells’ environment via focal adhesions and the nucleus via the nuclear lamina. 
In case one of the links in this chain is missing or aberrant, contractile stress generation 
will be affected. This is especially the case in laminopathic cells, which have a missing or 
mutated form of the LMNA gene encoding for part of the nuclear lamina. 
Using the thin film method combined with sample specific finite element modeling, we 
quantitatively showed a fivefold lower contractile stress generation of Lmna knockout mouse 
embryonic fibroblasts (MEFs) as compared to wild-type MEFs. Via fluorescence microscopy 
it was demonstrated that the lower contractile stress generation was associated with an 
impaired stress fiber organization with thinner actin fibers and smaller focal adhesions. 
Similar experiments with wild-type MEFs with chemically disrupted stress fibers verified 
these findings. 
These data illustrate the importance of an organized stress fiber network for contractile 
stress generation and demonstrate the devastating effect of an impaired stress fiber 
organization in laminopathic fibroblasts. Next to this, the thin film method is expected to 
be a promising tool in unraveling contractility differences between fibroblasts with different 
types of laminopathic mutations.
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Introduction
In vivo, adherent cells experience a wide variety of environmental stimuli, including 
biochemical and mechanical stimuli. These stimuli need to be translated into proper cellular 
responses in order to maintain tissue homeostasis and functionality.103 Cells can sense and 
respond to environmental stimuli via their cytoskeleton, which forms a structural chain 
between the cells’ environment and the nucleus.35,64 Mechanical stimuli, for example, can 
be propagated to the nucleus via focal adhesion complexes, actin stress fibers, LInkers 
of the Nucleoskeleton and Cytoskeleton (LINC) complexes, and the nuclear lamina that 
is directly connected to chromatin.180,200 As a response to mechanical stimuli, cells adapt 
to their environment103 by e.g. reorienting, producing matrix189 or exerting stresses onto 
their surroundings191. In order to sense and respond to environmental stimuli, all structural 
elements connecting the nucleus to the cell’s environment need to work together in a 
coordinated fashion. In case one of the links in this chain is missing or aberrant, this can 
alter not only the way cells sense their environment, but also how they respond to it. 

An example in which the structural connection between the nucleus and the cell’s 
environment is disturbed is the knockout of the Lmna gene (in mice; LMNA in humans), 
causing a disturbed organization of the nuclear lamina. This lamina disorganization in turn 
causes an impaired organization of the actin network due to the impaired connection 
between actin and the lamina via LINC proteins.24,90,99,100 Mutations in the LMNA gene 
can cause a variety of diseases, collectively called laminopathies, which can range from 
muscle dystrophies and cardiomyopathy to progeroid (early aging) syndromes.25,86,104 The 
commonality between all laminopathies is an impaired mechanical functioning of the 
cell,24,100,181 which is mainly noticeable in tissues that are prone to high levels of mechanical 
stress under physiological conditions, such as muscle or cardiovascular tissue. Leading 
studies investigating Lmna knockout mouse embryonic fibroblasts (Lmna-/- MEFs or 
shorter MEF-/-) have shown these cells to be more compliant24,90,126, to have a defective 
force transduction between the cytoskeleton and the nucleus216 and to have a disturbed 
migratory behavior60,90,100. To complement these studies on mechanical functioning of Lmna 
knockout MEFs, we recently reported that Lmna-/- MEFs did not show the typical strain 
avoidance response seen in adherent cells when subjected to cyclic mechanical strain 
(reorientation towards the direction perpendicular to the strain).181 Interestingly, however, 
the cells showed intact anisotropy sensing, as they aligned along the major axis of the 
elliptical microposts on which they were seeded. Quantitative analysis of actin indicated 
that Lmna-/- and wild-type MEFs contained similar amounts of actin, however, with different 
organizations. While wild-type MEFs showed abundant actin cap (actin stress fibers running 
on top of the nucleus, bridging between the nucleus and environment114) and basal actin 
fibers (actin fibers running underneath the nucleus), Lmna-/- MEFs had an intact basal layer, 
but a defective actin cap, likely causing the disturbed strain avoidance behavior. 

Stress fibers provide cells the ability to exert contractile stress onto their environment in 
order to, e.g., migrate or (re)orient in response to cyclic mechanical strain. As such, the 
presence of the stress fibers’ contractile elements (actin and phosphorylated myosin light 
chain II) is an important prerequisite for proper mechanical functioning of the cell; although 
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presence of contractile elements does not necessarily ensure proper functionality. In order 
to efficiently apply contractile stress onto their surroundings, cells need a well-organized 
stress fiber network, as well as thick actin bundles with myosin II and α-actinin.147 Several 
studies investigating contractile cells, like (cardio)myocytes33,80,151, have indeed shown that 
laminopathies affect the contractile potential of these cells and thus the contractility of 
the complete muscular tissue. However, in fibroblasts, possessing structurally different 
contractile elements, no solid proof for this has been provided. Therefore, in this study, 
we investigated the difference in contractile stress generation and stress fiber organization 
(i.a. situated in the actin cap) between Lmna-/- MEFs and their wild-type counterparts using 
a quantitative approach. To test this, Lmna-/- MEFs and wild-type MEFs (Lmna+/+ MEFs or 
shorter MEF+/+) were cultured on thin PDMS (polydimethylsiloxane) films that were 
functionalized with parallel fibronectin lines to attain cellular alignment.191 Next to this, 
thin films were functionalized with perpendicular fibronectin lines, leading to a random 
cell orientation. Thereafter, cellular contractile stress development was assessed using 
the thin film method described previously6,68,83 and quantified by sample specific finite 
element modeling191. The influence of Lmna knockout on the structural organization of 
the stress fibers was examined both (semi-)quantitatively and qualitatively by means of 
immunofluorescence. The experiments were repeated in the presence of latrunculin B, an 
inhibitor of actin polymerization, to confirm the influence of stress fiber organization on 
contractile stress generation in fibroblasts.  

Materials and Methods
Construct fabrication and functionalization
Thin film constructs, consisting of a 25 mm diameter glass cover slip coated with poly-N-
isopropylacrylamide (pIPAAm; Sigma, Zwijndrecht, The Netherlands) and subsequently 
PDMS (Sylgard 184; Dow Corning, Aubum, MI), were fabricated as described previously.191 
Constructs were created with different PDMS thicknesses to account for the difference in 
contractile stress generation between the different cell types and monolayer organizations 
(17-20 samples per group).191 
The thin film constructs were functionalized by micro-contact printing 50 mg/mL rhodamine 
fibronectin (Cytoskeleton, Denver, CO), promoting fibroblast adhesion and growth.168,187 The 
rhodamine fibronectin was micro-contact printed as either 10 µm wide parallel lines with 10 
µm spacing in the direction of the 0°-axis (parallel substrate) or as a fishnet pattern of 5 µm 
wide lines with 10 µm spacing at an angle of ±45° with respect to the 0°-axis (perpendicular 
substrate).191 The 0°-axis was positioned such that it coincided with the long axis of the to-
be-cut films. 

Cell seeding and culture
Lmna+/+ and Lmna-/- MEFs were seeded onto the thin film constructs at a seeding density of 
15,600 cells/cm2 and 21,000 cells/cm2, respectively, to correct for differences in cell size, cell 
growth and adherence. As a result, both cell types reached confluency at the start of the 
experiments. The MEFs were cultured in growth medium at 37°C and 5% CO2 for two days. 
The growth medium consisted of DMEM (Invitrogen, Breda, The Netherlands) supplemented 
with 10% Fetal Bovine Serum (Greiner Bio-One, Frickenhausen, Germany) and 1% penicillin/
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streptomycin (Lonza, Basel, Switzerland). 

Contractile stress measurement assay
For 5-8 samples per group, the contractile stress exerted by the monolayer was measured 
as described previously (Fig. 4.1).191 In brief, samples were stained with Hoechst (Invitrogen) 
for 15 minutes in order to determine cell density, nuclear orientation, and aspect ratio of 
the nuclei on each film. Subsequently, the samples were transferred to a petri dish with 
preheated (37°C) growth medium and the long edges of eight rectangular films were 
cut. The construct was thereafter imaged with confocal microscopy (TCS SP5X; Leica) in a 
temperature- and CO2-controlled environment. Finally, the ends of the rectangular films 
were cut and the PDMS films released from their glass substrate due to contractile stress 
generation (n=35-58 films per group). A custom Matlab script was used to determine the 
initial curvature (0h) and the equilibrium curvature (1h) of the films from pictures taken with 
a stereomicroscope (Discovery.V8; Zeiss). In-between the time points, the samples were 
maintained at 37°C and 5% CO2.  

Contractile stress analysis 
In correspondence with our previous work191, a sample-specific, double-layered finite 
element mesh (200 quadratic brick elements per layer) was created in Abaqus (Dassault 
Systèmes Simulia Corp., Providence, RI) using the parameters in Table 4.1. The bottom layer 
represented the PDMS layer of the thin films and was assigned with compressible Neo-
Hookean material properties: 

σp = κ       I +    (B - J2/3I)   ln J
J J

G (4.1)

With Cauchy stress tensor σp, shear modulus G = E/2(1-ν), compression modulus κ = 
2G(1+ν)/3(1-2ν), B = F∙FT and J = det(F). Here, E represents the Young’s modulus, ν the Poisson 
ratio, and F the deformation gradient tensor. The top layer of the model represented the cell 
monolayer and consisted of an active fibrous component (σca) and a passive, compressible 
Neo-Hookean component (σcp; equation 4.1 with σcp instead of σp, using the cell parameters 
from Table 4.1) representing, respectively, the actin stress fibers and the other cellular 
components. The total cell stress σc was calculated via σc = σcp + σca, with σca: 

σca =    φsf σmaxesfesf∑
i=1

i i i
N

(4.2)

where σmax is a measure for the intrinsic contractile cell stress, esf
i  is the stress fiber direction 

in the deformed configuration, and φsf
i  the actin fiber volume fraction for angle i as obtained 

from the fluorescent images (see below). σmax was iteratively increased until the curvature 
of the finite element models matched the experimentally obtained curvature. The curvature 
of the finite element model could not always match the experimentally obtained curvature 
due to convergence issues caused by high deformations of the model. We hypothesized 
that the samples with a high curvature obtained this curvature due to their high cell density. 
Therefore, the cell density was statistically compared between the samples that could and 
could not be analyzed. Since it is not clear what exact type of relationship exists between 
σmax and cell density, and the aim of this study is to compare the stress generation between 
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cell types, we treated the data as being linearly related. Therefore, in order to compare 
the intrinsic contractile stress between cell types and substrate organizations, σmax was 
normalized (σnorm) by dividing it by the cell density.

Immunofluorescence
After culture, four samples per staining per group (Fig. 4.1) were fixed with 3.7% formaldehyde 
(Merck, Schiphol-Rijk, The Netherlands) in PBS for 15 minutes at room temperature. The 
cells were subsequently permeabilized, blocked against non-specific binding, and stained 
for either phosphorylated myosin light chain II and actin, α-actinin 4 and actin, or lamin B1. 
Actin was stained with phalloidin-Atto 488 (Sigma). The other proteins were stained using the 
following antibodies: mouse-anti-phosphorylated myosin light chain II (#3675, Cell Signaling, 
Danvers, MA), biotin labeled horse-anti-mouse (Vector, Burlingame, CA), streptavidin-Alexa 
647 (Invitrogen), rabbit-anti-α-actinin 4 (ab108198, Abcam, Cambridge, United Kingdom), 
goat-anti-rabbit Alexa 647 (Molecular Probes, Leiden, the Netherlands), rabbit anti-lamin 
B1 (ab16048, Abcam), and swine-anti-rabbit FITC (DAKO, Glostrup, Denmark). After 
staining with DAPI and mounting with mowiol (Sigma), the samples were visualized using 
fluorescence microscopy (Axiovert 200M; Zeiss, Sliedrecht, The Netherlands). The lamin B1 
stained cells were visualized with confocal microscopy (SPE; Leica, Mannheim, Germany). 
Cell thickness was determined from sagittal optical slices (XZ scan) of the lamin B1 stained 
cells combined with a custom Matlab (MathWorks, Natick, MA) script. 

Quantification of actin fiber and nuclear organization
Fluorescence microscopy images at 20 times magnification were analyzed using 
custom Matlab scripts to determine the actin fiber and nuclear orientation as described 
previously.72,73,191 In brief, the local Hessian matrix was determined on multiple scales and 
the probability of a pixel containing (part of an) actin fiber was calculated by means of the 
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Figure 4.1 Graphical representation of the experiments and the finite element model.

Table 4.1 Overview of parameters used in the finite element model

Chosen parameters Measured parameters Fitted parameters

all groups MEF+/+
perp*

MEF+/+ 
par*

MEF-/- 
perp

MEF-/- 
par

MEF+/+
perp

MEF+/+ 
par

MEF-/- 
perp

MEF-/- 
par

Ecell [kPa] 0.7 EPDMS [kPA] 1.5 1.5 1.6 1.6 μ [°] 0 8 0 0

νcell [kPa] 0.3 tPDMS [μm] 9.4 10.7 7.1 7.7 σ [°] 180.0 14.9 180.0 12.7

νPDMS [kPa] 0.496 tcell [μm] 3.3 3.3 4.1 4.1

* perp: perpendicular, par: parallel
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Frangi Vesselness.74 The direction of the largest eigenvector of the Hessian matrix of each 
pixel with a high Frangi Vesselness (> 0.9995) was calculated to identify the local actin fiber 
orientation. This resulted in an actin fiber distribution for each image (40 images per group), 
which was subsequently characterized by fitting the following curve: 

φsf = A  c + exp( ( )-(γ - μ)2

2σ2 )i (4.3)

with φsf
i  the actin stress fiber volume fraction per angle i, µ the main fiber direction, γ the 

fiber angle, σ the fiber dispersity, A a scaling factor, and c an offset. These parameters were 
used as input for the finite element model (Table 4.1). 
Furthermore, the percentage of pixels with a high Frangi Vesselness was calculated compared 
to the total number of pixels that were positive for actin staining, which is indicative of the 
relative amount of actin fibers in the monolayer. 
Since the fiber orientation analysis script can only analyze actin fiber orientation and not 
content, and the amount of actin fibers varied considerably between the MEFs used in 
this study, the characteristics of the intracellular actin fiber organization were qualitatively 
scored by six independent researchers. A minimum of 50 cells per group were blindly scored 
according to the following criteria: abundant aligned actin fibers, aligned actin fibers, little/
no actin fibers, cortical actin fibers, disrupted actin fiber organization, and ungradable cells. 
Examples of these cells are shown in Fig 4.2b-2f. 
After thresholding the DAPI images (40 per group), an ellipse was fit through each nucleus 
and the aspect ratio (major axis/minor axis) and orientation of the major axis of the ellipse 
were determined. As for the actin fibers, an orientation distribution was determined 
(equation 4.3) containing the percentage of nuclei orientated at each angle. To compare the 
actin fiber and nuclear distributions between groups, an order parameter was calculated for 
both distributions. The order parameter S was calculated using101: 

S =         cos(2γ)dγφ
∑φ∫

90°

-90°

(4.4)

with φ the actin fiber volume fraction or nuclear volume fraction per angle i. The values 
for S range from -1 to 1, with 1 representing perfect alignment parallel to the 0°-axis of the 
fibronectin pattern, -1 representing perfect alignment perpendicular to the 0°-axis of the 
fibronectin pattern, and 0 representing a random distribution. 

Disruption of actin stress fibers
In order to investigate to what extent differences in actin stress fiber organization could be 
responsible for differences in contractile stress generation, actin stress fiber formation was 
inhibited using the actin polymerization inhibitor latrunculin B (LatB; Abcam). First, both 
Lmna+/+ and Lmna-/- MEFs were cultured on thin film constructs functionalized with parallel 
fibronectin lines according to the specifications described above. After two days of culture, 
samples were treated with 0.25 µM of LatB,  and contractile stress measurement assays were 
performed. Pictures of the curvature were taken before the addition of LatB (0 min) and 5, 
10 and 15 minutes after the addition of LatB. In-between time points, the samples were 
maintained at 37°C and 5% CO2. Finally, the contractile stress was estimated as described 
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above using the parameters described in Table 4.2. As for the previous experiment, the 
actin fiber orientation of the monolayer, intracellular actin fiber organization, and nuclear 
thickness were determined. 

Statistical analysis 
SPSS Statistics (IBM, Amsterdam, The Netherlands) was used to identify differences, which 
were considered significant at p<0.05. Non-parametric tests were used to analyze the data 
to account for the non-normal distribution of the data. Differences in cell density between 
thin films that fall within and outside the measurement limits were analyzed using a student 
t-test. Differences in nuclear aspect ratio, percentages of pixels that are part of actin 
stress fibers, order parameter S, actin stress fiber organization, and σnorm between the four 
different groups were analyzed with a Kruskal-Wallis test followed by a pairwise Wilcoxon 
rank sum test with Bonferroni corrected levels as post-hoc test. Spearman’s correlation 
coefficient (ρ) was determined to investigate correlations between cell density and σmax for 
each experimental condition. Data described in the text are indicated as mean ± standard 
deviation.

Results
Anisotropy sensing is intact in both Lmna-/- and Lmna+/+ MEFs 
In order to test the anisotropy sensing capabilities of Lmna-/- MEFs, they were seeded on 
parallel and perpendicular substrates. In case the MEFs were cultured on parallel substrates, 
both cell types aligned along the fibronectin lines (Fig. 4.2). While both cell types show a 
similar orientation, the peak of the orientation distribution of the Lmna+/+ MEFs was slightly 
shifted from 0° (8°) and was wider (σ in Table 4.1) than that of the Lmna-/- MEFs. This could 
be caused by the fact that Lmna+/+ MEFs are larger in size and can therefore spread on top 
of more fibronectin lines at a small angle (Fig. 4.2f and h). However, this did not lead to 
differences in the order parameter (S ≥0.63) of the actin and nuclear orientation of both 
cell-types (Fig. 4.2i-k), indicating that both cell types align in the direction of the fibronectin 
lines. When cultured on the perpendicular substrates, both wild-type and knockout MEFs 
adopted a random orientation (Fig. 4.2e and g; S ranging from -0.03 to 0.06). These data 
showed that there were no differences in the anisotropy sensing capabilities of both cell 
types. 
On both the parallel and perpendicular substrates, both cell types showed to be elongated 
as indicated by their elongated nuclei (nuclear aspect ratio: 1.6±0.1 and 1.5±0.1 for Lmna+/+ 
MEFs and 1.6±0.1 and 1.7±0.1 for Lmna-/- MEFs on the parallel and perpendicular substrates 
respectively). 

Table 4.1 Overview of parameters used in the finite element model

Chosen parameters Measured parameters Fitted parameters

all groups MEF+/+
LatB

MEF-/- 
LatB

MEF+/+
LatB

MEF-/- 
LatB

Ecell [kPa] 0.7 EPDMS [kPa] 1.6 1.6 μ [°] 0 0

νcell [kPa] 0.3 tPDMS [μm] 7.2 6.4 σ [°] 12.2 14.6

νPDMS [kPa] 0.496 tcell [μm] 3.3 4.1
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Lmna knockout MEFs are less contractile compared to their wild-type counterparts 
Stress generation was measured immediately after release of the thin film and one hour 
later when the contractile equilibrium was reached. In case the contractile stress was too 
low to be measured due to lack of curvature, the stress of these samples was assumed to 
be 0 kPa (Fig 4.3a, top). The samples for which the finite element model could not reach the 
high curvature found in the experiments (Fig. 4.3a, bottom) were omitted from further stress 
analysis. Fig. 4.3b shows the percentages of samples within and above the measurement 
limit for each group and time point. Of each experimental group, the cell density of the thin 
films that fell above the measurement limit was significantly higher compared to the films 
that fell within the measurement limits, with an average difference of 93 cells/mm2 for the 
Lmna+/+ MEFs (p<0.01) and 151 cells/mm2 for the Lmna-/- MEFs (p<0.001). Of the samples 
that fell within the measurement limit, at both time points, the stress in the monolayer was 
generally highest for wild-type MEFs on parallel substrates and increased with increasing 
cell density (Fig. 4.3c and 3d). For Lmna-/- MEFs on parallel substrates, σmax also increased 

Figure 4.2 Representative fluorescence microscopy images of actin (green) and nuclei (blue) of MEFs cultured 
on perpendicular and parallel substrates (fibronectin in grey; a-d); scale bar is 100 μm and accounts for a-d. 
Corresponding histograms of the actin and nuclear orientation (e-h; mean ± standard error of mean). Red 
markers represent the nuclear orientation of the samples used for contractile stress measurements, blue markers 
represent nuclear orientation of the stained samples, and the green markers represent actin fiber orientation. 
Corresponding order parameter (i-k; mean ± standard deviation) of the nuclei of the samples used for contractile 
stress measurements (i; red), of the nuclei of the stained samples (j; blue) and of the actin fibers (k; green). *: 
significantly different from MEF+/+ parallel, and #: significantly different from MEF-/- parallel. Double symbols 
represent p<0.01, and triple symbols represent p<0.001.
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with increasing cell density. No strong relationship between σmax and the cell density was 
found for both cell types on the perpendicular substrates. In case the monolayer stress was 
normalized for cell density (Fig. 4.4), σnorm of Lmna knockout MEFs was significantly lower 
compared to wild-type MEFs on parallel substrates (0h/1h: 2.9/4.5 Pa/(cells/mm2) versus 
27.1/28.8 Pa/(cells/mm2) (medians)). On the perpendicular substrates, σnorm of the Lmna 
knockout MEFs was also lower compared to wild-type MEFs, however only significant at 1h 
(0h/1h: 2.1/2.0 Pa/(cells/mm2) versus 6.3/7.7 Pa/(cells/mm2) (medians)). For both cell types, 
σnorm was lower on perpendicular substrates compared to the parallel substrates indicating 
a trend in increasing σnorm for increasing cell alignment. However this difference was only 
significant for the Lmna+/+ MEFs. In summary, on both substrate types Lmna-/- MEFs had a 
five times lower contractile stress generation at equilibrium compared to Lmna+/+ MEFs. 

Lmna knockout leads to an impaired actin fiber organization
To examine how the lower contractile stress generation of the Lmna knockout MEFs could be 
related to the stress fiber organization, the actin fiber organization of (individual) wild-type 
and knockout MEFs was investigated. The amount of actin fibers present in the monolayers 
(e.g. percentage of pixels with a high Frangi Vesselness) was highest in case of Lmna+/+ MEFs 
on parallel substrates (8.9±0.8%) while it was marginally, though significantly, lower in Lmna-

/- MEFs on parallel substrates (6.7±0.4%). Likewise, on the perpendicular substrates, more 
pixels were detected as being part of a fiber for wild-type MEFs (6.6±0.8%) compared to 
knockout MEFs (5.7±0.3%). As only marginal differences were found in the amount of actin 
fibers in the monolayer and because the fiber orientation analysis script cannot discriminate 
the actin fiber content of individual cells, the intracellular actin stress fiber organization 
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was blindly scored by six independent researchers. On both perpendicular and parallel 
substrates, respectively, 34 ± 14% and 56 ± 9% of the Lmna+/+ MEFs had abundant aligned 
actin stress fibers, while in Lmna-/- MEFs this was only 5 ± 8% (perpendicular) and 1 ± 2% 
(parallel) (Fig. 4.5). In Lmna+/+ MEFs 13 ± 8% (perpendicular) and 9 ± 8% (parallel) of the cells 
had little/no actin fibers, compared to 54 ± 16% (perpendicular) and 61 ± 11% (parallel) in 
Lmna-/- MEFs (Fig. 4.5). For both Lmna-/- and Lmna+/+ MEFs, the  differences in actin stress 
fiber organization were similar when the cells were cultured on the two different substrates. 
Thus, Lmna-/- MEFs had a significantly less organized actin stress fiber organization compared 
to Lmna+/+ MEFs.

Lmna knockout MEFs have less cytoskeletal components that are necessary for contractile 
stress generation
As stress fibers containing actin and phosphorylated myosin light chain II (hereafter referred 
to as pMyosin) are necessary for contractile stress generation, we qualitatively investigated 
these contractile components via immunofluorescent staining (Fig. 4.6). In all groups, 
pMyosin was observed to co-localize with the actin fibers, indicating that Lmna-/- MEFs, like 
Lmna+/+ MEFs, have the tools for generating contractile stress. However, in Lmna knockout 
MEFs the actin fibers were usually observed to be thinner and less prominent (Fig. 4.6g and 
h) than in the wild-type MEFs (Fig 4.6e and f) and the pMyosin staining followed this pattern 
(Fig. 4.6i-l). Next to that, pMyosin was found to be deposited in the perinuclear region in 
Lmna-/- MEFs, while actin was not observed there. Summarizing, Lmna knockout MEFs were 
observed to contain co-localizing actin and pMyosin, although in a lesser extent compared 
to wild-type MEFs.
In order to apply stress onto their surroundings, the stress fibers need to be coupled to 
the substrate via focal adhesions. α-actinin 4 was used as a focal adhesion marker as it is 
found in mature focal adhesions40 and acts as actin fiber cross linker109. In both Lmna+/+ and 
Lmna-/- MEFS, α-actinin 4 was observed to localize mainly at the end of the actin fibers, an 
indication of the presence of mature focal adhesions in both cell types (Fig. 4.7). In general, 
cells with less prominent actin fibers (Fig. 4.7e-h) showed less prominent α-actinin 4 staining 
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(Fig. 4.7i-l) at the focal adhesion sites. Since the Lmna-/- MEFs did not show many prominent 
actin fibers, this led to small focal adhesions as shown by the α-actinin 4 staining (Fig. 4.7k 
and l). Next to this, α-actinin 4 was observed to extend from the focal adhesion sites into 
the direction of the actin fibers in Lmna+/+ MEFs (arrows in Fig. 4.7i and j). In correspondence 
with the complete cell, the focal adhesions were observed to orient mainly in the direction 
of the parallel fibronectin lines, while they adopted a more random organization on the 
perpendicular substrate for both cell types. Taken together, Lmna-/- MEFs do form the focal 
adhesions that are necessary to be able to apply stress onto the surroundings. These focal 
adhesions, however, were less prominent compared to Lmna+/+ MEFs.

Disruption of the actin fiber organization of wild-type MEFs leads to a comparable stress 
generation as by Lmna-/- MEFs
In order to verify that the lower contractile stress generation of Lmna-/- MEFs is caused by 
their impaired actin fiber organization, LatB was added to the medium of both wild-type and 
knockout MEFs. Since LatB depletes the monomeric actin pool, a decrease in σnorm over time 
was expected. Indeed, after the addition of LatB, a rapid decrease in σnorm was found within 
15 minutes for the Lmna+/+ MEFs, while the σnorm of Lmna-/- MEFs stopped decreasing after 10 
minutes (Fig. 4.8). After 15 minutes of LatB treatment the σnorm of Lmna+/+ MEFs (median: 3.4 
Pa/(cells/mm2)) was significantly lower than σnorm on parallel substrates without the addition 
of LatB (median: 27.1 Pa/(cells/mm2)) and was comparable to the σnorm of untreated Lmna-

/- MEFs on parallel substrates (median: 2.9 Pa/(cells/mm2); Fig. 4.4). The LatB treated Lmna-

/- MEFs (median σnorm: 0.5 Pa/(cells/mm2)) were less contractile than both the untreated and 

Figure 4.5 Manual scoring of intracellular 
actin fiber organization (a). Typical 
examples of cells with abundant aligned 
actin fibers (b), aligned actin fibers (c), 
little/no actin fibers (d), cortical actin 
fibers (e), and a disrupted actin fiber 
organization (f). Actin is stained in green 
and nuclei in blue. Horizontal lines in (a) 
denote significant differences between 
two groups in percentage of cells with 1) 
abundant aligned actin fibers, 2) aligned 
actin fibers, 3) little/no actin fibers, and 4) 
cortical actin fibers.
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LatB treated Lmna+/+ MEFs.
The actin fiber organization of control cells and of cells treated with 0.25 μM LatB for 15 
minutes was scored by six independent researchers. Using this method, the amount of 
abundant aligned actin fibers of Lmna+/+ MEFs was shown to be 10-fold lower compared to 
non-treated cells (2 ± 1% vs. 31 ± 18%; Fig. 4.9) Next to this, 36 ± 24% of the cells had little/
no actin fibers, similar to the Lmna-/- MEFs (34 ± 15% with little/no fibers; Fig. 4.9). For Lmna-

/- MEFs the percentage of cells with abundant aligned actin fibers was also lower (9 ± 15% 
to 0%) after the addition of LatB, while the percentage of cells with little/no actin fibers was 
higher (from 34 ± 15% to 69 ± 24%). The similarities found in both actin fiber organization 
and contractile stress generation between the LatB treated Lmna+/+ MEFs and the untreated 
Lmna-/- MEFs support the hypothesis that the decreased contractile stress generation of 
Lmna-/- MEFs was indeed caused by their impaired stress fiber organization. 

Discussion
In this work, using the thin film method, we quantitatively demonstrated a five times lower 

Figure 4.6 Representative fluorescence microscopy images of actin (green), pMyosin (red) and nuclei (blue) of MEFs 
cultured on perpendicular and parallel substrates (fibronectin in grey). Merged images are shown on the top row 
(a-d), actin and nuclei are shown on the middle row (e-h) and pMyosin and nuclei are shown on the bottom row (i-l). 
Scale bar is 50 μm and accounts for all images. The images shown are representative of four independent samples.
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contractile stress generation in Lmna knockout fibroblasts as compared to their wild-type 
counterparts on both parallel and perpendicular substrates. This reduction was strongly 
associated with an impaired actin stress fiber organization. More specifically, we showed that 
Lmna-/- MEFs contained less well-organized actin stress fibers with less pMyosin co-localizing 
with the actin fibers and smaller focal adhesions compared to their wild-type counterparts. 
Even though the impaired actin stress fiber organization led to a decrease in contractility, 
the anisotropy sensing apparatus of Lmna-/- MEFs was not affected by the Lmna knockout 
as the cells were able to align along micro-contact printed fibronectin lines, which is in 
correspondence with previous studies.113,181 The fivefold lower contractile stress generation 
of Lmna-/- MEFs could be explained by their impaired actin stress fiber organization since a 
comparable reduction in contractile stress generation was found in experiments in which 
latrunculin B was used to disrupt the actin stress fiber organization of wild-type MEFs. These 
findings indicate that the impaired actin stress fiber organization of Lmna knockout MEFs 
can be directly responsible for their fivefold lower contractile stress generating capabilities 
compared to their wild-type counterparts. 

Figure 4.7 Representative fluorescence microscopy images of actin (green), α-actinin 4 (red) and nuclei (blue) of 
MEFs cultured on perpendicular and parallel substrates (fibronectin in grey). Merged images are shown on the top 
row (a-d), actin and nuclei are shown on the middle row (e-h) and α-actinin 4 and nuclei are shown on the bottom 
row (i-l). Arrows point to examples of elongated focal adhesions that extend into the direction of the actin fibers. 
Scale bar is 50 μm and accounts for all images. The images shown are representative of four independent samples.
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In our previous study, no difference in the amount of actin was found between Lmna-/- and 
Lmna+/+ MEFs.181 In our present study, however, when the stress fiber organization was taken 
into account, clear differences were found between the knockout and wild-type MEFs. The 
Lmna+/+ MEF monolayers consisted mainly of cells with aligned stress fibers, while the cells in 
the Lmna-/- MEF monolayers mainly had a poor stress fiber organization. This impaired stress 
fiber organization can directly explain the significantly lower contractile stress generation of 
the Lmna-/- MEFs. These results suggest that the organization of the contractile elements, 
rather than their presence is of importance for proper contractile functioning of the cell. 
Similar to the studies by Hale et al.90 and Corne et al.43, we observed smaller focal adhesions 
in Lmna knockout MEFs. In contrast, our recent publication by Tamiello et al.181 did not 
observe a difference in focal adhesion size between the two cell types. In the latter study, 
however, the focal adhesion size was limited to the surface of the microposts on which 
the cells were cultured. This restricted the maximum focal adhesion size to the size of 
one micropost, which was the same for both cell types. In the case of the present study 
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and the studies by Hale et al.90 and Corne et al.43, the focal adhesions could grow in size 
unrestrictedly. Remarkably, the LMNA knockdown human dermal fibroblasts (hDFs) used 
in the study by Corne and colleagues43, demonstrated to be more contractile compared to 
their counterparts treated with non-targeting control siRNA when measured using traction 
force microscopy (TFM). This difference in contractility between this study and the study 
by Corne et al. could be caused by the impaired stiffness sensing apparatus of the LMNA 
knockdown hDFs. Previously, it has been shown that laminopathic myoblasts plated on soft 
substrates (12 kPa) were highly spread with a similar actin fiber organization as on rigid 
(glass) substrates.19 While the control myoblasts, like any other adherent cell51, did not spread 
on soft substrates.19 Hence, we speculate that instead of examining the effect of LMNA 
knockdown on hDF contractility, the difference Corne and colleagues43 found is actually a 
reduction of traction force of their control hDFs due to the low substrate stiffness (15 kPa) 
they used. Contrarily, a recent study by Booth-Gauthier et al.21 did find similar impaired 
mechanical functioning of fibroblasts from a Hutchinson-Gilford progeria syndrome (HGPS) 
patient compared to our results. In that study, cellular traction stress was measured using 
TFM of HGPS fibroblasts and control parental fibroblasts. Average traction stress of control 
cells was 1.6 times higher than that of HGPS cells, and maximum traction stress was even 
2.5 times higher.21 This difference is smaller than the 5 times higher contractile stress of the 
Lmna+/+ MEFs compared to the Lmna-/- MEFs found in the present study, likely due to the fact 
that in the HGPS cells lamin A is altered and not completely missing. 
Previously, we found that the orientation of Human Vena Saphena Cells (HVSCs; characterized 
as myofibroblasts144) did not have any effect on σnorm

191, while in this study significant 
differences in σnorm were found between the lmna+/+ MEFs on parallel and perpendicular 
substrates. This indicates that in case of Lmna+/+ MEFs there is probably a synergistic effect 
of cell alignment on the stress generation while in HVSCs there is not. We speculate that this 
difference could be caused by the difference in cell differentiation and shape between the 
HVSCs and wild-type MEFs. As the MEFs are still a quite plastic embryonic cell type213, they 
can adopt a more rounded morphology on the perpendicular substrates compared to the 
HVSCs, which are expected to be equally elongated on both substrate types since the HVSCs 
are fully differentiated adult cells144. 

To confirm the relationship between the impaired actin fiber organization of the Lmna 
knockout MEFs and their lower contractile stress generation, the stress measurement 
experiments were repeated with wild-type and Lmna knockout MEFs of which the actin 
stress fiber network was disrupted by LatB. Both the LatB treated Lmna+/+ MEFs and the 
untreated Lmna-/- MEFs mainly contained cells with little/no or disrupted actin fibers. Next 
to this, the amount of contractile stress generation of the Lmna+/+ MEFs treated with LatB 
resembled that of the Lmna-/- MEFs, suggesting that the alterations seen in the stress fiber 
organization of Lmna-/- MEFs could explain the reduced stress generation of these cells. 
In Lmna-/- MEFs, no significant difference was found in the amount of contractile stress 
generation after addition of LatB, likely because disruption of the already impaired actin 
stress fiber organization of the Lmna-/- MEFs had little effect on their defective contractile 
stress generation. In fact, the residual contractility that was found in Lmna-/- MEFs could be 
attributed to other cytoskeletal components such as vimentin56. Lanzicher et al.127 recently 
found a similar disruption of the actin cytoskeleton of wild-type neonatal rat ventricular 
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myocytes when treated with cytochalasin D, compared to cells with a mutated form of 
lamin A (D192G). Both the chemical treatment and the Lmna mutation led to comparable 
alterations of the mechanical properties of the myocytes. These results are supported by a 
study by Lee et al.131 that found similar alterations in cellular mechanical properties using 
Lmna-/- MEFs and chemically treated Lmna+/+ MEFs. The results of the present study show 
that not only the mechanical properties of Lmna-/- MEFs were altered127,131 due to impaired 
stress fiber organization but also the ability to exert contractile stress is affected by Lmna 
knockout. 
Next to disrupting the stress fiber organization, we also attempted to enhance the stress 
fiber contractility with the Rho activator LPA, in order to try to rescue the contractile stress 
generation capabilities of Lmna-/- MEFs. No increase in contractile stress generation was 
found after the addition of LPA (data not shown), likely due to the presence of serum in 
the culture medium. LPA is found in serum in an albumin-bound form146 which can activate 
stress fiber formation before the addition of LPA itself. Most studies that investigated the 
effect of LPA on stress fiber formation therefore first serum starve the cells before addition 
of LPA.8,41 However, serum starvation also causes the existing stress fiber network to deplete 
which leads to a loss of the initial stress fiber organization that was intended to be enhanced. 
Therefore, this method was not suitable for enhancement of the stress fiber network in our 
experiments. 

Preferably, the actin fiber organization of individual cells would have been analyzed 
quantitatively. However, since most quantitative analysis tools can only analyze actin fiber 
orientation and not content, and the amount of actin fibers varied considerably between 
the MEFs used in this study, it was not possible to analyze the actin fiber organization 
quantitatively. Even though the qualitative scoring method certainly has its limitations, we 
considered this method to be superior to using a quantitative order parameter that only 
considers the orientation of actin fibers, to identify differences between the wild-type and 
Lmna knockout MEFs. In order to obtain the most reliable scoring of the data as possible, 
six researchers from within and outside the field blindly scored the actin fiber organization. 
A limitation of the current study is that not all thin films that were created could be used for 
contractile stress analysis. On the parallel substrates, for example, 45% (0h) and 75% (1h) of 
the films with Lmna+/+ MEF monolayers fell above the measurement limit, while this was only 
30% (0h) and 36% (1h) for the Lmna-/- MEFs. This limitation is due to the large deformations 
that the experimental films undergo that cannot be reached in the finite element model 
due to convergence issues. This is a limitation of the finite element model that we have 
used, as opposed to the analytical model that has been used previously6. However, the latter 
approach was not suitable in this study as active stress fiber contractility and stress fiber 
organization cannot be incorporated in an analytical model. Even though the use of the 
finite element model caused a loss of samples in the high stress range, we expect that this 
has no major consequences for the conclusions of this study. Specifically, we hypothesize 
that the excessive stress generation by a large part of the Lmna+/+ MEF monolayers was 
likely to be due to the presence of a higher cell density compared to the films that could be 
analyzed (Fig. 4.3c and d). This assumption is supported by the significant difference in cell 
density between the samples that fall within and above the measurement limits together 
with the observation that the cell densities of the analyzed Lmna+/+ samples were generally 
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lower than those of the analyzed Lmna-/- samples. Consequently, the analyzed set of Lmna+/+ 
samples is still likely to represent the relationship between monolayer contractility and 
cell density within the analyzed range of cell densities since the samples that could not 
be analyzed fall mostly out of that range. Even though we accounted for the differences in 
contractile stress generation between the different groups by adjusting the PDMS thickness 
used for each group, future studies should optimize the PDMS thickness even further or use 
a range of PDMS thicknesses for each group to create a wider range of contractile stress 
measurements.
Lmna knockout not only affects stress fiber organization but also the organization of 
other cytoskeletal components like microtubules and vimentin.99,100 Even though actin 
stress fibers are one of the key players in contractile stress generation, vimentin56,82,142 and 
microtubules28,34 are involved in stress generation as well. Future studies should point out 
whether changes in these cytoskeletal components affect contractile stress generation and 
to what extent.  

Even though the effect of laminopathies on cell functioning is increasingly better understood, 
there is still a long way to go in grasping the diversity in pathology of laminopathic patients. 
The thin film method used in this study could be a useful tool in aiding to understand this 
diversity in pathology. As more and more different laminopathies are diagnosed through 
the aid of gene sequencing, also more and more different pathological effects on cell 
functionality emerge. By seeding patient fibroblasts (an easily obtained cell source) on the 
thin film constructs the effect of the divers LMNA mutations on mechanical functioning, in 
the form of contractile stress generation, could quantitatively be assessed. 

Conclusion
In summary, we have shown that differences in contractile stress generation between 
Lmna-/- and wild-type fibroblasts can be readily quantified using the thin film method. 
Using this method we found a fivefold lower contractile stress generation by Lmna-/- MEFs 
compared to Lmna-+/+ MEFs. The findings of this study further suggest that not the presence 
of actin stress fibers but rather their organization is of importance for proper mechanical 
functioning of fibroblasts. The impaired stress fiber organization of Lmna-/- MEFs can be 
directly responsible for their fivefold lower contractile stress generation. This was verified by 
the comparable contractile stress generation between Lmna knockout MEFs and wild-type 
MEFs of which the stress fiber organization was disrupted with the actin polymerization 
inhibitor latrunculin B. These data demonstrated the devastating effect of a disturbed stress 
fiber organization on the contractile stress generation of Lmna-/- fibroblasts and show that 
the thin film method could be a promising tool in quantitatively examining the effect of 
different LMNA mutations on cell contractility.  
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Abstract 
Contractile stress generation by adherent cells is largely determined by the interplay of 
forces within their cytoskeleton. It is known that actin stress fibers, connected to focal 
adhesions, provide contractile stress generation, while microtubules and intermediate 
filaments provide cells compressive stiffness. Recent studies have shown the importance of 
the interplay between the stress fibers and the intermediate filament vimentin. Therefore, 
the effect of the interplay between the stress fibers and vimentin on stress generation was 
quantified here. We hypothesized that net stress generation comprises the stress fiber 
contraction combined with the vimentin resistance. We expected an increased net stress 
in vimentin knockout (VimKO) mouse embryonic fibroblasts (MEFs) compared to their wild-
type (VimWT) counterparts, due to the decreased resistance against stress fiber contractility. 
To test this, the net stress generation by VimKO and VimWT MEFs was determined using 
the thin film method combined with sample-specific finite element modeling. Additionally, 
focal adhesion and stress fiber organization were examined via immunofluorescent staining.  
Net stress generation of VimKO MEFs was three-fold higher compared to VimWT MEFs. No 
differences in focal adhesion size or stress fiber organization and orientation were found 
between the two cell types. This suggests that the increased net stress generation in VimKO 
MEFs was caused by the absence of the resistance that vimentin provides against stress 
fiber contraction. Taken together, these data suggest that vimentin resists the stress fiber 
contractility, as hypothesized. Thus indicating the importance of vimentin in regulating 
cellular stress generation by adherent cells. 
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Introduction
The cytoskeleton of adherent cells is of fundamental importance for maintaining cell shape, 
cellular mechanics and proper functioning of the cell.102,103 The three major components 
of the cytoskeleton are the microtubules, intermediate filaments, and actin (stress) fibers, 
which interact with each other in several manners.102 Contractility (stress generation) is an 
important prerequisite for a wide range of cellular functions, including migration36, strain 
avoidance181 and differentiation139. The stress fibers have been identified as one of the 
most important players in the mechanical functioning of the cell as these provide the cell 
contractility via interaction between actin and myosin motors.147 While the microtubules 
and intermediate filaments provide the cell compressive stiffness. Recent studies have 
demonstrated the importance of the interplay between the stress fibers and the intermediate 
filaments, as well as the effect of the interplay of their forces on stress generation.108,142,192 
The intermediate filament vimentin is especially of interest in understanding stress 
generation due to its abundance in contractile mesenchymal cells like fibroblasts105, its 
unique mechanical properties106, and its direct and indirect interaction with actin31,62,82,107. 

Vimentin networks display strain stiffening behavior, can resist high levels of deformation, 
and are less stiff than actin when subjected to low strains.10,197 These mechanical properties 
protect the cell against high externally applied strains, making vimentin the ideal cytoskeletal 
component to maintain cell shape81 and mechanical integrity56,88,199. The influence of 
vimentin on the cell’s response to (high levels of) strain has been studied extensively using 
various techniques, e.g. magnetic twisting cytometry56,199, microrheology88, atomic force 
microscopy142, and computational modeling18. These studies showed a lower stiffness 
for vimentin knockout (VimKO) cells compared to their wild-type counterparts (VimWT), 
especially at high strains. This indicates that vimentin offers the cell resistance against high 
strain via their strain stiffening behavior. Even though these studies found comparable 
effects of vimentin depletion on the cell mechanical properties, the effect of vimentin 
depletion on cell contractility is still not completely understood. As early as 1998, Eckes 
and colleagues demonstrated VimKO mouse embryonic fibroblasts (MEFs) to be 50% less 
contractile compared to VimWT fibroblasts in a collagen-gel-compaction assay.56 Contrarily, 
when Mendez et al. increased the cell density in the collagen-gels, more gel compaction 
was found in the VimKO MEF seeded gels compared to the VimWT MEF seeded gels.142 
Interestingly, when investigating single cell contractility via traction force microscopy, Jiu et 
al. (2017) also observed an increased contractile strength in vimentin-silenced osteosarcoma 
cells and dermal fibroblasts.108 In these experiments, the cells’ contractile capacities were 
tested in a relatively soft environment (Pa-kPa range).56,108,142 Vimentin, through its strain-
stiffening capacity, has been shown to mainly contribute to the cells’ mechanical properties 
in more challenging mechanical settings106,199, e.g. in a stiff environment. Therefore, we 
expected that vimentin affects stress generation to a greater extent when cells reside on 
a stiff substrate (MPa range). As the results of the above-mentioned studies are variable 
and condition dependent (2D single cells vs. 3D cell-laden collagen gels)56,108,142, our aim 
was to gain a more quantitative understanding of the role of vimentin in stress generation 
of cells cultured on stiff substrates. Since it has already been shown that the resistance to 
externally applied stress was lower in case of vimentin depleted cells compared to wild-
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type cells18,56,88,142,199, we speculated that vimentin also provides resistance against internally 
generated stress via stress fiber contraction. Thus, we expected the net (overall) amount 
of stress depended on both the active stress, generated by the actin stress fibers, and the 
resistance against the active stress by the vimentin network. Therefore, we hypothesized 
vimentin depleted cells would have an increased net stress generation due to a considerable 
decrease in resistance against the active stress.
                                                                                                                                                                     
To better understand the role of vimentin in stress generation, the thin film method7,68,83 
combined with sample-specific finite element modeling was used to measure the net stress 
generation of VimKO and VimWT MEFs, using similar methods as previously used and reported 
by us.191,192 Since cell orientation could affect the net stress generation of MEFs192, the net 
stress generation by the MEFs was measured in both a random and an aligned monolayer 
configuration. To achieve these configurations, the wild-type and vimentin knockout MEFs 
were seeded onto thin film constructs functionalized with either parallel or perpendicular 
fibronectin lines. Additionally, the stress fiber organization, including focal adhesions and 
phosphorylated myosin, was examined both quantitatively and qualitatively by means of 
immunofluorescent staining to explain potential differences in stress generation.  

Materials and methods
Thin film construct fabrication and functionalization 
25 mm diameter glass cover slips were spin coated with layers of, in succession, 
poly-N-isopropylacrylamide (pIPAAm; Sigma, Zwijndrecht, The Netherlands) and 
polydimethylsiloxane (PDMS; Sylgard 184; Dow Corning, Aubum, MI) to create thin film 
constructs as described previously.68,83,191 Different PDMS thicknesses were used to account 
for the difference in contractility between the different groups.191 To account for batch-
to-batch variations in PDMS stiffness, tensile tests were used to quantify the stiffness of 
rectangular bars of PDMS created from the same batch of PDMS as was used to create 
the thin film constructs, to accommodate differences in PDMS stiffness across the different 
samples in the analysis of the results (Table 5.1). Functionalization of the thin film constructs 
was achieved by micro-contact printing the constructs with 5 µm wide lines of rhodamine 
fibronectin (50 mg/mL; Cytoskeleton, Denver, CO).191 The lines were orientated either in the 
long axis direction of the films with 5 µm spacing between the lines (referred to as parallel) 
or as a fishnet pattern with 10 µm spacing at an angle of ±45° with respect to the long axis 
direction (referred to as perpendicular).191 These two types of fibronectin patterns enforce 
the cells to either form an aligned monolayer (on the parallel substrates) or a random 
monolayer (on the perpendicular substrates), to investigate whether cell orientation affects 
the net stress generation. 

Cell seeding and culture
VimWT and VimKO MEFs (received as a kind gift from Cecilia Sahlgren and John Eriksson, 
Åbo Akademi University, Finland) were seeded onto the thin film constructs at a density of 
31,250 cells/cm2. The cells were cultured for two days in growth medium at 37°C and 5% 
CO2 in a humidified atmosphere. Both cell types grew (nearly) confluent at this time point. 
The growth medium consisted of advanced DMEM (12491-023; Invitrogen, Breda, The 
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Netherlands) supplemented with 10% Fetal Bovine Serum (Greiner Bio-One, Frickenhausen, 
Germany), 2mM L-glutamine (Lonza, Basel, Switzerland), and 100 U/ml penicillin/
streptomycin (Lonza). 

Contractile stress measurement assay
Net stress exerted by the monolayer was measured as described previously.191 In short, 
part of the samples (n=6 per group; Fig. 5.1) were stained with Hoechst (Invitrogen) for 15 
minutes in order to determine cell density on each film by dividing the total Hoechst stained 
surface of the film by the average nuclear surface. In a petri dish with preheated (37°C) 
growth medium, the long edges of eight rectangular films were cut per sample. To visualize 
the Hoechst staining, the sample was imaged with confocal microscopy (TCS SP5X; Leica) 
in a medium-filled petri dish at 37°C and 5% CO2. Lastly, the ends of the rectangular films 
were cut which caused a release of the PDMS films from their glass substrate due to the 
combination of (intrinsic) stress generation by the MEFs and the dissolving of pIPAAm in the 
medium. A custom Matlab (MathWorks, Natick, MA) script was used to determine the thin 
film curvature from the projection length of the bent films in top view pictures of the thin 
films taken with a stereomicroscope (Discovery.V8; Zeiss). The initial (0h) and equilibrium 
curvature (1h) were analyzed using this method. In-between these time points, the samples 
were placed back at 37°C and 5% CO2.  

Contractile stress analysis 
In order to translate curvature into stress, a sample-specific, double-layered finite element 
mesh (200 quadratic brick elements per layer) was created in the commercial finite element 
software Abaqus (Dassault Systèmes Simulia Corp., Providence, RI) in correspondence with 
our previous work.191 Each thin film mesh was created using its specific dimensions and 
stress fiber orientation. The material properties of the cells and PDMS of that specific film 
were implemented using the used-defined subroutine UMAT (model parameters in Table 
1). The bottom layer was assigned with compressible Neo-Hookean material properties to 
represent the PDMS layer of the thin films: 

σp = κ       I +    (B - J2/3I)   ln J
J J

G (5.1)

with Cauchy stress tensor σp, shear modulus G = E/2(1-ν), compression modulus κ = 
2G(1+ν)/3(1-2ν), B = F∙FT, J = det(F), and I the unit tensor. Furthermore, E represents the 
Young’s modulus, ν the Poisson ratio, and F the deformation gradient tensor. 
The fiber reinforced top layer of the model represents the cell monolayer and consisted of 
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Figure 5.1 Overview of the experimental design of this study, including the different techniques that were used.
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an active fibrous component (σca) representing the stress fibers and a passive, compressible 
Neo-Hookean component (σcp; same definition as equation 1; using cell parameters in Table 
5.1) representing the other cellular components. The total cell stress σc was calculated via 
σc = σcp + σca, with σca: 

σca =    φsf σnetesfesf∑
i=1

i i i
N

(5.2)

where σnet is the maximum amount of net stress that can be generated by the stress fibers 
in case they are all aligned in the same direction, esf

i  is the stress fiber direction in the 
deformed configuration, and φsf

i  is the stress fiber volume fraction at angle i, obtained from 
the fluorescent images as described below. σnet was iteratively increased until the curvature 
of the finite element model matched the experimentally obtained curvature. In case the 
finite element model could not reach the experimentally obtained curvature, the sample 
fell above the measurement limit and was omitted for further analysis. In order to compare 
the net stress between groups, σnet of each film was normalized (σnorm) by dividing it by the 
cell density of that film. 

Immunofluorescence
For immunofluorescence, the remaining samples (n=4 per staining per group; Fig. 5.1) were 
fixed with 3.7% formaldehyde (Merck, Schiphol-Rijk, The Netherlands) in PBS for 15 minutes. 
The cells were subsequently permeabilized with 0.5% Triton-X 100 and blocked against non-
specific binding with 2% BSA (Roche, Almere, The Netherlands) – 1% goat serum  (Sigma) 
– 0.05% Tween (Merck) in TBS. The primary antibodies were incubated for 90 minutes, 
followed by a secondary antibody incubation for 1 hour (both at room temperature). In 
case of phosphorylated myosin light chain IIA and actin staining, a tertiary incubation step 
was necessary for labelling with streptavidin-Alexa 647 (Invitrogen) and phalloidin-Atto 
488 (Sigma). Before mounting with mowiol (Sigma), the samples were incubated for 10 
minutes with DAPI (Sigma). The primary and secondary antibodies used were: mouse anti-
vimentin (Abcam, Cambridge, United Kingdom), mouse anti-vinculin (Sigma), rabbit anti-
α-tubulin (Abcam), mouse anti-phosphorylated myosin light chain IIA (phosphorylated at 
Ser19; Cell Signaling, Danvers, MA), goat-anti-mouse Alexa 488 (Thermo Fisher, Landsmeer, 
The Netherlands), goat-anti-mouse Alexa 647 (Thermo Fisher), goat-anti-rabbit Alexa 555 
(Thermo Fisher) and biotin labeled horse-anti-mouse (Vector, Burlingame, CA). The samples 
were visualized using fluorescent microscopy (Axiovert 200M; Zeiss, Sliedrecht, The 
Netherlands). The actin-stained monolayers were also visualized with confocal microscopy 
(LSM 510 Meta; Zeiss) to determine the monolayer thickness from the obtained z-stacks.7  

Table 4.1 Overview of parameters used in the finite element model

Chosen parameters Measured parameters Fitted parameters

all groups VimWT
perp*

VimWT 
par*

VimKO 
perp

VimKO 
par

VimWT
perp

VimWT 
par

VimKO 
perp

VimKO 
par

Ecell [kPa] 0.7 EPDMS [kPA] 1.6 1.7 1.6 1.7 μ [°] 0 0 0 0

νcell [kPa] 0.3 tPDMS [μm] 6.8 8.0 6.8 9.0 σ [°] 180.0 15.6 180.0 13.1

νPDMS [kPa] 0.496 tcell [μm] 2.3 2.3 1.8 1.8

* perp: perpendicular, par: parallel
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Quantification of cellular orientation
In order to investigate the cellular orientation of the MEFs on the parallel and perpendicular 
substrates, the actin fiber and nuclear orientation were determined from fluorescent 
microscopy images (40 images per group at 32 times magnification) using custom Matlab 
scripts as described previously.72,73 Subsequently, the actin fiber and nuclear distribution 
were characterized by fitting the following curve: 

φi
 = A  c + exp( ( ))-(γ - μ)2

2σ2 (5.3)

with φi the actin fiber volume fraction or nuclear volume fraction per angle i, µ the main 
direction of the distribution, γ the angle, σ the dispersity (representing the width of the 
distribution), A a scaling factor, and c an offset. These parameters (Table 5.1 for an overview) 
were used as input for the finite element model described above. To compare the actin fiber 
and nuclear distributions between groups, an order parameter (S) was calculated for both 
distributions using 101: 

S =         cos(2γ)dγφ
∑φ∫

90°

-90°

(5.4)

S = 1 in case of perfect alignment parallel to the 0°-axis of the fibronectin pattern, S = -1 in 
case of perfect alignment perpendicular to the 0°-axis of the fibronectin pattern, and S = 0 
in case of a random distribution. Next to this, as a measure of cell elongation7, the nuclear 
aspect ratio was determined by dividing the major axis length by the minor axis length. 
Lastly, the focal adhesion size was determined from fluorescent microscopy images (100 
times magnification) using a custom Mathematica (Wolfram, Oxfordshire, United Kingdom) 
script. 
 
Statistical analysis
The data described in the text is depicted as mean ± standard deviation, unless stated 
otherwise. SPSS Statistics (IBM, Amsterdam, The Netherlands) was used to identify 
differences, which were considered significant at p<0.05. Non-parametric tests were used 
to analyze cell density, σnorm, focal adhesion size and nuclear aspect ratio to account for 
the non-normal distribution of these parameters. Differences in cell density between the 
samples fell within and above the measurement limit were analyzed using a Mann-Whitney 
U-test. Differences between the four different experimental groups were analyzed using a 
Kruskal-Wallis test followed by a pairwise Wilcoxon rank sum test with Bonferroni corrected 
levels as post-hoc test. 

Results
Vimentin knockout and wild-type MEFs have similar microtubule networks and focal 
adhesion sizes
To confirm complete depletion of vimentin in the VimKO MEFs, vimentin was stained using 
immunofluorescence techniques (Fig. 5.2a-d). Indeed, while the VimWT MEFs showed 
abundant vimentin staining, the VimKO MEFs only expressed faint background staining, 
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indicating vimentin knockout. The vimentin knockout was confirmed by Western blotting 
(data not shown). 
Like vimentin, microtubules are known to provide resistance against external compression102  
and are thus potential candidates to take over the role of vimentin in the VimKO MEFs 
as a compensation mechanism. Therefore, we investigated whether vimentin depletion 
caused alterations in the microtubule organization. No obvious differences in microtubule 
organization were observed upon vimentin knockout (Fig. 5.2e-h).

The focal adhesions associated with the actin stress fibers were expected to increase in 
size56,82 since vimentin depletion has been shown to enhance actin stress fiber assembly108.  
Interestingly, however, using vinculin as a focal adhesion marker, no differences in focal 
adhesion size were found between the two different cell types, neither on the perpendicular, 
nor on the parallel substrates (Fig. 5.3). To investigate whether the focal adhesion size could 
be restricted by the fibronectin patterns, the staining was repeated on MEFs cultured on 
homogeneous fibronectin coated substrates (Fig. 5.3e-f). Again, no differences were found 
between the focal adhesion size of the VimWT and VimKO MEFs, although the focal adhesions 
of both cell types were smaller on the homogeneous fibronectin substrates compared to the 
fibronectin patterned substrates (Fig. 5.3g). This indicates that the focal adhesion size was 
not restricted by the fibronectin pattern. Based on the described experiments, vimentin 
knockout had no effect on the focal adhesion size.

Anisotropy sensing is intact in both VimWT and VimKO MEFs
Since cell orientation could affect the net stress generation of MEFs, the capability of the 
VimKO MEFs to orient in the direction of fibronectin lines was tested by seeding the MEFs on 

Figure 5.2 Representative fluorescence microscopy images of vimentin (green; a-d) and α-tubulin (red; e-h) of MEFs 
cultured on perpendicular and parallel substrates (nuclei in blue; for clarity fibronectin is not shown). Scale bar is 
20 µm and accounts for all images.
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to align along the fibronectin lines (Fig. 5.4) based on the analysis of the actin and nuclear 
orientation distribution of the MEFs. When comparing the order parameter of both the 
actin fibers and the nuclei between the two cell types, no differences were found between 
the VimKO (actin fibers: S = 0.77 ± 0.07, nuclei: S = 0.70 ± 0.06) and VimWT MEFs (actin 
fibers: S = 0.66 ± 0.10, nuclei: S = 0.61 ± 0.18). On the perpendicular substrates, both the 
VimKO and the VimWT MEFs adopted a random orientation (Fig. 5.4e, f, i and j). These data 
indicate that both the VimKO and the VimWT cells were capable of sensing and aligning with 
the (an)isotropic substrate. 
The nuclear aspect ratio of VimKO MEFs was comparable to that of the VimWT MEFs on the 
parallel substrates (1.8 ± 0.11 vs. 1.9 ± 0.14). While it was slightly, but significantly, lower on 
the perpendicular substrates (1.5 ± 0.04 vs. 1.6 ± 0.05). This indicates that both cell types 
were elongated on both substrate types. 

Vimentin depletion leads to a more contractile phenotype compared to wild-type MEFs
The net stress generation was measured immediately after release of the thin films (0h), and 
when the contractile equilibrium was reached after one hour (1h). In case the thin films lacked 
curvature due to a too low net stress, σnet was assumed to be zero (Fig 5.5a and Fig. 5.6a). 
The finite element model was used to determine σnet of the films that did show curvature 

Figure 5.3 Representative fluorescence microscopy images of vinculin (red) and nuclei (blue) of MEFs cultured on 
perpendicular (a, b), parallel (c, d), and homogeneous substrates (e, f); fibronectin in grey. Scale bar is 20 µm and 
accounts for a-f. Quantification of the focal adhesion size (mean ± standard error of mean) showed no significant 
differences between the focal adhesions of the four different experimental groups, while the focal adhesions of 
the homogeneous substrates were smaller compared to the patterned substrates (g). ***: significantly lower than 
all patterned substrates with p<0.001, #: significantly lower than VimWT MEFs on perpendicular substrates and 
VimKO MEFs on both patterned substrates with p<0.05 (n=3-4 fluorescent microscopy images, leading to >1300 
focal adhesions per group).
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(Fig. 5.5c and d). In case the film curvature was too high to be analyzed with the finite 
element model, the samples were placed in the “above limit” group without further analysis 
of the actual generated stress  (Fig. 5.5b and Fig. 5.6a). The cell density of the films that 
fell above the measurement limit was significantly higher (p<0.05; difference of 542-1077 
cells/mm2) compared to the cell density of the films that fell within the measurement limit, 
except for the VimWT MEFs, which only showed a slight increase in cell density (difference 
of 382 cells/mm2). Within the measurable range of samples, the cell density of the VimKO 
MEFs was lower (perpendicular substrates: 1658 ± 317 cells/mm2; parallel substrates: 1447 
± 316 cells/mm2) compared to that of the VimWT MEFs (p<0.01; perpendicular substrates: 
2276 ± 540 cells/mm2; parallel substrates: 2450 ± 564 cells/mm2), both immediately after 
release of the films (0h; Fig. 5.6b) and at equilibrium (1h; Fig. 5.6c). For both cell types, no 
clear differences in the σnet distribution were found between the perpendicular and the 
parallel substrates. When the net stress was normalized for the cell density (Fig. 5.7), σnorm of 
the VimKO MEFs (medians at 0h, 1h: 2.6, 3.2 Pa/(cells/mm2) (perpendicular) and 1.1, 2.2 Pa/
(cells/mm2) (parallel)) was significantly higher compared to the VimWT MEFs (medians at 
0h, 1h: 0.7, 1.0 Pa/(cells/mm2) (perpendicular) and 0.4, 0.8 Pa/(cells/mm2) (parallel)), except 
for the VimKO MEFs on perpendicular substrates at 0h (Fig. 5.7). In this experimental setup, 
the cell orientation did not influence the normalized net stress generation of both wild-type 

Figure 5.4 Representative fluorescence microscopy images (a-d) of actin (green), and nuclei (blue) of MEFs cultured 
on perpendicular and parallel substrates (fibronectin in grey) and the corresponding orientation histograms (e-h; 
mean ± standard error of mean) of nuclei (blue markers) and actin (green markers). Scale bar is 50 µm and accounts 
for a-d, n=40 fluorescent microscopy images per group. Corresponding order parameter (i-j; mean ± standard 
deviation) of the nuclei (i; blue), and actin fibers (k; green). *: significantly different from VimWT parallel, and #: 
significantly different from VimKO parallel. Triple symbols represent p<0.001.
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and knockout MEFs, since no differences in σnorm were found between the different substrate 
types (Fig. 5.7). However, when comparing the median σnorm at equilibrium, the VimKO MEFs 
generated a 3 times higher σnorm compared to the VimWT MEFs (Fig. 5.7).

Vimentin knockout does not affect the actin fiber organization
To examine whether the higher net stress generation of the VimKO MEFs could be related to 
an enhanced stress fiber organization, the functional organization of the stress fibers’ main 
contractile components, actin and phosphorylated myosin (pMyosin), was investigated using 
immunofluorescence. Enhanced stress fibers could be indicated by thicker actin bundles and 
more pMyosin co-localizing with actin. No clear differences in thickness of the actin fiber 
bundles were observed (Fig. 8). Furthermore, no differences in actin fiber orientation were 
found (Fig. 5.4). In all groups pMyosin was observed to co-localize with the actin fibers (Fig. 
5.8), without clear differences in staining between the groups. Since the pMyosin follows 
the actin organization and no clear differences in staining were observed, we presume the 
pMyosin organization to be unchanged upon vimentin knockout. The findings indicate that 
both contractile elements necessary for stress generation were present and organized in a 
similar manner in both cell types. However, the VimKO MEFs were observed to be slightly 
larger compared to the VimWT MEFs on both substrate types. Together with the similar 
focal adhesion size of the VimWT and VimKO MEFs, these data suggest that the stress fiber 
organization was not enhanced due to vimentin knockout. 

Discussion
In this work, we demonstrated that the median σnorm of VimKO MEFs seeded on stiff PDMS 
substrates was three times higher compared to VimWT MEFs at equilibrium, regardless of 

a

b

c

d

Figure 5.5 Examples of thin films seeded with wild-type MEFs on parallel substrates that fall within (a; both films, b; 
right film) and above (b; left film) the measurement limit. Graphical representations of the projection length (white 
bars) and the original length (black bars) are included in the images. Scale bar is 1 mm. Top view (c) and side view 
(d) images of examples of deformed finite element meshes at increasing levels of σnet (left to right). The red elements 
represent the cell layer, the blue elements represent the PDMS layer. The undeformed mesh is shown in grey. 
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the cell monolayer orientation (random or aligned). It was shown that vimentin depletion 
did not affect the anisotropy sensing capabilities of the MEFs as both the wild-type and 
vimentin knockout MEFs had similar sized focal adhesions and were able to align along 
micro-contact printed fibronectin lines. Immunofluorescent staining showed no difference 
in stress fiber composition (actin and pMyosin) between VimKO and VimWT MEFs. Taken 
together, these data support the hypothesis that the net stress generation in vimentin 
knockout MEFs is higher due to their decreased resistance against the stress generation by 
the stress fibers. 

Earlier studies have shown that vimentin depletion led to a 1.4 times higher compaction 
of 3D cell-laden collagen gels142 and to a 1.25 times higher traction force of cells plated 
on a polyacrylamide gel108. In these studies, cells resided in a relatively soft environment 
(kPa range stiffness; collagen gel: G = 0.06 kPa142, and polyacrylamide gel: E = 22 kPa108). It 
is known that cells adapt to the environmental stiffness by adjusting their cytoskeleton51; 
on a stiff substrate, the stress fibers are more pronounced and are thus more contractile 
than on a soft substrate.51 This increased contractility leads to higher loads on the vimentin 
network which causes strain stiffening of the network.106,197 Therefore, we predicted that 
vimentin depletion would have a larger effect on the net cellular stress generation of cells 
seeded on stiff substrates than on a soft environment. Indeed, we showed that VimKO 
MEFs seeded on stiff PDMS (E = 1.6-1.7 MPa as measured in this study) exerted 3 times 
more (median) net stress compared to VimWT MEFs. This difference in stress generation 
was considerably higher compared to the difference previously observed for wild-type 
and knockout cells in soft environments.108,142 The soft environment used in the previously 
mentioned studies108,142 is more representative of the in vivo stiffness of the tissues in which 
fibroblasts usually reside (E = 2-5 kPa in normal circumstances, E = 20-60 kPa in fibrosis32,52), 
than the stiff environment used in this study. Nevertheless, biomaterials used to create 
tissue engineered constructs often have a stiffness in the MPa range, e.g. poly(DL-lactide-
co-glycolide) (PLGA; E = 87-130 MPa)169 or polycaprolactone (PCL; E = 53 ± 36 MPa)12, which 
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is similar to the PDMS stiffness in the current study. Hence, knowledge of cellular traction 
forces in these (relatively) high-stiffness environments is essential for understanding the 
growth, adaptation, and functionality of engineered tissues. 

In the studies mentioned above, cell contractility of VimKO cells was investigated when 
they adopted a random orientation in 3D collagen gels or on 2D polyacrylamide gels.56,108,142 
However, previously we have shown that, depending on the cell type, the cell organization 
could have a considerable effect on the contractility of cells.191,192 Therefore, the potential 
effect of cell organization on stress generation was also taken into account in this study. 
Both VimKO and VimWT MEFs adopted a random monolayer organization when seeded on 
perpendicular substrates, while on the parallel substrates the cells aligned in the direction 
of the fibronectin lines. Here, it was shown that both on parallel and on perpendicular 
substrates, the range of σnet was similar for the VimWT MEFs and for the VimKO MEFs. After 
correcting for cell density, no differences in σnorm were found between the two different 
substrate orientations. Together with the similarity in stress fiber organization and focal 
adhesion size, our data suggests that in random and aligned cell monolayers, stress fibers 
are likely equally contractile and vimentin likely provides equal resistance against this 
contractility. Thus, σnorm was not affected by the monolayer organization of both the VimKO 
and VimWT MEFs. This is in correspondence with our previous study in which no differences 
in σnorm were found between different organizations of human myofibroblast monolayers.191   
Along with a higher σnorm, the variation of σnorm was found to increase upon vimentin 
depletion. Mendez et al. have shown that the variation in stiffness of VimKO MEFs also 
increased upon repetitive indentation with an atomic force microscope.142 We speculate that 
in VimWT cells, vimentin stabilizes the overall cellular stiffness, the stress fiber organization, 
and thus the stress fiber contractility. When vimentin is depleted this stabilizing effect is no 
longer present, causing a higher variation in the cell’s mechanical properties142 and stress 
generation. 
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In the present study, no clear differences in stress fiber assembly or myosin light chain 
activity (phosphorylation) were found between the vimentin knockout and wild-type MEFs, 
as investigated by fluorescence microscopy (Fig. 5.8). Furthermore, the actin stress fiber 
orientation histograms of the VimWT and VimKO MEFs were similar on both the parallel 
and perpendicular substrates (Fig. 5.4), without any significant differences in the order 
parameter of both cell types. We did observe the VimKO MEFs to be slightly larger than 
the VimWT MEFs, although it is highly unlikely that such small differences in cell size 
could cause a 3-fold difference in σnorm. The similarity of the stress fiber organization of 
the VimKO MEFs and the VimWT MEFs is contradictory to the results found by Jiu et al. 
(2017). They recently showed that vimentin depletion led to a three-fold higher level of 
active GEF-H1, a guanine nucleotide exchange factor. Increased GEF-H1 in turn upregulated 

Figure 5.8 Representative immunofluorescence microscopy images of actin (green), pMyosin (red), and nuclei (blue) 
of MEFs cultured on perpendicular and parallel substrates (fibronectin in grey). The top row (a-d) shows the merged 
images, the second row (e-f) shows actin and nuclei, the third row (i-l) shows pMyosin and nuclei, and the last row 
(m-p) shows higher magnification images of the boxes indicated in e-l. Scale bar is 20 µm and accounts for a-l.
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RhoA activity and thereby promoted stress fiber assembly and myosin light chain activity, 
which eventually led to increased stress fiber contractility (as measured by traction force 
microscopy)108. An explanation for the difference in stress fiber organization between our 
study and that of Jiu et al. (2017) could be that in our study the cells were cultured on stiff 
PDMS substrates. Due to the high stiffness of these substrates, the stress fibers of both the 
VimKO and VimWT MEFs are likely more pronounced than on soft substrates. In this regard, 
while the knockout of vimentin causes more pronounced stress fibers on soft substrates, 
like in the study of Jiu et al., we speculate that this was not possible on our stiff substrates 
because the stress fiber bundles already reached their maximum thickness. A recent study 
by Costigliola and colleagues postulates that the vimentin network is able to absorb part of 
the stress exerted by the stress fibers and is able to redirect part of the stress away from 
the focal adhesions45, which supports the findings of our study. However, they also support 
the study by Jiu et al. as they found a higher actin flow, caused by actin-myosin contraction, 
in vimentin knockdown human foreskin fibroblasts.45 The results of these studies indicate 
that there are several possible mechanisms in which vimentin could regulate cellular stress 
generation. Future research should therefore focus on investigating the synergy between 
the mechanisms found here and in previous studies.45,108 

Focal adhesion size is known to increase with higher stress fiber contractility.158 Therefore, the 
focal adhesion size was used as an indirect indicator of stress fiber contractility. Previously, 
it has been shown that vinculin-stained focal adhesions of vimentin-depleted fibroblasts 
were larger than the focal adhesions of their wild-type counterparts.82 On the contrary, no 
difference in focal adhesion size upon vimentin knockout was observed in this study. As for 
the stress fibers, this could be caused by the high stiffness of the PDMS substrates used 
in this study, which could already lead to a maximal focal adhesion size in VimWT MEFs. 
Therefore, we speculate that further increase in focal adhesion size was not possible in the 
VimKO MEFs. The unchanged focal adhesion size of the VimKO MEFs suggests that the stress 
fiber contractility has not changed upon vimentin depletion. Together with the increased 
net stress generation by the VimKO cells, this implies that vimentin depletion did not alter 
the stress fiber contractility, but the resistance against it, which is in correspondence with 
our hypothesis. It is unlikely that the focal adhesion size could have been restricted by the 
fibronectin patterns on which the MEFs were cultured, since on homogeneously coated 
substrates, VimKO and VimWT MEFs showed equally sized focal adhesions (Fig. 5.3e-g).   

The knockout of one protein could cause other proteins to take over their function. Since both 
vimentin and microtubules provide resistance against external compression102, we expected 
the microtubules to be the most likely candidate to take over the function of vimentin. No 
clear differences in microtubule organization were observed in the VimKO MEFs compared to 
the VimWT MEF. This suggests that vimentin knockout is not compensated by an enhanced 
microtubule network, implying that the difference in stress generation found here was likely 
due to the absence of the resistance of vimentin against stress fiber contractility. 
Plectin is a cytoskeletal linker that connects intermediate filaments and actin102,175, and 
controls the localization and dynamics of contractile stress fibers and vimentin.107 Therefore, 
future research should take the effect of vimentin depletion on the plectin organization into 
account by e.g. staining for plectin. Another interesting follow-up study would be to repeat 
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the experiments of the present study with plectin depleted MEFs (either via knockout or 
siRNA) to investigate whether disruption of the direct interaction between the actin stress 
fibers and vimentin could lead to a similar increase in net stress generation as vimentin 
depletion. 
To translate the curvature found with the thin film method to stress, a sample-specific finite 
element model was used. With this method the effect of the vimentin resistance against 
actin stress fiber contractility was indirectly investigated by examining σnet. Preferably, 
the direct effect of the decreased cellular stiffness due to vimentin depletion should be 
incorporated in the sample specific finite element model, e.g. via adjusting Ecell. However, 
due to the variation in cell density between samples, this is not easily incorporated in the 
present finite element model. Single cell experiments, e.g. using traction force microscopy, 
combined with sample-specific finite element models could be a solution for this problem. 
Another limitation of this study is that not all thin films could be used for contractile 
stress analysis due to their high curvature (‘above limit’ samples shown in Fig. 5.6). The 
large deformations of these ‘above limit’ samples cannot be reached in the finite element 
model due to convergence issues. However, we expect that the loss of samples in the high 
stress range has no major consequences for the conclusions of this study. Specifically, we 
hypothesize that the excessive net stress generation of the samples that could not be 
analyzed was due to their high cell density compared to the cell density of the films that 
fell within the analysis limit. This assumption was supported by the significantly higher cell 
density of the samples that fell above the measurement limit compared to those that fell 
within the limit. Consequently, the set of analyzed thin films is still likely to represent the 
relationship between σnet and cell density within the analyzed range of cell densities since 
the cell densities of the samples that could not be analyzed mostly fell outside that range. In 
this study, we used different PDMS thicknesses for each experimental group to account for 
differences in contractility between the cell types, however, this still led to a loss of samples 
in all four groups. In future studies, the PDMS thickness should be optimized further to 
decrease the loss of samples due to convergence issues.

In conclusion, by quantifying net stress generation with the thin film method, we showed 
that vimentin knockout MEFs cultured on stiff PDMS substrates had a three times higher 
median normalized net stress than their wild-type counterparts, irrespective of cell and 
stress fiber organization. This increase is likely due to an absent resistance of vimentin against 
contraction; and not due to an increase in stress fiber activity, since vimentin knockout and 
wild-type MEFs showed similar focal adhesion size, similar stress fiber organization, and 
equal pMyosin levels. These results indicate the importance of vimentin in regulating stress 
generation by adherent cells, especially of adherent cells cultured on stiff substrates such as 
PDMS and biomaterials used in tissue engineering. 
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Abstract
Mechanical stress generated by (myo)fibroblasts plays an important role in wound healing 
and tissue remodeling. Stress can be exerted on the environment via cell-extracellular 
matrix (ECM) adhesions but also on neighboring cells via cell-cell adhesions. While stress 
generation at cell-ECM adhesions has been extensively studied, little is known about stress 
generation at cell-cell adhesions. The stress fibers of neighboring cells are coupled to each 
other via cadherin containing cell-cell adhesions. Here, we study the role of the cell-cell 
adhesions in stress generation in random and aligned myofibroblast monolayers. 
The thin film method was used to indirectly measure stress generation of myofibroblast 
monolayers in the presence or absence of N-cadherin and/or cadherin-11 inhibitors. 
Immunofluorescence was used to analyze the effect of the inhibitors on cadherin and stress 
fiber organization. 
Little difference in stress generation was found between the cadherin-inhibited and control 
monolayers. On average, a 33% decrease in stress was found in the cadherin inhibited 
aligned monolayers, while no differences were found in random monolayers. Furthermore, 
in both cases, the stress distribution had a large deviation. Inhibition of N-cadherin and/or 
cadherin-11 did not affect the stress fiber orientation while inhibition of N-cadherin induced 
less pronounced stress fibers. No changes in the N-cadherin and cadherin-11 distribution 
were observed upon cadherin-11 inhibition, while N-cadherin was found to be localized in 
strands in the cytoplasm upon N-cadherin inhibition rather than at the cell-cell adhesions. 
These data suggest that stress generation at the cell-cell adhesions plays a minor role in 
myofibroblast monolayers. This implies that, in myofibroblasts, stress is likely primarily 
generated at the cell-ECM adhesions.
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Introduction
Mechanical stress plays an important role in tissue growth and remodeling. Externally 
applied stress can be transferred to the cell via cell-extracellular matrix (ECM) adhesions 
but also between cells via cell-cell adhesions. Next to transferring externally applied stress 
into the cell, internally generated cellular stresses are in turn transferred to the extracellular 
microenvironment but also to other cells via cell-cell adhesions. The outside-in and inside-
out transfer of mechanical stress plays an important role in mechanotransduction, the 
process by which cells transduce physical force-induced signals into biochemical responses.35 
Numerous studies have investigated either mechanotransduction or stress transfer via 
the cell-ECM adhesions.6,79,133 It is now well established that cell-cell adhesions also play a 
significant role in mechanotransduction124,129 as the cell-cell adhesions change in size and 
strength depending on environmental stiffness123 or actin contractility23,42,123,135. However, 
there is limited understanding of how mechanical stresses are propagated through the 
interconnected cellular networks found in (connective) tissues. Such information is however 
important since mechanical stress propagation can play a role in wound healing and tissue 
remodeling. 

Mechanical stresses can be propagated from one cell to another either indirectly via 
cell-ECM-cell interactions, or directly via mechanical cell-cell adhesions, called adherens 
junctions. It is proposed that fibroblasts, and other non-muscle cells, in mechanically active 
environments (like connective tissues) can form a network that is hard-wired via adherens 
junctions. This mechanical communication network enables contractile stress transfer 
between neighboring cells and is hypothesized to synchronize contracting fibroblasts 
during wound healing and tissue remodeling.96 However, the adherens junctions are also 
involved in pathologies like fibrosis.2 A commonly used cell source in tissue engineering of 
e.g. heart valves is the myofibroblast.53,144,145 We speculate that, like in wound healing and 
tissue remodeling in vivo, the adherens junctions between myofibroblasts in engineered 
tissues play an important role in the remodeling process of these tissues. Another possible 
function of fibroblast adherens junctions is the intercellular transmission of stress fiber 
contraction, since the stress fibers are mechanically coupled to adherens junctions.96,98 
Adherens junctions are formed by cadherins (e.g. E-, VE-, N-cadherin) clustering into cell-cell 
adhesions. The cadherins subsequently complex with β- and α-catenin; of which the latter 
one crosslinks with actin (with the aid of vinculin).9,211 In this way, the adherens junctions 
provide mechanical coupling between the actin cytoskeletons of neighboring cells. 

The difference in stress propagation between cell-cell adhesions and cell-ECM adhesions 
has recently been studied in myoblasts77,123, epithelial cells130 and mesenchymal stem 
cells44. The stresses exerted at the adherens junctions on cadherin-coated surfaces are 
generally lower than the stresses exerted at the cell-matrix adhesions on fibronectin-coated 
surfaces.44,77,123,130 This suggests that, in several cell types, stress generation at the cell-ECM 
adhesions plays a larger role in the overall stress generation than stress generation at the 
cell-cell adhesions.
Cell-cell adhesions have been extensively studied in epithelial or endothelial cells23,130,135,149, 
since proper cell-cell adhesion is crucial in order to provide the barrier function that these 
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cells fulfill. The studies investigating epithelial and endothelial cells show that the adherens 
junction size and strength are strongly dependent on actin contractility.23,42,135 Thus far, few 
studies have investigated the role of adherens junctions in (myo)fibroblast networks and 
the stress generation within these networks. In 2001, Ko et al. have shown that inhibition of 
actin fibers with 1 µM of cytochalasin D leads to a fivefold decrease in the adhesion strength 
of gingival fibroblasts.117 Hinz et al. (2004) have shown that myofibroblasts, which are more 
contractile than fibroblasts, form more stable adherens junctions compared to fibroblasts.98 
These two studies again demonstrate the dependence of adherens junction strength on 
actin contractility. However, when Hinz and colleagues measured the overall (myo)fibroblast 
contractility via gel compactions assays, only the inhibition of cadherin-11 in myofibroblasts 
led to a decrease in gel compaction.98 Contrary, inhibition of the most common cadherin-
type in fibroblasts, N-cadherin, did not lead to any change in gel compaction of both the 
fibroblasts and the myofibroblasts.98 

Since little is known about the role that the adherens junctions play in stress generation, 
we aimed to explore this in human myofibroblast monolayers. We hypothesized that the 
stress generation at the adherens junctions of myofibroblasts, as for other contractile 
cells77,123, plays a role in the overall stress generation of 2D monolayers. Determining 
stresses at cell-cell adhesions is experimentally challenging, and instead of quantifying 
stress directly at the cell-cell adhesions, our approach focused on determining the stress 
exerted by entire monolayers of myofibroblasts treated with specific adherens junction 
inhibitors and untreated control monolayers, using the thin film method. To test our 
hypothesis, the difference in stress generation caused by cadherin inhibition was quantified 
in human myofibroblast monolayers seeded onto thin film constructs, functionalized with 
parallel fibronectin lines to ensure cell alignment within the monolayer. This straightforward 
approach enabled us to indirectly quantify the contribution of adherens junctions to 
stress transfer within the monolayer. In order to test the effect of cell alignment on the 
effectiveness of the adherens junctions in stress transfer, thin film constructs were also 
created with perpendicular fibronectin lines to obtain a random monolayer organization. 
The most common adherens junctions in myofibroblasts, N-cadherin and cadherin-11 
were inhibited for 24 h to investigate the role of these specific adherens junctions in stress 
generation in the myofibroblasts monolayers. The effect of these inhibitors on cadherin 
localization, and stress fiber orientation and organization were (semi-)quantitatively and 
qualitatively examined by means of immunofluorescent staining. 

Materials and methods
Determining effective inhibitor concentrations
The N-cadherin (N-cdh) containing adherens junctions were specifically inhibited by the 
addition of the cyclic pentapeptide ADH-1 (Exherin; Abmole, Houston, TX) to the cell 
culture medium. Exherin specifically targets N-cdh as it binds to the His-Ala-Val domain 
of N-cdh30,61,205 that provides the binding between two extracellular N-cdh domains of 
neighboring cells9. Since cadherin-11 (cdh-11) lacks the His-Ala-Val domain159, specific 
inhibition of cdh-11 containing adherens junctions was achieved with Celecoxib (Sigma, 
Zwijndrecht, The Netherlands). This COX-2 inhibitor was recently found to selectively inhibit 
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cdh-11.11,49

As a first step towards specific N-cdh and/or cdh-11 inhibition, a dose response experiment 
was performed on human myofibroblasts derived from the saphenous vein144 (HVSCs; 
passage 7). The HVSCs were seeded at a density of 12,500 cells/cm2 on glass cover slips 
and cultured for two days at 37°C and 5% CO2 in growth medium containing Advanced 
DMEM (Invitrogen, Breda, The Netherlands) supplemented with 10% Fetal Bovine Serum 
(Greiner Bio-One, Alphen aan de Rijn, The Netherlands), 1% GlutaMax (Invitrogen) and 1% 
penicillin/streptomycin (Lonza, Basel, Switzerland). Growth medium was then replaced 
for growth medium containing either 0, 0.5, 1, or 2 mM of Exherin30,61,170 (40 mM stock 
solution dissolved in PBS) or 0, 40, 60 or 80 µM of Celecoxib11,49 (10 mM stock solution in 
DMSO) and the cells were cultured for another 24 hours. The cells were subsequently fixed 
with 3.7% formaldehyde (Merck, Schiphol-Rijk, The Netherlands) in PBS for 15 minutes, 
and stored in PBS at 4°C until immunofluorescent staining against β-catenin and nuclei 
was performed. Qualitative morphological analysis of the inhibited cells led to optimum 
inhibitor concentrations of 1 mM Exherin and 60 µM Celecoxib (Fig. 6.1). 

Thin film construct fabrication, functionalization, and seeding
poly-N-isopropylacrylamide (pIPAAm; Sigma) and polydimethylsiloxane (PDMS; Sylgard 184; 
Dow Corning, Aubum, MI) were sequentially spin coated on top of 25 mm diameter glass 
cover slips, to create thin film constructs as described previously.68,83,191 The pIPAAm layer 
was used to attach the PDMS layer to the glass cover slip during cell culture and to detach 
the PDMS layer afterwards to enable stress measurements due to dissolving of the pIPAAm 
in the medium upon lowering of the medium temperature. Different PDMS thicknesses 
were created to account for differences in curvature between the different monolayer 
organizations. Tuning of the monolayer organization to be random or aligned was achieved 
by micro-contact printing the thin film constructs with either 10 µm wide parallel lines of 
rhodamine fibronectin (50 mg/mL; Cytoskeleton, Denver, CO), with 10 µm spacing between 
the lines (referred to as parallel), or by micro-contact printing a fishnet pattern of 5 µm wide 
rhodamine fibronectin lines with 10 µm spacing at an angle of ±45° with respect to the 
long axis direction (referred to as perpendicular).191 As in the dose response experiments, 
HVSCs were seeded onto the thin film constructs at a seeding density of 12,500 cells/cm2 
and were cultured until confluency in growth medium at 37°C and 5% CO2. Once confluency 
was reached, the growth medium was replaced with growth medium (control, no inhibitors 
added), or growth medium including 1 mM Exherin (N-cdh inhibition), 60 µM Celecoxib 
(cdh-11 inhibition) or 1 mM Exherin and 60 µM Celecoxib (dual inhibition). 24 hours after 
the start of the inhibition, part of the samples were fixated and stained (2 samples per group 
per staining) for actin and phosphorylated myosin light chain IIA (hereafter referred to as 
pMyosin) or for β-catenin and either N-cdh or cdh-11. Remaining samples (5 per group) were 
used to determine the effect of cadherin inhibition and cell alignment on stress generation.

Immunofluorescence
Fixated cells were permeabilized with 0.5% Triton-X 100 and blocked against non-specific 
binding with 2% BSA (Roche, Almere, The Netherlands) – 1% goat serum (Sigma) or horse 
serum (Sigma) – 0.05% Tween (Merck) in PBS. Mouse anti-β-catenin (BD Bioscience, San Jose, 
CA), rabbit anti-N-cdh (Abcam, Cambridge, United Kingdom), rabbit anti-cdh-11 (Thermo 
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Fisher, Landsmeer, The Netherlands), or mouse anti-pMyosin (phosphorylated at Ser19; Cell 
Signaling, Danvers, MA) were incubated for 90 minutes, followed by a 1 hour incubation 
with either biotin-labeled horse-anti-mouse (Vector, Burlingame, CA) or biotin-labeled 
goat-anti-rabbit (Vector). Lastly, the biotinylated cadherins and pMyosin were labelled with 
streptavidin-Alexa 647 (Invitrogen), β-catenin was labeled with goat-anti-mouse Alexa 488 
(Thermo Fisher), and actin with phalloidin-Atto 488 (Sigma). The samples were incubated 
for 10 minutes with DAPI (Sigma) before mounting with mowiol (Sigma). Visualization was 
done using fluorescence microscopy (Axiovert 200M; Zeiss, Sliedrecht, The Netherlands) 
using either a 20x or 64x objective.  

Quantification of nuclear and stress fiber orientation
In order to investigate the cellular orientation of the HVSCs on the parallel and perpendicular 
substrates, custom Matlab (MathWorks, Natick, MA) scripts were used to determine the 
actin fiber72,73 and nuclear orientation distributions from fluorescent microscopy images (20 
images per group). The actin fiber distribution was determined according to the method 
described by Frangi et al.74, and the nuclear distribution was assessed by determining the 
orientation of the major axis of an ellipse fitted through the nuclei191. Subsequently, an order 
parameter (S) was calculated for both orientation distributions using101: 

S =         cos(2γ)dγφ
∑φ∫

90°

-90°

(6.1)

with φ representing the volume fraction of the actin fibers or nuclei and γ the angle of the 
actin fibers of the nuclei ranging between -90° and 90°. Perfect alignment parallel to the 0°-
axis of the fibronectin pattern leads to S = 1, perfect alignment perpendicular to the 0°-axis 
of the fibronectin pattern leads to S = -1, and a random orientation distribution leads S = 0. 
Next to this, the nuclear aspect ratio was determined by dividing the major axis length by 
the minor axis length as a measure of cell elongation.7

Stress measurement assay
Stress generation of the thin film was measured as described previously. Briefly, incubation 
of the samples with Hoechst (Invitrogen) for 15 minutes allowed for determining the cell 
density of each film as described below. First, the long edges of eight rectangular films 
were cut per sample (in 37°C preheated growth medium). The Hoechst staining was imaged 
using confocal microscopy (TCS SP5X; Leica) at 37°C and 5% CO2, and the cell density was 
calculated for each film by counting the number of nuclei per mm2. Lastly, the ends of 
the rectangular films were cut, which caused a release of the PDMS films from their glass 
substrate due to the stress generation by the HVSCs. Exherin and/or Celecoxib were added 
to the released thin films and incubated for 24 hours at 37°C and 5% CO2. Thereafter, as a 
measure for stress generation, the thin film curvature (c) was determined from pictures 
taken with a stereomicroscope (Discovery.V8; Zeiss), using a custom Matlab script. Previous 
studies have shown that the curvature increases upon increasing cell density.191,192 Since the 
exact relationship between c and cell density is not clear, we assumed a linear relationship 
between them. In order to compare the curvature between the experimental groups, as 
a measure of stress, c was normalized (cnorm) by dividing it by the cell density that was 
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determined as described above.

Statistical analysis
Presented data is described as mean ± standard deviation, unless stated otherwise. 
Differences, which were considered significant at p<0.05 were identified using SPSS 
Statistics (IBM, Amsterdam, The Netherlands). ANOVA, followed by a Bonferroni post-hoc 
test, was used to analyze the order parameter S. To account for the non-normal distribution 
of c, cnorm, and the nuclear aspect ratio, non-parametric tests were used to test these 
parameters. In order to analyze the correlation between the cell density and curvature c for 
each experimental group, Spearman’s correlation coefficient ρ was determined. Differences 
between the experimental groups were analyzed using a Kruskal-Wallis test followed by a 
pairwise Wilcoxon rank sum test with Bonferroni corrected levels as post-hoc test. 

Results
Determining the optimum concentrations of the cadherin inhibitors
The optimum inhibitor concentrations of Exherin and Celecoxib were determined based 
on qualitative morphological assessment of the cells in a dose response experiment. The 
assessment criteria were: cell shape (spread or rounded), nuclear shape (ellipsoid or 
abnormal), and β-catenin distribution (used as a marker for adherens junctions; high or 
low intensity at the cell-cell adhesions, and elongated and straight or short and tortuous 
adhesions). 
In case of N-cdh inhibition, the cell and nuclear shape of the HVSCs treated with 0.5 and 
1 mM were comparable to those of the control cells (Fig. 6.1a-c). In the control and 0.5 
mM Exherin treated cells, the cell-cell adhesions (extrusions with high β-catenin staining 
intensity) were long and pronounced, while they were shorter and more tortuous in the 1 
mM Exherin treated cells (Fig. 6.1a-c). The HVSCs treated with 2 mM of Exherin detached 
from the coverslip, had misshapen nuclei and did not show any cell-cell adhesions (Fig. 
6.1d). Next to this, the actin fibers of these cells were disrupted (data not shown). Taken 
together, 1 mM of Exherin was chosen as the optimum concentration to inhibit the N-cdh 
containing adherens junctions as the HVSCs did not detach at this concentration but did 
show morphological changes compared to untreated cells. 
The HVSCs that were treated with 40 µM of Celecoxib to inhibit the cdh-11 containing 
adherens junctions did not show any morphological changes compared to untreated HVSCs 
(Fig. 6.1e and f). When treated with 60 µM of Celecoxib, the β-catenin stained cell-cell 
adhesions were shorter and more tortuous compared to untreated cells, while the cell and 
nuclear shape were comparable to those of untreated HVSCs (Fig. 6.1e and g). Cells were 
still attached to the coverslip at the maximum Celecoxib concentration (Fig. 6.1h), however, 
the cells did have less pronounced β-catenin staining both in the cytoplasm and at the cell-
cell adhesions, and the adhesions were thinner and less in number compared to untreated 
HVSCs. Concluding, the optimum Celecoxib concentration to inhibit the cdh-11 containing 
adherens junctions was set at 60 µM.  

N-cadherin inhibition causes relocation of N-cadherin to the cytoplasm
Under control conditions, N-cdh staining was mainly observed at the cell-cell adhesions and 



70

Chapter 6

6

also in the perinuclear region (Fig. 6.2a and e). Cdh-11 inhibition did not alter this staining 
pattern (Fig. 6.2c and g), while N-cdh inhibition (both in single and dual inhibition) did cause 
alterations in the N-cdh staining (Fig. 6.2b, d, f, h). In the latter case, the staining was observed 
in the cytoplasm and not at the cell-cell adhesions. In some cases the N-cdh staining was 
observed to adopt a strand-like configuration (* in Fig. 6.2). In the control samples, as well 
as in all inhibition samples, cdh-11 staining was observed throughout the cytoplasm and at 
the nucleus, but not at the adherens junction sites (Fig. 6.2i-p). Concluding, N-cdh inhibition 
did affect the N-cdh localization within the cell, whereas cdh-11 inhibition affected neither 
N-cdh nor cdh-11 localization. 

N-cadherin inhibition causes alteration of the actin stress fiber organization but not their 
orientation
To test whether cadherin inhibition affected the nuclear and stress fiber orientation of 
HVSCs, the nuclear and stress fiber orientation were determined from immunofluorescent 
images as described. On parallel substrates both the stress fibers and nuclei aligned in the 
direction of the fibronectin lines, regardless of the presence of cadherin inhibitors (see Fig. 
6.3a-d; and their corresponding orientation histograms in Fig. 6.3e-h). The order parameter 
S confirmed these data, with S of both the stress fibers and nuclei ranging between 0.62 ± 
0.04 and 0.84 ± 0.03 (Fig. 6.3q). Only in the case of the dual inhibition, the order parameter 
of the stress fibers (S = 0.62 ± 0.04) was lower compared to the control situation (S = 0.82 
± 0.03). When HVSCs were cultured on perpendicular substrates, in all groups, both the 
stress fibers and the cell nuclei were randomly oriented (Fig. 6.3i-l), as indicated by their flat 
orientation histograms (Fig. 6.3m-p) and S ranging between -0.12 ± 0.32 and 0.05 ± 0.09. 

Figure 6.1 Dose-dependent response of β-catenin expression on cadherin inhibitors. Representative 
immunofluorescence images of HVSCs exposed to either Exherin (a-d) or Celecoxib (e-h). β-catenin staining 
is depicted in green and nuclei in blue. Arrows point to examples of short and tortuous cell-cell adhesions, and 
arrowheads point to examples of thin cell-cell adhesions. Insets show a close up of examples of the short and 
tortuous cell-cell adhesions indicated by an arrow. Scale bar is 20 µm and accounts for all images.
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Taken together, inhibition of N-cdh and/or cdh-11 for 24 h did not lead to any changes in 
nuclear and stress fiber orientation compared to control monolayers. 
The nuclear aspect ratio of the HVSCs, cultured on parallel substrates, was larger in all cases 
(ranging between 1.58 ± 0.10 and 1.64 ± 0.19), when compared to the HVSCs cultured on 
perpendicular substrates (ranging between 1.43 ± 0.06 and 1.45 ± 0.05). This indicates that 
on both substrate types the cells were elongated, although with a higher elongation on the 
parallel substrates.  
When taking a closer look at the stress fibers, however, differences could be observed in their 
organization (and not orientation) in case N-cdh was inhibited. In control monolayers, cells 
were observed to have thick and pronounced actin stress fibers with co-localized pMyosin 

Figure 6.2 Effect of cadherin inhibitors on the cadherin distribution. Representative immunofluorescence images of 
N-cdh (red; a-h) or cdh-11 (red; i-p) together with β-catenin (green; a-d and i-l). Nuclei are depicted in blue. Arrows 
point to examples of N-cdh staining at the cell-cell adhesion. *: examples of cells with a strand-like N-cdh staining. 
Scale bar is 50 µm and accounts for all images.
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(Fig. 6.4a, e, i, m, q, u). In case cdh-11 was inhibited for 24 h, no changes in actin or pMyosin 

Figure 6.3 Assessment of the influence of substrate type (parallel vs perpendicular) on actin and nuclear orientation. 
Representative fluorescence microscopy images of actin (green), and nuclei (blue) of HVSCs cultured on fibronectin-
coated (in grey) perpendicular (a-d) and parallel substrates (i-l) and the corresponding orientation histograms (e-h, 
m-p; mean ± standard error of mean) of nuclei of the samples used in the curvature measurements (red markers), 
nuclei of the staining samples (blue markers) and actin of the staining samples (green markers). Corresponding 
order parameter (q; mean ± standard deviation) of the nuclei of the curvature samples (red), of the nuclei of the 
staining samples (blue), and of the actin fibers (green); the first bar represents the parallel substrates the second 
bar the perpendicular substrates. Scale bar is 100 µm and accounts for a-d and i-l, n=19-20 fluorescent microscopy 
images per group. *: significant difference from all parallel samples, and #: significant difference from control 
samples on parallel substrates. Single symbols represent p<0.05, triple symbols represent p<0.001.
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staining were observed compared to the control HVSCs (Fig. 6.4c, g, k, o, s, w). However, 
when N-cdh was inhibited, either alone (Fig. 6.4b, f, j, n, r, v) or in combination with cdh-
11 inhibition (Fig. 6.4d, h, l, p, t, x), the stress fibers were thinner and less pronounced 
compared to the control samples. This also led to less pronounced pMyosin staining. Next to 
this, the HVSCs inhibited for N-cdh were observed to have more small protrusions compared 
to control HVSCs. These protrusions were also observed in the cdh-11 inhibited HVSCs; 
however, in a much lower extent than in the N-cdh inhibited HVSCs. Overall, inhibition 
of cdh-11 alone had little effect on the stress fiber organization, while inhibition of N-cdh 
caused an impaired actin fiber organization compared to untreated control cells. 

Cadherin inhibition has little implications for stress transfer between HVSCs in a monolayer
The HVSCs cultured on the parallel substrates, either with or without inhibitor(s), all 
showed a significant correlation between the cell density and curvature, c (Fig. 6.5a; ρ ≥ 
0.529, p<0.001). On the perpendicular substrates, there was only a significant correlation 
between the cell density and c for the cdh-11 inhibited thin films (Fig 6.5b; ρ = 0.535), 
while the correlation was not significant for the other groups. On both the parallel and the 
perpendicular substrates, the data points of all groups showed a lot of overlap. Once c was 
corrected for the cell density, little differences were found between the eight experimental 
groups, likely due to the high deviation of the cnorm-distribution of each group (Fig. 6.6; 
median cnorm ranging between 4.6∙10-3 and 7.7∙10-3 mm-1/(cells/mm2)). Both the untreated 
and N-cdh inhibited HVSCs on parallel substrates had a higher median cnorm compared to 
the cdh-11 inhibited HVSCs and the dual inhibited HVSCs. Compared to the median cnorm 
of control samples, between 60 and 81% of cnorm remained upon cadherin inhibition on the 
parallel substrates. On the perpendicular substrates, no significant differences were found 
in cnorm for all cases (Fig. 6.6). No direct comparisons could be made between the parallel 
and perpendicular samples since different PDMS thicknesses were used for each group 
(parallel: 10.7 µm, perpendicular: 7.0 µm). On average, cadherin inhibition caused a 33% 
reduction in the median cnorm of the parallel samples and while no reduction was found in 
the perpendicular samples. Since the deviation in cnorm is relatively high in all groups, no 
consistent differences in cnorm were found upon cadherin inhibition, and on average, cnorm only 
decreased moderately upon cadherin inhibition, we suggest that inhibition of either N-cdh 
and/or cdh-11 has little implications for stress generation in HVSCs cultured in monolayers. 

Discussion
In this study, the role of the cell-cell adhesions in stress generation was investigated 
in human myofibroblast monolayers of which N-cdh and/or cdh-11 was inhibited. We 
hypothesized that stress generation at the adherens junctions plays a role in the overall 
stress generation within the monolayer. However, the data obtained in this study suggests 
only a minor role since little differences in cnorm (normalized curvature, a measure of stress) 
were found between the inhibited and control thin films. On average, cnorm reduced by 33% 
in the cadherin inhibited aligned monolayers, and no reduction was found in the random 
monolayers. Furthermore, in both cases the deviation in cnorm was relatively high. We found 
that inhibition of N-cdh with 1 mM Exherin and/or inhibition of cdh-11 with 60 µM Celecoxib 
did not affect the nuclear and stress fiber orientation. Inhibition of N-cdh, however, affected 
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the stress fiber appearance (less pronounced stress fibers and more protrusions). No 
changes in the N-cdh and the cdh-11 distribution were qualitatively observed upon cdh-11 
inhibition, while N-cdh was found to be localized in strands in the cytoplasm upon N-cdh 
inhibition rather than at the cell-cell adhesions. 

Previously, stress generation at the adherens junctions has mainly been measured in setups 
using single cells or cell doublets.77,123,135 However, the stress generation via adherens 
junctions of cells in a monolayer has not been studied before. The thin film method used 
in this study is more representative for the in vivo stress transfer during tissue remodeling 
or wound healing compared to the single/double cell methods. Another benefit of the thin 
film method, next to containing multiple interacting cells, is that the cell orientation within 
the monolayer can easily be manipulated. It is known that cell orientation could influence 
the stress generation of (myo)fibroblasts.191 Using substrates functionalized with either 
parallel or perpendicular fibronectin lines, aligned and random myofibroblast monolayers 
were created. Monolayer orientation affected the stress fiber orientation and the amount 
of decrease in cnorm upon cadherin inhibition (33% reduction in aligned monolayers, no 
differences in random monolayers). This suggests that the monolayer organization affects 
the effectiveness of the stress generation. We speculate that when the cells are aligned 
(parallel substrates), the majority of the stress fibers and adherens junctions are oriented 
in the same direction. In this case, the adherens junctions are thought to have a larger 
relative contribution to the overall stress generation compared to the randomly orientated 
monolayers (perpendicular substrates). In case of a random cell orientation, the amount of 
adherens junctions in each direction is relatively low, thus leading to no reduction in stress 
generation upon cadherin inhibition. 

Upon addition of 1 mM Exherin, in some cells, N-cdh was found in a strand-like form in the 

Figure 6.4 Cadherin inhibition alters the morphology of the stress fibers. Representative fluorescence microscopy 
images of actin (green), pMyosin (red), and nuclei (blue) of HVSCs cultured on perpendicular (a-l) and parallel 
substrates (m-x; fibronectin in grey). The merged images are shown in a-d and m-p. The actin staining is shown in 
e-h and q-t, the pMyosin staining is shown in i-l and u-x. Scale bar is 50 µm and accounts for all images.
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cytoplasm rather than at the adherens junctions, which suggests successful inhibition of the 
N-cdh containing adherens junctions. The observed N-cdh staining pattern resembles the 
staining pattern observed upon microtubule staining.148 It is known that adherens junctions 
decrease in size when lower amounts of stress are applied on them.23,42,123,135 In case N-cdh 
is inhibited, the interaction between neighboring cells is blocked and the stress on the N-cdh 
containing adherens junctions decreases. This causes a reduction in adherens junction size 
due to internalization of the cadherins via endocytosis.119 We speculate that the cadherin-
containing vesicles are subsequently transported via the microtubules towards the Golgi for 
either recycling or degradation.29,119,137 This transport process might be an explanation for 
the microtubule resembling N-cdh staining pattern observed here. 
No specific cdh-11 staining was observed at cell-cell adhesions of the HVSCs used here. 
Previous work by the group of Hinz (2003, 2004) has shown that in myofibroblasts, cdh-11 
is one of the more common cadherin types next to N-cdh.96,98 It is unclear why no cdh-11 
staining was observed at the cell-cell adhesions, especially since cdh-11 inhibition did cause 
a reduction in cnorm which suggests the presence of functional cdh-11 containing adherens 
junctions. Data from Hinz et al. (2004) agree with these findings as they found a reduction 
in contractility upon cdh-11 inhibition in a gel compaction assay.98 Future studies, e.g. using 
different antibodies for immunofluorescence staining combined with western blots and/or 
PCR should point out whether cdh-11 is functionally present in HVSCs.  
It is remarkable that in case of N-cdh inhibition, clear differences in stress fiber organization 
were observed, and not in the case of cdh-11 inhibition, while cdh-11 inhibition leads to 
the largest decrease in cnorm on the parallel substrates. It is unclear what the cause of this 
phenomenon is.
Even though Exherin was chosen as N-cdh inhibitor due to its specific binding to the His-
Ala-Val domain30,170,205, it might also inhibit other classical cadherins (e.g. E-cadherin), as 
these cadherins also contain the His-Ala-Val domain9. Therefore, future work should focus 
on knockdown of the cadherins using siRNA. This will provide a more robust and specific 
method of adherens junction interference compared to using inhibitors. 
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The results of the current study suggest that stress generation at the adherens junctions in 
myofibroblast monolayers plays a minor role, since the deviation in cnorm was high in each 
group, and on average cnorm was only moderately lower in the cadherin inhibited samples 
(33% in aligned monolayers, no difference in random monolayers). We therefore speculate 
that, in myofibroblasts, the stress is mainly generated at the focal adhesions. Since the 
main function of myofibroblasts is to create and contract ECM97, we suggest that stress 
generation at the focal adhesions is more important in this specific cell type compared to 
stress generation at the adherens junctions. To test this hypothesis, the experiments of the 
current study can be repeated e.g. in the presence of an aberrant form of fibronectin, which 
enables cell adhesion but not stress generation.82

Concluding, this study provides the first steps towards a better understanding of the role 
of adherens junctions in stress generation in myofibroblast monolayers. We showed that 
N-cdh inhibition caused internalization of N-cdh and less pronounced stress fibers. Cdh-11 
inhibition, on the other hand, did not cause any differences in cdh-11 localization or stress 
fiber organization, while it did cause the largest reduction in cnorm on the parallel substrates. 
Since the average reduction in cnorm was only 33% in the aligned monolayers, no reduction 
in cnorm was found in the random monolayers, and cnorm had a relatively high deviation in 
both cases, we suggest that adherens junctions play a minor role in stress generation in 
myofibroblast monolayers. Future studies should investigate this in more detail using e.g. 
cadherin knockdown via siRNA.
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Introduction
Stress generation plays a key role in important processes at both the cell and tissue level, e.g. 
migration36, differentiation139, and tissue formation38. Understanding stress generation is of 
fundamental importance to design mechanically functioning tissues via tissue engineering or 
to understand pathologies in which the stress generation is abnormal. In contractile tissue-
forming cells, such as fibroblasts and myofibroblasts, stress generation is highly dependent 
on the cytoskeletal structure. These cells are commonly used in tissue engineering53,144,166,201 
and play a large role in wound healing by producing matrix and contracting it. In case the 
matrix production and contraction are aberrant, this can lead pathologies like fibrosis.48,66 
The aim of this thesis was to gain a quantitative understanding of the effect of structural 
manipulations on stress generation by (myo)fibroblasts. A systematic analysis of both 
intracellular and extracellular structural manipulations and their effect on stress generation 
was carried out using a modified version of the thin film method in combination with 
sample-specific finite element modeling. In this chapter, the main findings of this thesis are 
reviewed. Thereafter, benefits, limitations and future perspectives of the thin film method 
are discussed, followed by possible directions for future research. This chapter ends with 
concluding remarks on the findings described in this thesis. 

Main findings
Cell orientation is an important parameter involved in stress generation of engineered 
tissues and was therefore studied in chapter 3. In order to quantify the contribution of 
cell orientation to stress generation of myofibroblast monolayers, the thin film method 
was modified to create different monolayer orientations (from random to highly aligned). 
We found that stress generation of these cells was independent of monolayer orientation. 
This suggests that the total stress distribution within a tissue can be determined by the 
cell orientation of that tissue. The cell orientation within e.g. a tissue engineered construct 
created using myofibroblasts is likely dictated by the biomaterial orientation of that 
construct. This would mean that the stress distribution within engineered tissues might be 
controlled by the biomaterial architecture used to create the engineered tissues. 

Chapter 4 concentrated on obtaining a quantitative understanding of the impact of the 
structural organization of the stress fibers, which are the cell’s contractile components, 
on stress generation. Here, lamin A knockout MEFs were used as model cells, since it is 
known that knockout of lamin A causes an impaired stress fiber organization. Knockout 
MEFs showed a fivefold reduction in stress generation compared to wild-type MEFs, 
demonstrating the detrimental effect of the impaired stress fiber organization on stress 
generation by laminopathic cells.

Chapter 5 focussed on assessing the influence of resistance against stress fiber contractility 
on net stress generation (stress fiber contraction combined with vimentin resistance). The 
knockout of vimentin resulted in a three times higher net stress generation compared to 
vimentin wild-type cells. The increase in net stress generation was related to the absence 
of vimentin, since no evidence was found for an increased contractility of the stress fibers. 
This indicates the importance of the interplay between the stress fibers and vimentin in 
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regulating net stress generation. 

In chapter 6, the contribution of mechanical cell-cell adhesions to stress transfer within 
myofibroblast monolayers was investigated via inhibition of the adherens junction 
component cadherin. Inhibition of the most common type of cadherin in fibroblasts 
(N-cadherin) led to an impaired stress fiber organization, while inhibition of cadherin-11 did 
not induce any notable changes. Addition of either one or both cadherin inhibitors, resulted 
in an average 33% lower stress generation in aligned monolayers compared to unaffected 
controls. No decrease was found in the random monolayer and in both types of monolayers, 
the stress distribution had a high deviation. This mild reduction in stress generation upon 
cadherin inhibition suggests that cell-cell adhesions play a minor role in stress generation in 
myofibroblast monolayers, although more research is required to confirm this.

The model system described in chapter 2 was used throughout the different studies, 
providing comparable readouts for each study, thus allowing for a rough comparison of the 
results of each study. A thorough statistical comparison is, however, not possible because 
different cell types and readouts were used in each study. 

We found that extracellular structural manipulations had minor effects on stress generation. 
Manipulating the monolayer orientation did not affect the magnitude of the stress 
generated within myofibroblasts monolayers, but only affected the stress distribution (Fig. 
7.1a). Even though the stress fibers of neighboring cells are coupled via adherens junctions, 
this coupling had minor effect on the overall stress generation of myofibroblast monolayers 
since inhibition of cadherins only resulted in 33% reduction in stress generation, with a high 
deviation, in case of aligned monolayers (Fig. 7.1b). Intracellular structural manipulations, 
on the other hand, had a large effect on stress generation. The impaired stress fiber 
organization, caused by knockout of lamin A, resulted in a fivefold lower stress generation 
compared to wild-type MEFs (Fig. 7.1c). Vimentin knockout had the opposite effect on the 
stress generation and led to a threefold higher stress generation compared to wild-type 
MEFs (Fig 7.1d).

Benefits and limitations of the thin film method
The thin film method provided stress measurements with relatively little handling of the 
cells. Together with the ability to enforce cellular orientation and applying both extra- and 
intracellular structural manipulations, this made it a suitable method to quantify cellular 
stress generation by (myo)fibroblasts. Next to adjusting the experimental method in order 
to enforce cellular orientation and to obtain cell density measurements, in chapter 3 we 
described a new method to translate curvature into stress. In the first version of the thin 
film method68, stress was calculated using a modified version of the Stoney’s equation 
that is normally used to determine stress in deforming metal films115,172. A few years later, 
Alford et al. (2010) developed a more accurate analytical model to translate the curvature 
of the thin films into stress.6 In this method, both the cell- and PDMS-layer were modeled 
as Neo-Hookean materials and active deformation of the cell-layer (shortening of the cell-
layer in the long axis direction of the film) was incorporated into the model.6 We used finite 
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element modeling to translate the curvature into stress. In this way, our model enabled us 
to include the stress fiber orientation and contraction within the cell-layer of the model, 
allowing an accurate stress measurement of samples of which the cell, and thus stress fiber, 
orientation were manipulated.191 The finite element model could reach curvatures that 
maximally described approximately half of the circumference of a circle, depending on the 
stress fiber orientation, which led to a limited range of stress that could be determined using 
this method. Higher curvatures unfortunately led to convergence problems, causing a loss 
of samples that could be analyzed.
To overcome this loss of samples due to convergence issues, multiple PDMS thicknesses 
should be used for the same experimental group in future studies. Increasing the PDMS 
thickness increases the relative stiffness of the thin film leading to a lower amount of 
curvature at the same amount of stress generation. 
Even though the curvature obtained in the studies described in this thesis could not always 
be translated into stress, the curvature itself is also a good indicator of stress generation. In 
chapter 6, the same PDMS thickness was used in the different experimental groups, enabling 
a direct comparison of the curvature, and thus the relative amount of stress generation, 
between the different groups in case of equal cell orientations. 

The thin films used in this thesis consist of functionalized PDMS. PDMS was used because 
of its ease to manufacture thin films and because it is widely used in in vitro studies.68,133,180 
Another benefit of PDMS is its transparency, which enable both life cell imaging and imaging 
of immunofluorescent staining performed in this thesis. However, a potential limitation of 
PDMS is its high stiffness, as fibroblasts usually reside in tissues in which the stiffness ranges 
from ± 2-5 kPa under normal circumstances32 to ± 20-60 kPa in fibrosis52, while the PDMS 
stiffness is in the MPa range. Nevertheless, the PDMS stiffness does fall within the range of 
stiffness of biomaterials used to create tissue engineered constructs, like poly(DL-lactide-
co-glycolide) (PLGA)169 or polycaprolactone (PCL)12. For that reason, knowledge of stress 
generation in these (relatively) high-stiffness environments is essential for understanding the 
growth, adaptation, and functionality of engineered tissues. In order to better understand 
stress generation as it occurs in vivo, the stiffness of the thin films needs to be adjusted 
so that it is comparable to the in vivo tissue stiffness. Previously, Agarwal and colleagues1 
created thin film constructs using alginate to mimic the native stiffness of the myocardium 
(10-70 kPa16,214). They tuned the alginate stiffness by using different concentrations of CaCl2 
to crosslink the gel, leading to gels with different degrees of stiffness, ranging from 5 to 60 
kPa. Alginate at a stiffness of 57 kPa was chosen to successfully create thin film constructs 
seeded with either cardiomyocytes or vascular smooth muscle cells.1 Another option is 
to use gelatin to create thin film constructs with a more relevant stiffness for mimicking 
the in vivo situation.140 Next to mimicking the stiffness, gelatin also mimics the in vivo ECM 
composition as it is a collagen derivative.140 Using different concentrations of gelatin, McCain 

Figure 7.1 Graphical overview of the quantitative effect of the structural manipulations executed in this thesis on 
stress generation. Extracellular structural manipulations did not influence stress generation to a large extent as 
both (a) cell alignment and (b) inhibition of cadherins (both in aligned and random monolayers) had little effect 
on the stress magnitude. Intracellular manipulations, however, did have a large effect on the stress generation as 
(c) lamin A knockout caused a detrimental lowering of the stress generation, and (d) vimentin knockout caused an 
increase in stress generation.
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et al. obtained a stiffness range between 24 and 114 kPa. At 5 w/v %, gelatin had a stiffness 
of 55 kPa, which is within the native myocardium stiffness range.16,214 Gelatin enabled 
cardiomyocyte functionality (spontaneous beating) for up to four weeks, instead of two 
weeks on fibronectin functionalized PDMS, likely due to their improved metabolic function 
on gelatin compared to PDMS.140 Interestingly, in a recent study by Steucke et al. (2015), 
PDMS thin films were created with a stiffness ranging from 10 kPa to 1 MPa.171 Normally, 
PDMS is created by mixing Sylgard 184 base and curing agent at a 10:1 ratio.156 By mixing 
different ratios of the base and curing agent and by using Sylgard 527, which is a softer 
type of PDMS156, thin films with a lower stiffness were obtained.171 Taken together, alginate1, 
gelatin140, and different blends of PDMS156,171 are potential candidates to create thin film 
constructs in future studies to mimic the native environmental stiffness of fibroblasts; or at 
least come a lot closer to the native stiffness compared to the traditional PDMS blend (± 1.6 
MPa191). The traditional PDMS that was used in this study is, however, more representative 
of engineered tissues created with stiff biomaterials.

The in vitro studies described in this thesis were performed with fibroblasts cultured on 2D 
substrates while these cells are embedded in a 3D environment in vivo. It has been shown 
that cytoskeletal organization, cell morphology, and cell-ECM interaction are different in 
2D and 3D environments.47,120,162 In 3D, fibroblasts were shown to have less stress fibers 
and focal adhesions compared to 2D120,162, while the cells also had more protrusion162. The 
composition of the focal adhesions was also shown to be altered in fibroblasts cultured in 
2D compared to 3D.47 Since the stress fiber and focal adhesion organization are of influence 
on stress generation, future studies should investigate whether the differences in stress 
generation found in this thesis are also valid in a 3D environment. As described in chapter 
2, several model systems have been developed to quantify cellular stress generation in 3D. 
However, investigating stress generation of cells embedded in a 3D environment adds an 
extra level of complexity to the stress measurements as the matrix itself also contributes 
to the stress developed in 3D tissues.195 In order to obtain a fundamental understanding 
of stress generation in 3D, similar to the understanding obtained in this thesis, I would 
recommend using 3D methods in which the 3D environment is predefined. This would add 
the least amount of complexity as possible to the stress measurements. A good example 
of this would be using the µTUGs, were the cells are embedded in a collagen gel spanned 
between PDMS microposts.72,73,133,193 In this method, the cells reside in a predefined matrix 
and stress generation is relatively easy extracted from the micropost deformation. In case 
one would like to mimic the in vivo situation as much as possible, I would suggest to use the 
iFACT method as the cells reside in their own newly formed matrix in that method.194,195,196 

Future perspectives of the thin film method
Notwithstanding the above-mentioned drawbacks of the thin film method, it has the 
potential to be used as a diagnostic aid or drug screening tool. Especially in case the method 
will be adjusted to overcome some of the above-mentioned issues. 

The lamin A knockout MEFs investigated in chapter 4 represent the worst-case scenario of 
laminopathies, since these cells completely lack the LMNA gene encoding for lamin A. Various 
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LMNA mutations have been discovered through the aid of gene sequencing, all leading to 
different pathological effects on cell functionality, ranging from very little abnormalities 
in cell functionality to the disastrous effects found in chapter 4. The thin film method 
used throughout this thesis could be a useful tool in aiding to understand this diversity in 
pathology in laminopathic patients. Incorporation of patient dermal fibroblasts (an easily 
obtained cell source) in the thin film method will allow for a quantitative assessment of the 
severity of the effect of patient-specific LMNA mutations on mechanical functioning of the 
cell, in the form of contractile stress generation. 

The use of the thin film method could also be expanded to other diseases affecting contractile 
cells, such as diseases affecting the heart or skeletal muscles. As obtaining cells from these 
tissues is not without risk, the use of induced pluripotent stem cells could be an outcome. 
Somatic cells from the patient, e.g. dermal fibroblasts, can be reprogrammed into induced 
pluripotent stem cells176,212, which thereafter can be differentiated into the desired cell type 
of which the contractile stress generation can subsequently be quantified.

Next to solely quantifying the effect of pathologies on stress generation, the thin film 
method can also be used as a general preclinical drug screening tool or contribute to 
the development of personalized medicine. For example, using the thin film method for 
screening the effectiveness of drugs that affect stress generation, e.g. vasoconstrictors or 
vasodilators, on human cells can provide a huge economical saving. This relatively simple 
and cheap in vitro test can be used as a first screening tool before spending large amounts 
of money on animal tests and clinical trials. Once such a drug reaches the market, the 
effectiveness of the drug for a specific patient or patient group can be tested using the 
thin film method with patient-derived cells. As for the laminopathies describe above, many 
diseases are found to be divided into subclasses with specific symptoms and thus specific 
treatment options. It is unlikely that both current and newly developed drugs will be able to 
cure all different subclasses of one disease. Testing the effectiveness of a drug for a specific 
subclass or even for one specific patient can not only provide an economic saving but also, 
more importantly, a more effective treatment of the patient or patient groups. 

Future research directions 
This thesis presents a systematic approach to determine the quantitative effect of 
structural manipulations of fibroblasts on their stress generation. In order to obtain a 
more comprehensive quantitative understanding of the contribution of the cytoskeleton 
to cellular stress generation, future studies should investigate the contribution of the 
cytoskeletal components that were not manipulated in this thesis. Although the actin 
stress fibers actually provide cells with stress generation, and vimentin intermediate 
filaments provide resistance against this, microtubules are known to contribute to stress 
generation as well. Microtubules have the highest bending stiffness of the three main 
cytoskeletal components95,106,143 and are therefore hypothesized to maintain cell shape 
under compression, thus providing resistance against stress fiber contractility. Several 
qualitative studies have shown that cell contraction (rapidly) increased upon microtubule 
disruption with components like nocodazole.28,34,39 This was due to the fact that the Rho 
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GTPase GEF-H1 normally binds to the microtubules and is thus released upon microtubule 
disruption, subsequently causing an increase in cell contraction due to increased myosin 
light chain activity and stress fiber assembly.34 Upon depletion of GEF-H1 with the aid of 
siRNA, this nocodazole-induced increase in contractility was no longer observed.34 This 
secondary effect of microtubule disruption on stress generation makes quantifying the 
contribution of the microtubules itself to stress generation a challenging task. Therefore, we 
chose not to pursue this path in this thesis, and instead focused on the contribution of the 
other cytoskeletal components on cellular stress generation (stress fibers in chapter 4 and 
vimentin in chapter 5). However, depletion of GEF-H1 with the aid of siRNA can provide the 
right conditions to solely quantify the contribution of the microtubules to stress generation 
in future studies. 
Since each of the cytoskeletal components has its own distinct effect on stress generation, 
the interactions between the cytoskeletal components can also play an important role in 
stress generation. Plectin, for example, links intermediate filaments with both the stress 
fibers and the microtubules.102,175 Plectin was found to control the localization and dynamics 
of contractile stress fibers and vimentin.107 Therefore, we speculate that plectin depletion 
(either via knockout or by siRNA) could cause a decrease in the resistance of vimentin against 
stress fiber contraction since the stress fibers and vimentin will not be coupled anymore. 

The effect of direct mechanical coupling of neighboring cells on stress generation was 
investigated through inhibition of cadherins. Cell-cell communication can also take place via 
the gap junctions, intercellular channels that allow transport of small molecules between 
cells.63,164 This type of communication can have an effect on the stress generation through 
the Ca2+ influx that can take place via the gap junctions, because Ca2+ activates stress fiber 
contraction. Follonier and colleagues proposed that a contracting (myo)fibroblast can 
open gap junctions of neighboring cells which enables a Ca2+ influx.71 This influx in turn 
causes the neighboring cell to contract, which feeds back to the first contracting cell and to 
other neighboring cells causing synchronization of the contractile cells.71 This synchronized 
contraction of (myo)fibroblasts can play an important role in tissue remodeling and wound 
healing. It would therefore be interesting to quantify the contribution of the gap junctions to 
cellular stress generation in a follow-up study. To our knowledge, previous studies have only 
investigated this effect qualitatively, either via a gel compaction assay57 or by investigating 
the gene expression of contractility associated proteins186.

Conclusion
In this thesis, the thin film method was modified and used together with a sample-
specific finite element model to quantify the effect of structural manipulations on cellular 
stress generation. Our results demonstrate that not only the structural organization of 
the stress fibers (which actually generate the stress), but also their interplay with other 
cytoskeletal components, is essential for functional stress generation of (myo)fibroblasts. 
More specifically, the impaired structural organization in lamin A knockout MEFs caused 
a prominent reduction in stress generation, while the knockout of vimentin caused a 
significant increase in stress generation. The extracellular structural organization, on the 
other hand, seems to hardly affect the stress magnitude, because cadherin inhibited 
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myofibroblasts only showed a mild reduction in stress generation compared to untreated 
cells and cell orientation did not affect the stress magnitude. How the stress is distributed 
in a monolayer was found to directly depend on the orientation of the myofibroblasts. The 
stress distribution can thus be predetermined by aligning the cells in the preferred direction. 
The fundamental knowledge obtained here provides quantitative understanding of cellular 
stress generation and can provide guidelines for the design of biomaterial organizations 
used in (cardiovascular) tissue engineering. Next to this, the thin film method used in this 
thesis has the potential to serve as an in vitro diagnostic tool or as an in vitro drug screening 
tool for respectively diseases or drugs that affect stress generation. 
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Samenvatting
Kwantificatie van het effect van manipulaties van celorganisatie op 
spanningsgeneratie
Diverse cellulaire processen zoals migratie, differentiatie en celdeling zijn sterk afhankelijk 
van cellulaire spanningsgeneratie. Daarnaast speelt spanningsgeneratie een significante rol 
op weefselniveau, bijvoorbeeld in de vorming en het onderhoud van weefselorganisatie. 
Op het gebied van (cardiovasculaire) weefselkweek (tissue engineering) is het van groot 
belang om inzicht te krijgen in de spanningsgeneratie aangezien dit invloed kan hebben 
op het verkrijgen van georganiseerde weefsels met de juiste mechanische eigenschappen. 
Daarnaast kan het inzicht in spanningsgeneratie helpen in het begrijpen van het ontstaan 
van ziektes waarin de spanningsgeneratie van de cel is aangetast, zoals bij chronische 
vaatvernauwing. Functionele spanningsgeneratie is niet alleen van belang voor (hart)
spiercellen, maar is ook relevant voor andere celtypen zoals de weefselvormende 
fibroblasten. De spanningsgeneratie door fibroblasten is erg afhankelijk van de organisatie 
van het cytoskelet in de cel. De spanningsvezels zijn een van de belangrijkste elementen van 
het cytoskelet die invloed uitoefenen op de spanningsgeneratie, omdat zij daadwerkelijk 
de spanning genereren (in de vorm van samentrekking) door de interactie tussen actine en 
myosine. Naast de spanningsvezels bevatten fibroblasten ook vimentine, een intermediair 
filament dat weerstand bied tegen de samentrekking van de spanningsvezels doordat 
het zorgt voor stijfheid van de cel. Het intermediaire filament lamine A zorgt juist voor 
stijfheid van de celkern en vormt een verbinding tussen de celkern en de spanningsvezels. 
Naast bovengenoemde elementen van het cytoskelet kunnen ook de verbindingen tussen 
cellen onderling en tussen de cel en het omringende weefsel invloed hebben op de 
spanningsgeneratie. Het doel van dit proefschrift is het kwantificeren van het effect van 
diverse manipulaties van de celorganisatie van fibroblasten op de spanningsgeneratie 
door deze cellen. De spanningsgeneratie is gekwantificeerd met behulp van ‘thin film’ 
-experimenten gecombineerd met een computermodel. Hiervoor is de ‘thin film’-methode 
aangepast zodat manipulaties van de celoriëntatie meegenomen konden worden in de 
analyse. 

Als eerste hebben we onderzocht of de oriëntatie van individuele cellen binnen een 2D 
monolaag van cellen invloed heeft op de spanningsgeneratie. We hebben gevonden dat 
de netto spanningsgeneratie (een combinatie van de contractie van de spanningsvezels en 
de weerstand door vimentine) per cel onafhankelijk is van de monolaag organisatie van 
myofibroblasten (een veel gebruikte celbron voor cardiovasculaire tissue engineering). Dit 
suggereert dat de totale spanningsverdeling in bijvoorbeeld een gekweekt weefsel bepaald 
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wordt door de organisatie van de cellen. Aangezien myofibroblasten de organisatie van het 
biomateriaal waarop ze gekweekt worden volgen, kan de spanningsverdeling van gekweekte 
weefsels gestuurd worden door de oriëntatie van het biomateriaal.
Vervolgens is het effect van de organisatie op het niveau van het cytoskelet onderzocht. Als 
eerste was de invloed van veranderingen in de organisatie van de contractiele elementen 
van de cel, de spanningsvezels, onderzocht door middel van knockout van lamine A in Muis 
Embryonale Fibroblasten (MEFs). Doordat in deze cellen de verbinding van de spanningsvezels 
met de kern is verstoord, ontstaat een verzwakte spanningsvezel organisatie van de gehele 
cel. Door deze verzwakte organisatie was de netto spanningsgeneratie van de knockout 
MEFs vijf keer lager dan die van onaangetaste MEFs. 
Als volgende stap is de invloed van de weerstand tegen de spanningsvezel contractie 
bestudeerd door middel van knockout van vimentine in MEFs. De netto spanningsgeneratie 
van vimentine knockout MEFs was drie keer hoger vergeleken met onaangetaste MEFs. Het 
verschil in de netto spanningsgeneratie tussen beide celtypen kan niet veroorzaakt zijn door 
een verhoogde samentrekking van de spanningsvezels aangezien er geen verschillen in de 
spanningsvezel samenstelling en organisatie zijn gevonden tussen de onaangetaste en de 
knockout MEFs. De afwezigheid van vimentine was dus direct gerelateerd aan de verhoogde 
spanningsgeneratie. 
Als laatste is de invloed van de interacties tussen myofibroblasten onderling op de 
spanningsgeneratie onderzocht door middel van blokkering van de mechanische cel-cel 
interacties. Blokkering van de cel-cel interacties veroorzaakte een kleine vermindering 
van de spanningsgeneratie ten opzichte van de onaangetaste controle myofibroblasten, 
daarnaast was de spreiding van de resultaten relatief groot. Dit suggereert dat de cel-cel 
interacties een kleine rol spelen in de spanningsgeneratie van myofibroblasten. 

Concluderend laten de resultaten van dit proefschrift zien dat niet alleen de structurele 
organisatie van de samentrekkende spanningsvezels, maar ook de interactie hiervan met 
andere cytoskelet eiwitten, van essentieel belang is voor de spanningsgeneratie van (myo)
fibroblasten. Meer specifiek hebben we gevonden dat de structurele organisatie binnen in 
de cel een grote invloed heeft op de grootte van de spanningsgeneratie. De verdeling van 
de spanningsgeneratie in een monolaag van (myo)fibroblasten is daarentegen voornamelijk 
afhankelijk van de oriëntatie van de cellen. De fundamentele kennis die in dit proefschrift 
verkregen is, is een stap naar een beter kwantitatief begrip van spanningsgeneratie en kan 
uiteindelijk leiden tot richtlijnen voor (cardiovasculaire) tissue engineering. Daarnaast heeft 
de experimentele methode die in dit proefschrift gebruikt is de potentie om gebruikt te 
worden als een in vitro diagnostisch hulpmiddel voor ziektes die de spanningsgeneratie van 
cellen aantasten.
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Miljoenen cellen, duizenden samples en honderden simulaties later ligt hier nu eindelijk één 
proefschrift. De weg naar dit proefschrift is niet altijd even makkelijk geweest en daar heb ik 
ontelbaar veel hulp en steun bij gehad. Daarom wil ik graag een aantal mensen bedanken.

Allereerst wil ik Frank en Anita bedanken voor hun vertrouwen in mij om mij tijdens mijn 
afstuderen al een promotie aan te bieden. Ik ben erg blij dat jullie mij de kans hebben 
gegeven om hier te promoveren. Frank, ik vind het leuk dat je nu als voorzitter van de 
commissie toch nog betrokken bent bij de afronding van mijn promotie. Sandra, ik vind het 
fijn dat je van begin af aan al bij mijn project betrokken bent geweest en dat je na 2 jaar het 
stokje over hebt genomen van Anita. Ook al is het niet altijd even makkelijk geweest toen je 
naar Stanford ging heb ik toch veel van je geleerd. Met name mijn schijfvaardigheid is met 
sprongen vooruit gegaan door jouw feedback en hulp. Cees, tijdens mijn afstuderen vond 
ik het heel fijn om met jou samen te werken, ik was dus ook erg blij toen jij halverwege 
mijn promotie weer betrokken bent geraakt bij mijn project. Jouw helicopterview en 
relativeringsvermogen hebben mij meerdere keren weer gemotiveerd om op te staan en 
door te gaan. Carlijn, toen jij mijn begeleiding overnam van Frank is het onderwerp van 
mijn promotie helemaal omgegooid, maar zeker ten goede. Jouw enthousiasme, (mechano)
biologische kennis en kritische blik zijn van onmisbare waarde geweest voor het tot stand 
komen van dit proefschrift. Mijn dank gaat ook uit naar prof. Gijsje Koenderink, prof. 
Theo Smit en dr. Tom de Greef voor hun deelname aan mijn promotiecommissie en het 
beoordelen van mijn proefschrift. 

Patrick, thank you for inviting me to your lab in Minneapolis. Without the help of you, 
Kerianne, Eric, and Zaw I would have never managed to get the thin film method up and 
running in Eindhoven. My stay in Minnesota (in January 2015) has been an essential turning 
point in my PhD. 

Tijdens de laatste twee jaar van mijn promotie leek het af en toe wel een wedstrijd tussen 
de vele apparaten en bestellingen welke mij de meeste vertraging op kon leveren. Maar 
gelukkig heb ik dit tot een minimum kunnen beperken met de hulp van vele lab managers 
en analisten. In ongeveer chronologische volgorde: 
Sheen, bedankt voor je hulp met en kennis over microfabricage. Toen het UV-ozon apparaat 
maar niet gemaakt kon worden heb ik je erg vaak lastig gevallen hierover. Bedankt dat je 
daar elke keer weer voor mij achteraan bent gegaan. Ik wil ook graag Alex, Hossein, JP en de 
rest van de Microsystems groep bedanken voor hun hulp en ideeën over het maken van mijn 
thin film samples. Tom en de SFD groep, bedankt dat ik in de tijd dat het UV-ozon apparaat 
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kapot was die van jullie mocht lenen. Zonder jullie hadden mijn experimenten waarschijnlijk 
een half jaar stil gelegen! Marc, wat ben ik blij dat jij de optische profilometer zo snel weer 
aan de praat hebt gekregen en aan de praat hebt gehouden totdat ik klaar was met mijn 
laatste experimenten. Daarnaast ook bedankt voor al je andere hulp in het Multiscale lab.
Mark, vele uren heb ik in de microscopie ruimte doorgebracht, helaas wilden de microscopen 
niet altijd meewerken. Gelukkig stond jij altijd klaar om ze zelf, of met een beetje hulp van 
Zeiss of Leica, weer te laten werken. Moniek en Marloes, bedankt voor alle bestellingen en 
andere Cellab gerelateerde zaken die jullie voor mij geregeld hebben. Moniek, ook bedankt 
voor het brainstormen en meedenken over mijn project, of gewoon een gezellig kletspraatje. 
Sylvia, Marina en Roy mogen natuurlijk ook niet in dit lijstje ontbreken, zonder jullie en 
Marloes hadden er nooit zo’n mooie kleuringen in dit proefschrift gestaan. Giulia, thank 
you for your help with all the stainings, microscopy and other lab related work of chapter 5. 
Noortje, je bent voor mij een vraagbaak geweest over kleuringen, western blots en andere 
lab gerelateerde dingen. Daarnaast heb je me enorm geholpen met de begeleiding van 
studenten, bedankt! Laura, wij vormen samen een goed knutselteam :-). Nicole, bedankt 
voor je hulp met de vimentine knockout MEFs. 

Toen Sandra in Stanford zat heb ik bij diverse experts hulp gezocht en ontvangen. Hoofdstuk 
4 was nooit zo goed geworden zonder de vakkennis van Jos over laminopathiën. Ook de hulp 
van Miriam en Maurice met de kleuringen is belangrijk geweest hiervoor. Daarnaast was 
het ook altijd erg gezellig door de Limburgse gastvrijheid, bedankt! Oscar, als wandelende 
intermediaire filamenten encyclopedie heb jij een belangrijke bijdrage geleverd aan 
hoofdstuk 5. Bedankt voor je feedback bij het schrijven van dat hoofdstuk. De voorbereiding 
voor mijn promotie is begonnen met een student-assistentschap bij Jasper. Gelukkig was 
je precies op tijd terug uit Zwitserland om mij te helpen met hoofdstuk 6 en om zo het 
cirkeltje weer rond te maken. Ik vond het erg fijn om met jou te brainstormen over de cel-
cel interacties. 

Naast deze collega’s zijn er nog een heleboel andere collega’s die ik wil bedanken. STEM-
group, thanks for the STEM-meetings, the bi-weekly meetings, and the nice group events. 
Willeke, super leuk dat we na de middelbare school uiteindelijk in dezelfde groep zijn 
beland. Je bent een gezellige kamergenoot tijdens congressen en onze vakantie in Amerika 
was top! Yvon, Janneke en Wendy, bedankt voor het regelen van alle afspraken en natuurlijk 
ook voor de gezelligheid in het secretariaat. Cellab-members, thanks for the nice work 
environment and the ‘gezelligheid’ during the monthly lab cleanings. I would like to thank 
all the present and former colleagues from room 4.09 for the fun in the office and of course 
the nice office dinners we have had. Ik wil hier in het speciaal mijn paranimfen Germaine 
en Gitta noemen. Germaine, behalve collega’s zijn we ook goede vriendinnen geworden. De 
rest van het kantoor zal nu wel erg stil zijn nu we allebei klaar zijn met onze promotie. Gitta, 
wat ben ik blij dat jij hier kwam werken, zo kreeg ik iemand had om mee te sparren over mijn 
experimenten, en andersom ook natuurlijk. Ik vind het fijn dat we altijd bij elkaar terecht 
kunnen als een van ons ergens mee zit, maar ook gewoon voor de gezelligheid. 

Naast mijn promotie heb ik elke week dansles gegeven en zelf gedanst. Dit is voor mij 
dé ideale uitlaatklep na een lange dag in het lab of achter de computer. Ik wil dus ook 
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alle meiden die ik in de afgelopen jaren lesgegeven heb bedanken voor hun aanstekelijke 
enthousiasme voor mijn danslessen, zelfs als ik af en toe met rare muziek of danspassen aan 
kwam zetten. Lonneke, op jouw beurt heb jij mij en de andere meiden in jouw les ook weer 
uitgedaagd met je choreografieën. Bedankt, ondanks de vele blauwe plekken :-). Marie-
José, heel erg bedankt dat je mij hebt willen begeleiden bij de cursus voor jazzdansleiding. 
Het was niet zo’n hele handige zet om dit er in het laatste jaar van mijn promotie naast te 
doen, maar ik heb wel enorm veel van jou, jouw lessen op donderdag en de cursus geleerd. 
Ik heb nog nooit zo netjes rechtop in het lab gezeten.  

Natuurlijk zijn er ook veel vrienden en familie bij wie ik altijd terecht kon als er weer eens 
iets niet mee wilde werken, of als er juist mooie resultaten uit mijn experimenten kwamen.
Nicole, Xia, en Inge, het is heel wat waard al meer dan 10 jaar vriendinnen met jullie te zijn. 
De etentjes en de (bijna) jaarlijkse bezoekjes aan de Efteling, met en zonder de mannen, 
zijn altijd erg gezellig. Sinds de studiereis in 2010 zijn er al vele high-tea’s en weekendjes 
geweest met de ‘kippenhok’-meiden. Vivian, Nadine, Ellen en Marijke, ik vind het super fijn 
dat we altijd bij elkaar kunnen klagen over ons werk maar dat er voornamelijk veel gegeten, 
gelachen en gekakeld wordt. Gielis, Anne, Roy, Hester, Marlon en Mark, ook de vele stap-
avondjes en weekendjes met jullie zijn altijd top! En alle keren naar Lowlands samen met 
Kai en Ingrid mogen hier ook niet ontbreken. Na 7 jaar zijn jullie zeker niet meer de vrienden 
van Alex maar zijn jullie gewoon onze vrienden. Germaine, Rob, Nicole en Bastien, het is 
mooi om te zien dat we elkaar allemaal via een andere manier kennen en dat dit uiteindelijk 
heeft geleid tot een gezellig clubje om etentjes mee te houden, dat moeten we er nog heel 
lang in houden. 

Willem en Elly, jullie zijn inmiddels mijn tweede thuis geworden. Ik vind het erg fijn dat jullie 
altijd voor ons klaar staan en geïnteresseerd zijn in mijn werk. Marlon, je bent niet alleen 
een fijne schoonzus, maar jij en Mark zijn inmiddels ook goede vrienden geworden.  
Loes, lief zusje, bedankt voor je luisterend oor, ook al klinkt mijn werk af en toe als Chinees 
voor jou. Jij  en Teun hebben me altijd gesteund. Ik weet zeker dat jullie super ouders zullen 
zijn voor mijn nichtje! 
Papa en mama, ik vind het heel fijn dat jullie onvoorwaardelijk achter me staan. Bedankt dat 
ik altijd bij jullie terecht kan: voor advies, om me moed in te praten toen het tegen zat, voor 
vele taxiritjes naar het vliegveld en natuurlijk ook voor het gezellige eten op vrijdagavond. 
Bedankt voor alles!
Lieve Alex, bedankt voor je luisterend oor, humor, relativerend vermogen en steun. Als ik jou 
niet had om te ventileren over cellen die niet meewerkten, een spannende presentatie of 
juist over een experiment dat (eindelijk) werkte, was dit me nooit gelukt. Ik kijk er naar uit 
om samen met jou nog heel veel mooie en bijzondere dingen mee te mogen maken!
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