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Abstract  

Within the last decades it was discovered that the cellular 

microenvironment plays an important role in cellular processes and cell fate 

can be directed by mechanical properties of the extracellular matrix (ECM), 

which can have various elasicities. Cells can sense mechanical properties of 

their surrounding with contractile acto-myosin stress fibers through focal 

adhesions and generate force throughout the cell. Human mesenchymal stem 

cells (hMSCs) are a striking example for mechano-sensing and transduction. 

They can differentiate into various cell lines by plating them on substrates with 

different elasticities for several days up to weeks. Interestingly, morphological 

changes of the acto-myosin fibers and the global cell shape appear already 

within the first 24 hours of culture.  

In this thesis, we compare morphological changes of hMSCs, which were 

chemically and mechanically driven towards differentiation into muscle cells. 

We present that both, chemical preculture (in addition of dexamethasone or 

traŶsforŵiŶg growth factor β1Ϳ aŶd ŵechaŶical preculture ;seediŶg oŶ elastic 
substrate with muscle-like rigidity) changes stem cell morphology, measured by 

the cell area and aspect ratio. I found that the morphology of these treated 

cells is close to muscle cell’s shape. Moreover, after a week of culture on 

muscle-like rigidity hMSCs did not lose their ability to readapt to new 

environment.  

Furthermore, we investigate spreading mechanics of various already 

committed cell types on elastic substrates. We found that cell spread area on a 

2D surface monotonically increases with the substrate elasticity independent of 

cell type and size, which is in good agreement to recently stated theoretical 

predictions. Though the extracted parameters from the theoretical predictions 

differ between the cell lines, we confirm that the spreading process is not cell 

type specific. The presented results support the importance of non-muscle 

myosin II’s (NMMII) for cellular mechano-sensing and -transduction. We show 

that addition of low concentrations of the NMMII inhibitor blebbistatin affects 

cell morphology only on soft substrates. This mild blebbistatin treatment 

facilitates cell spreading on soft substrates and prevents formation of focal 

adhesions, whereas cellular morphology on stiff substrates is not affected. The 

results suggest a model emphasizing the importance of contractile forces in the 

acto-myosin cortex during cell spreading. 
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Chapter 1. Introduction 

 

Biophysics is a comparably young discipline, particularly the field of 

cellular mechanics. The first physical and medical studies of biological systems 

focused on electrical and chemical signaling, but only within the last three 

decades scientists found the importance of mechanical sensing and signaling. 

From a physicist͛s point of view cells are highly complex and inhomogeneous 

many-particle bodies and detailed models which describe their behavior are 

still in progress. Due to this complexity, typical experiments measure and 

evaluate only a limited set of parameters. That is why coarse-grained 

approaches became popular regarding the description of biological matter. 

Even more, in living beings, cells rarely occur as single objects but mostly in 

clusters leading to the formation of various types of tissues. The human body, 

for instance, consists of tissues with different mechanical properties. The 

stiffness of these tissues varies from very stiff as bone consisted of osteoblast 

(Young͛s modulus E > 30 kPa) to very soft as brain consisting of neurons 

(Young͛s modulus E 0.1 – 1 kPa) down to complex fluids like blood consisting of 

hemocytes (1,2).  

It is crucial to understand the mechanical properties of single cells and 

their dynamics to e.g. understand diseases like cancer tumor spreading which is 

based on the enhanced motility of cells. On the other hand it is a tempting 

vision to control cell and tissue growth in order to be capable of healing 

damaged organs or even engineer tissues with new properties.  

During tissue formation cells attach to each other, build cell-cell 

connections, or interact with each other indirectly via a molecular framework 

being present within between the cells. In fact, most of the cell types in our 

body are adherent cells, which do not grow in suspension, but have to attach to 

a solid substrate for instance to the extracellular matrix (ECM) which provides 

cell-specific ligands. The attachment process happens by forming adhesion 

points, which connect the cell͛s internal cytoskeleton to the attached surface. 

One component of the cytoskeleton are so called stress fibers (SF), consisting 

of cross-linked actin bundles. These stress-fibers interconnect the focal 

adhesion within the cell. Myosin motors are a second key player of the stress 

fibers. They can attach to actin filaments, crosslink them. Moreover, they can 

produce contractile stress inside the cell (3). Interestingly, SFs are coupled to 

the nucleus (4) and the stress is transmitted to it. By the stress the nucleus 
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could be compressed, which has profound effects on gene transcription and 

influences nuclear structure and function (1,5,6).  

Beyond this active force generation, cells are capable of sensing the 

stiffness of their surroundings. This plays the role of a feedback loop and so the 

mechanical properties of the material the cell attaches to can impact cellular 

morphology (7). That means cellular microenvironment plays an important role 

in the cell͛s fate, i.e. its protein expression levels, its shape and function 

depends on the mechanical properties of the surrounding. Human 

mesenchymal stem cells (hMSCs) are a prominent example for that. They 

provide the evidence that differentiation is not only regulated by the stem 

cell͛s genetics or the chemical environment, but also by the mechanics of the 

microenvironment. In vitro assays gels with defined stiffness and covered with 

according ligands mimicked the ECM. When placing hMSCs on mimicked ECM, 

it can differentiate them towards the tissue type with a similar intrinsic 

elasticity (1). Already after one week of culture cells express specific markers 

showing their commitment towards neuronal, muscular or bone lineages 

depending on the stiffness they were placed on. Interestingly, this 

differentiation process can be stopped just by blocking myosin motor activity 

(1).  

Cells adapt their shape according to the surrounding and these changes 

in cellular morphology be seen already after 24 hours of culture on different 

substrates (1,8). One can characterize cells by their structural differences, such 

as cell size and shape as well as the alignment of the SFs. That is why in this 

work we measured the cell morphology, which serves as an early marker for 

microenvironment adaptation. A recently proposed theoretical model 

describes the relation between cell shape and the stiffness of the underlying 

two-dimensional substrate and was experimentally proven on the example of 

hMSCs (9). The model predicts the monotonic increase of the cell spread area 

with the matrix elasticity. As a follow up investigation on this finding, we 

targeted on the question if this model also holds true for already differentiated 

hMSCs. Even more, we checked the model͛s validity for committed cells. 

Besides these examinations, the presented work focuses on getting a better 

understanding of the spreading process depending on the elasticity of the 

mimicked ECM. Additionally, it reveals the importance of myosin II motors in 

the complex interplay of acto-myosin stress fibers and focal adhesions in their 

response to the ECM elasticity.  



 
5 

 

The thesis is structured as follows: 

In chapter 4 I will show analysis and comparison of morphological 

changes of hMSCs, where differentiation towards muscle cells is promoted 

chemically and mechanically. I will demonstrate that both chemical and 

mechanical induction changes cellular susceptibility to the matrix.  

Then, chapter 5 presents the investigation of spreading behavior of 

already committed cells and experimentally validate the suggested theoretical 

model (9). Then I will use the model as a tool to extract cellular elasticities. In 

the chapter 5 I will also show that the model prediction is not cell type specific, 

i.e. hold true for many different cell lines. 

In order to get a more detailed insight into the role of acto-myosin 

activity during the spreading and mechano-sensing process, we use the specific 

myosin inhibitor, blebbistatin, to measure effects on cell morphology. In 

particular, I will show in the chapter 5, that low concentrations of blebbistatin 

alters cell spread area on soft substrates. This finding leads to suggesting a 

model emphasizing the role of contractile forces of the acto-myosin cortex 

during mechano-transduction. Moreover, I will present a quantified analysis of 

the numbers of focal adhesion points under addition of the drug. 

In sum, this work contributes by a number of new experimental findings 

to a better understanding of the importance of the mechanics of the 

extracellular matrix for cellular spreading and differentiation. It thereby 

provides the basis for further modeling of tissue dynamics. 
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Chapter 2. Biological Background  

 

2.1. Cellular mechano-sensing  

 

The most important role in the cellular mechano-sensitivity play acto-

myosin stress fibers (SFs) and focal adhesions (FAs). Actin is a monomer 

composed of 375 amino acids (43 kDa). Each monomer is called global actin or 

G-actin and contains adenosine triphosphate (ATP) at ATP-binding site and a 

hydrolytic site (opposite sides of the molecule). Actin monomer binds to two 

other G-actin and polymerize to form actin filaments, which are called F-actin 

(the process is called nucleation). Hydrolysis of one monomer causes 

dephosphorylation of the ATP-group to ADP, which leads to a conformational 

change where another monomer can bind. Here one end contains ATP-binding 

site and another hydrolytic site. Actin filaments are able to grow by addition of 

other monomers to both ends, but one end called ͞plus end͟ containing ATP 

elongates faster than the ͞minus end͟. Actin nucleation is an essential process 

for actin polymerization. Myosin motors are using the actin filaments to 

transport vesicles or cell organelles by walking from minus end to plus end 

across the cell. Myosin motors are usually divided into tail and head domains. 

The head domain is typically bound to actin filament. Moreover, myosin II 

motor has a double head. Whereas the tail interacts with cargo molecules and 

other myosin subunits and regulates motor activity (10,11). Myosin II molecules 

gather into bipolar filaments through the tails interaction. These myosin 

filaments in non-muscle cells are known as mini-filaments. The name is given 

due to the small size in non-muscle cells (30-40 myosin heads) in comparison to 

the myosin filaments in muscle cells (about 300 myosin heads). A composition 

of actin filaments, cross-linked by proteins like α-actinin (12), and bipolar 

myosin filaments, coupled to the bundles, form stress fibers. Nowadays there 

are several types of stress fibers distinguished: dorsal and ventral SFs, 

transverse arcs and perinuclear caps (figure 2.1) (12–14).  

Dorsal SFs are coupled to FAs at their one end and with another end to 

transverse arcs. They are mostly found in the lamelapodia and have a lack of 

myosin motors. 

Ventral SFs are contractile SFs, bound at both ends with FAs and run 

along cell periphery. 



 
7 

 

Transverse arcs are curved filaments, consisting of actin bundles. These 

SFs are usually not connected to FAs. 

Perinuclear actin caps consist of SFs above the nucleus. The caps are 

regulating the shape of the nucleus. 

 

 
Figure 2.1. Types of stress fiber in migrating cells. Schematic representation of SFs in 

motile cells, (a) top and (b) side views. Four categories of SFs are observed: dorsal SFs, 

transverse arcs, ventral SFs and the perinuclear actin cap. (13) 

 

During cell attachment to the extracellular matrix it forms focal contacts, 

which mature then to focal adhesions (FAs), see figure 2.2. This complex is 

shown to react to physical stimuli by altering cellular biochemical pathways 

(15,16). Acto-myosin filaments are also known to play an important role in the 
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regulation of cellular shape and its motility (17). During cell adhesion and 

proliferation cells exert forces by pulling and pushing the substrate (18). By 

these forces cells probe the substrate stiffness and depending on it actin starts 

to polarize.  

 

 
Figure 2.2. Schematic drawing of the cell adhesion to the ECM. The cell is attached via FAs 

(orange dots), which are interconnected with SFs, made of actin filaments (red) and myosin 

motors (green). (19) 

 

 
Figure 2.3. Schematic image of a focal adhesion complex. FAs are composed of many 

different proteins which link the cell to the ECM via integrins and such proteins as vinculin, 

paxillin, talin etc. They play the role of force transductors. (20) 
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The sketch on figure 2.3 shows the main components of FAs. Though FAs 

may consist of up to 200 proteins, it was shown that integrin, talin, vinculin, 

paxillin and the focal adhesion kinase are the important players in cellular 

mechano-sensing (20,21). Integrin is the essential protein especially at the first 

stages of adhesion to ECM, spreading and signal transmission from the 

substrate to the cell. It binds to proteins like collagen, fibronectin or laminin 

present in the ECM. One of the first proteins recruited by integrin is talin, it 

links integrins to actin filaments and binds to other proteins as paxillin and 

vinculin (22). Interestingly, researchers found that FAs can be changed in size 

depending on the forces applied to the cell (23). The size of the FAs varies from 

1 µm
2
 and greater (24).  

 

2.2. Cell spreading  

 

Cell spreading as well as cell motility are dynamic processes which 

require cell deformation, the formation of adhesion points and further actin 

polymerization. In the first stages of spreading, adhesion points play an 

essential role in sensing and responding to the microenvironment. To start 

forming connection points with the ECM, the cell needs to find surface 

receptors for attachment. It was shown previously that the type and speed of 

spreading directly depends on the amount of receptors available on the 

surface: a higher amount of ligands initiates faster and more isotropic 

spreading (25,26). 

Nowadays researchers are able to distinguish several phases of 

spreading, as presented in figure 2.4. The early stage of cell spreading is 

commonly characterized as a passive step, where deformation and disruption 

of the cell cortex occurs. This process highly depends on stiffness and tension 

of the cortex. The cell forms adhesion points with the ECM via integrins. It was 

shown that at this stage the cell already exerts forces on the substrate, but 

they are significantly lower than forces present at later stages (26,27). These 

contractile forces are caused by non-muscle myosin IIa motors (28). Next phase 

of spreading is characterized as the actin polymerization step (27), which is 

caused by protrusive forces in the cell periphery. The cell extends its 

protrusions to further attach to the substrate and form new adhesion points. 

This movement increases cytoskeletal tension inside the cell. 
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Figure 2.4. Scheme of cell attachment and spreading (29). 

 

The last step is the most active phase, which involves simultaneous actin 

polymerization and myosin contraction. The cell exerts contractile forces at 

higher magnitudes than before, which again depends on matrix elasticity, 

ligand concentration in the ECM and size of the focal contacts (26,27,30). In this 

phase acto-myosin SFs are formed and maturation of the focal contacts 

towards focal adhesions are observed (31). 

 

2.3. Inhibition of myosin motor activity 

 

Myosin II motors play an essential role in cellular mechano-transduction 

and spreading. Class two consists of skeletal, cardiac, smooth muscle myosins 

and non-muscle myosin. They are presented in the respective muscle tissues. In 

contrast, non-muscle myosin II presents in all mammalian cells and have three 

different isoforms: IIa, IIb and IIc (32). All the isoforms are distributed in the 

entire organism, but each cell type contain special amount of isoforms: when 

some cells have only one isoform, another can have three different (33). 

Additionally, all the three isoforms display similar biophysical properties, but 

have significant differences in their structure and dynamics (32). 

As we know that non-muscle myosin II is directly involved in cellular 

mechano-sensing, it was the reason why inhibiting its function was a part of the 

investigations presented in this report. The most well-known myosin-inhibiting 

drug is blebbistatin, which is a noncompetitive inhibitor, blocking myosin 

function by preventing a critical step in the myosin–actin cycle without non-

specific binding in acto-myosin complexes (34). Namely, myosin motor moves 

along actin filament by using ATP energy, which is known as a power stroke 

(figure 2.5). The binding of ATP to acto-myosin complexes results in a 
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detachment of myosin from actin filament. In the next step ATP hydrolyzes to 

ADP and phosphate (Pi). After releasing Pi the myosin-ADP complex binds again 

to the actin filament, triggering the movement of the myosin motor along the 

filament. After the last step of ADP release, the new acto-myosin complex is 

formed (35).  

 

 

 
Figure 2.5. Mechanism of myosin inhibition. (36) 

 

When blebbistatin is present, it reacts with the detached form of myosin-

ADP-Pi. In detail, it blocks the release of the phosphate and further binding of 

myosin-ADP to actin. 

It is still an ongoing discussion of how blebbistatin alters cell spreading 

driven by actin polymerization. Some investigations showed that in presence of 

the drug spreading is inhibited (37–41). On the contrary, several studies 

presented that myosin II facilitates spreading, i.e. adding blebbistatin, 

promoted spreading in fibroblasts and T cells (28,42). Interestingly, it was also 

observed that inhibition of myosin motors by blebbistatin altered the 

formation and maturation of focal adhesions (41,43) 

 

2.4. Human mesenchymal stem cells  

 

Human mesenchymal stem cells (hMSCs) are multipotent stem cells, 

present in bone marrow, that can be differentiated to several cell types like 

osteoblasts, chondrocytes, adipocytes, myoblasts and neurons (44,45). hMSCs 

can guide tissue regeneration by replacing damaged parts of the respective 

areas. Thus, stem cell differentiation might be a strategy for healing and 

replacing damaged tissues. It was previously demonstrated that hMSCs could 

be differentiated towards muscle cells by the addition of special chemicals, as 
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dexamethasone and hydrocortisone (1,46,47), or growth factors, as 

traŶsforŵiŶg groǁth faĐtor βϭ (TGF- βϭ) (48,49), directly to the culture media.  

Remarkably, it was shown a decade ago that not only chemicals in the 

surrounding solution can drive stem cell differentiation, but also the mechanics 

of the microenvironment. Engler and his co-workers mimicked the ECM by 

replacing it with elastic hydrogels with different elasticities (1). They produced 

polyacrylamide gels covering the whole physiological range of elasticities, from 

soft as neurons to stiff as bones. Gels were coated with collagen type I to 

provide the necessary binding surface receptors, and plated hMSCs on those 

gels.  

 

 
Figure 2.6. Mesenchymal stem cell differentiation on elastic substrates. The neuronal marker 

βϯ tuďuliŶ is eǆpressed iŶ hMSCs oŶlǇ oŶ the soft, ŶeurogeŶiĐ, matrices. The muscle 

transcription factor MyoD1 is upregulated in hMSCs only on myogenic matrices. The 

osteoďlast traŶsĐriptioŶ faĐtor CBFαϭ is likeǁise eǆpressed oŶlǇ oŶ stiff, osteogeŶiĐ gels. 
Scale bar is 5 µm. (1) 

 

Cells were kept for 1-4 weeks under the same media conditions but on 

different elasticities. After a week of culture they reported expression of cell-

type specific markers (figure 2.6). hMSCs cultured on soft gels (~1 kPa) 

eǆpressed the ŶeurogeŶiĐ ŵarker βϯ tuďuliŶ, Đells oŶ suďstrates ǁith aŶ 
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intermediate stiffness (~10 kPa) expressed myogenic markers and on stiff 

substrates (~30 kPa) - osteogenic marker.  

 

 
Figure 2.7. hMSCs plated for 24 hours on 2D substrates of different elasticities. The top line 

of images are hMSCs stained for non-muscle myosin IIa. The bottom line represents the 

orientations of SFs. The dashed ellipses are calculated from the moments up to the second 

order and represent the cell shape in terms of area and long and short axes, and the red line 

indicates the mean orientation of the SFs as determined by the anisotropic filter algorithm. 

All sĐale ďars represeŶt ϱϬ ʅm (8). 

 

Interestingly, morphological differences in the cells seeded on different 

substrates could be already seen after 24 hours of culturing (1). Apart from a 

changed protein expression level the substrate stiffness influences also cellular 

morphology. It was observed that the cell elongation (aspect ratio r) and the 

alignment of stress fibers (order parameter S  
1
) non-monotonically depends on 

matrix rigidity. hMSCs adopt the morphology of muscle cells when seeded on 

                                                 
1
 The order parameter S quantifies the alignment of stress fibers. S is a sum over all cosϮχ, 

where χ is the angle between each stress fiber and the long axis of the cell. 
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intermediate (~10 kPa) rigidity: aspect ratio and order parameter is the highest 

(figure 2.7). On the other hand, hMSCs which were seeded on soft and stiff 

substrates are more round and their stress fibers are aligned in a more isotopic 

way (8). 

 

2.5. Theoretical model of cell-substrate interactions  

 

The dynamic process of cellular attachment and further spreading on the 

ECM involves a shape and volume deformation of the cell. This process causes 

elastic stress in the cell itself and in the matrix underneath (27,50–52). The 

process of adhesion and spreading was modeled and is sketched in figure 2.8 

(8). Both, cell and matrix were taken as springs with spring constants kc and km, 

respectively.  

 

 
Figure 2.8. 1D spring model of cell adhesion and polarization on ECM. (a) Cell placed in the 

ECM with the length of the spring lc and lm. (b-c) Cell polarizes in response to the elastic 

stress in the cell. f
a
 is an active force as a feedback to the active acto-myosin force exerted 

by the cell. (8) 

 

Figure 2.8 represents the elastic spring model of the cell and the matrix. 

Initially, cell is placed in suspension (figure 2.8a), then the cell anchors to the 

matrix and starts to spread isotropically (figure 2.8b) along the surface and 

elastic stress develops in the cell as a response to the stress in the matrix. 

Spreading process and the force exerted by the cell directly depends on the 

matrix elasticity (5,53,54). 

Firstly, several experiments showed that the cell spread area increases 

monotonically with increasing of matrix rigidity underneath (54,55). Next, the 

spreading process was described theoretically and proven experimentally on 
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the example of hMSCs. It was proposed that spreading obeys the model 

equation:    

 

            (2.1) 

 

where Ec and Em are the Young͛s modulus of the cell and matrix, respectively, 

Amax and Amin are the maximum and minimum spread area of the cell 

population (9). Human mesenchymal stem cells were taken as an example to 

prove the model. Figure 2.9 shows the cell area depending on the matrix 

elasticity. It can be seen that the area increases monotonically with substrate 

stiffness and that the model fits well to the experimental data. 

 

 
Figure 2.9. Modulation of the cell spreading area of hMSCs with matrix rigidity. Red dashed 

line shows the quantitative fit of the model 2.1 to the experimental data. (9) 

Cm

m

EE

E

AA

AA
~

minmax

min









 
16 

 

Chapter 3 Experimental methods 

 

3.1. Cell culture 

 

hMSCs (Lonza), C2C12 myoblasts (ACC 565, DSMZ), NIH 3T3 fibroblasts 

(ACC 173, DSMZ), sarcoma osteoblasts SAOS-2 (ACC 243, DSMZ) and human 

primary osteoblasts (HOBs, PromoCell) were cultured at 37 °C and 5% CO2 at a 

density of 100.000-200.000 cells per 75T Corning culture flask. Cells were split 

using 0.05% trypsin-EDTA (life technologies Lot#25300-054) every 2-3 days to 

avoid confluence. Different media conditions were used for all cell lines: 

hMSCs, NIH 3T3 fibroblasts and C2C12 were kept in Dulbecco͛s Modified Eagle 

Medium DMEM (life technologies Lot#31885-03), Osteoblasts – in McCoy͛s 5A 

Medium (Gibco Lot#16600082); all media were supplemented with Fetal 

Bovine Serum (Sigma-Aldrich F2442-500ML) and antibiotics, namely 1% of 

Penicillin/ Streptomycin (P/S, life technologies Lot# 15140-122). Detailed 

protocols for thawing, freezing and splitting can be found in the appendix A1. 

All the cells were chemically fixed by incubating in 10% of formaldehyde 

(Sigma-Aldrich Lot#252549) in PBS on the rocker for 5 minutes. 

 

3.2. Chemical induction of hMSCs into muscle 

 

o Dexamethasone and hydrocortisone. IŶ this ǁork I used Ϭ.ϭ ʅM 
deǆaŵethasoŶe ;Sigŵa AldriĐh HϬϴϴϴͿ aŶd ϱϬ ʅM hǇdroĐortisoŶe 
(Sigma-Aldrich D4902), as in reference (1). Since hydrocortisone is only 

soluďle iŶ ethaŶol aŶd Đells are ǀiaďle ǁithiŶ ŵedia ĐoŶtaiŶiŶg ≤ ϱ% of 
Ethanol, hydrocortisone was prediluted. Dexamethasone and 

hydrocortisone were added to the DMEM culture media and 

supplemented with 10% FBS and 1% P/S. The full protocol can be found 

in the Appendix A2. HMSCs were cultured in muscle induction media 

from 1 to 14 days. 

o TraŶsforŵiŶg growth factor β1 (TGF- β1). As another supplement to 

trigger stem cell differentiation I have used 5 ng/mL of TGF- βϭ iŶ DMEM 
+ 10% FBS and 1% P/S, as described in (56).  
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3.3. Blebbistatin treatment 

 

In this work the effects of blebbistatin (Merck, Germany), a myosin II 

inhibitor, were studied at concentrations of 12.5 µM and 25 µM. During 

blebbistatin treatment, the drug, dissolved in dimethyl sulfoxide (DMSO), was 

added directly to the cell culture media while seeding cells on the substrates 

and was kept during the whole culture time (if not specified). 

 

3.4. Gel preparation  

 

In this thesis polyacrylamide hydrogels (PAA) were used as flat and 

isotropic substrates with tunable elasticities. Cover glasses were pretreated as 

described before (57–59). Round cover glasses were treated with 0.05 % of 

glutaraldehyde solution (Sigma Aldrich G7651-10ML) in order to make the 

surface hydrophilic to allow the polymerizing PAA gel attach to the glass. We 

tuned the Young͛s modulus Em of PAA gels by changing the concentration of 

bis-acrylamide and let the gel polymerize for 60 minutes. Polymerized gels had 

thickness ~70–100 µm. All the gels were coated with collagen I with a 

concentration of 0.2 mg/ml obtained from BD Biosciences.  

 

Cover glass preparation.  

 

Since PAA hydrogels should be placed on round cover glasses and be as 

homogeneous as possible, I had to use two different types of cover glasses with 

different properties:  

 Bottom: round cover glasses were supposed to have a strong bond 

between the cover glass itself and the gel. 

 Top: square cover glasses were used to put pressure on non-polymerized 

PAA solution to equally distribute the gel solution onto the bottom round 

glass to have a homogeneous flat gel surface. It was prepared to be 

hydrophobic to not rip off the gel while pulling the top glass off the gel. 

 

Bottom cover glass treatment: The main purpose of the chemical 

treatment of the bottom cover glasses was to provide PAA gel attachment to 

the surface. I used round glasses with a diameter of 25 mm (VWR ECN631-

1584) as hydrophilic cover glasses. Untreated cover glasses were thoroughly 
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cleaned by placing them in an air absorptive plasma cleaner (HarrickTM PDC-

002) for 15 minutes. During this process the glasses were exposed to a low 

pressure (~ 0.1 mbar) and plasma of high energetic particles flowing around the 

glass broke most organic bonds and removed dust from the cover slips. 

Thereafter, the holder with glasses was placed in a glass tube filled with 99.8% 

ethanol and put in an ultrasonic bath (Elma S-100) for 5 minutes in order to 

remove the remaining dust from the cover glasses. The round cover glasses 

were then washed with 3-aminopropyltriethoxysilane (APTES, Sigma-Aldrich 

440140-100ML) for 15 minutes. After thorough cleaning, cover glasses were 

treated then with the cross-linker glutaraldehyde (Sigma-Aldrich G7651-10ML), 

which provides amino-groups on the glass surface by reacting with water. Then 

I incubated cover glasses in 0.5 % glutaraldehyde solution in deionized water 

for 30 minutes to let aldehyde groups make a bond with the amino-groups. 

Due to symmetric aldehyde groups, one side binds to the amino-groups of 

APTES, another part of it would then further react with the acrylamide 

monomers, which makes the polyacrylamide network to remain on the glass 

surface. 

Top cover glass treatment: Since polyacrylamide gels are hydrogels and 

the polymerization process happens between two cover glasses to make them 

flat, the top cover glass should be hydrophobic. In the end of the 

polymerization the hydrophobic, due to the water film on the gel, cover glass 

could be easily removed without damaging the gel. Silanization was done by 

dimethyldichlorosilane (DMCS, Sigma-Aldrich 85126-1L) in heptane, which 

reacts with the silanol groups of the glass surface by removal of hydrochloric 

acid. These square cover glasses were placed in petri dishes, washed fully with 

DMCS and incubated for 10-20 minutes. Cover glasses were rinsed with MilliQ 

water afterwards. 

Polyacrylamide gel preparation.  

Acrylamide (Bio-Rad #161-0140) and Bis-acrylamide (Bio-Rad #161-0140) 

solutions are stored at +4 °C and were used not longer than 6 months after 

opening. Polyacrylamide gels were synthesized by mixing fresh acrylamide 40% 

(w/w) and N,N-methylene-bisacrylamide 2% (w/w) solutions in PBS. 

Concentrations of acrylamide and bis-acrylamide were varied from 3 to 24 % 

and from 0.1 to 0.3 %, respectively (see section in appendix A.3.3). 

Polyacrylamide solutions were freshly mixed every 4-6 moths. The 

polymerization reaction starts with the addition of 1/1000 N,N,N,N-
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tetramethylethylenediamine (TEMED) and 1/100 ammonium persulfate 

solution (APS), as was described in (60). After proper stirriŶg, ϯϱ ʅl of the ŶoŶ-

polymerized PAA solution were placed on the glutaraldehyde coated cover 

glass. Then the square hydrophobic cover glass was placed on top to make the 

solution equally distribute on the bottom glass. Polymerization process took 60 

minutes. Gels were kept in humid conditions not to let the water evaporate 

from the PAA solution. After the gel was polymerized the top cover glass was 

easily removed from the gel. Since acrylamide and bis-acrylamide are highly 

toxic for cells, PAA gels were thoroughly washed with buffer to remove all the 

non-polymerized residues. 

All the gel solutions were polymerized and measured on the rheometer 

to determine their Young͛s moduli (see section 3.5.2).  

Collagen coating. To mimic the ECM and provide ligands which the cells 

need to enable attachment, the gels were coated with Collagen I (3.83 mg/ml 

collagen type I rat tail, BD Biosciences 354236). The widely used 

photoactivatable cross-linker Sulfo-SANPAH (Thermo Scientific 22589) at a 

concentration of 0.4 mM solubilized in 50 mM HEPES buffer at a pH of 8 was 

used to proǀide ďiŶdiŶg of ĐollageŶ to the PAA gels. A drop of ~ϰϬϬʅl ǁas 
enough to cover the surface of the gel (glass), then placed under the UV-lamp 

at a wavelength of 365 nm for 10 minutes to activate the Sulfo-SANPAH. The 

next step was to wash out free Sulfo-SANPAH by rinsing the sample tree times 

with HEPES. Now the surface was ready to bind collagen. A HEPES solution with 

5% (v/v) collagen and the same volume of acetic acid (0.02 mM in HEPES, 

Riedel de Haen 27221) was added. Incubation of collagen took place over night 

in the cold room at +10 °C.  

After incubation, gels were thoroughly washed with Dulbecco͛s 

Phosphate Buffered Saline (PBS) to remove unbound collagen fibers and then 

sterilized under UV for an hour. 

 

3.5. Probing visco-elasticity  

 

3.5.1. Atomic Force Microscopy 

 

Atomic force microscopy is a powerful tool for biophysical studies. On 

one hand it is capable of imaging biological samples down to scales of single 
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molecules. Also the researchers use AFMs to measure mechanical properties of 

soft matter samples. 

 

 
Figure 3.1. A sketch of a typical atomic force microscope (AFM) setup. (61) 

 

The working principle of an AFM (figure 3.1) is the following: a cantilever 

with typical lengths of 100 µm hosts at its one end a fine tip of well-defined 

geometry with radii of down to a few nanometer When approaching a surface 

the tip interacts with it according to a Lennard-Jones-potential and, according 

to Hooke͛s law (62) the cantilever starts to bend. By focusing a laser beam onto 

the cantilever and detecting its reflection by means of a quadrant 

photodetector, one can measure the deflection with high precision (61). The 

distance between sample and tip can be set by a piezo-crystal device with 

nanometer accuracy and is regulated by the machine depending on the mode 

of measuring. For recording the height profile of a sample a feedback loop is 

active, where the piezo positions the sample in a way that a constant deflection 

of the cantilever is maintained. By laterally scanning over the sample a three-

dimensional landscape of the sample can be reproduced. In ‚contact mode͚, the 

tip ‚touches͚ the sample and the interaction is dominated by the Pauli repulsion 

part of the Lennard-Jones-potential (61). In non-contact ‚tapping mode͚ mainly 

Van-der-Waals forces play a role. 

In order to measure mechanical responses of a sample the ‚force curve 

mode͚ is used (63): here, the tip approaches, touches and indents the sample 

until a certain deflection point of the cantilever is reached. Then the cantilever 

retracts again. Over the whole travelling range the deflection of the cantilever 
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is recorded. There by a so-called force distance curve is obtained, probing the 

stiffness of the sample. 

In order to measure parameters of interest in physically meaningful units 

instrument has to be calibrated. According to a finite bending stiffness of the 

cantilever its deflection angle corresponds to a force exerted between sample 

and tip. In a liquid, the cantilever is excited by the bombardment of solvent 

molecules and starts to oscillate. When comparing the oscillation spectrum of 

the cantilever with a modeled externally -driven damped harmonic oscillator, 

one obtains parameters like resonance frequency and bending stiffness of the 

cantilever. To find the spring constant of the cantilever, it was calibrated using 

the thermal fluctuations method (64). 

In a second step, the tip is pressed onto a flat surface. The measured 

deflection of the laser beam dependent on the position of the sample is used to 

determine the sensitivity of the quadrant photodiode. A realistic model for the 

cantilever tip indenting an elastic half space is the Hertz model
2
. By that the 

Young͛s modulus of the gel substrate can be derived (11–13), where the force F 

of the tip indentation is established by: 

ܨ  = 𝑡𝑎𝑛𝛼√ʹሺͳܧ − 𝑣2ሻ 𝛿2 
(3.1) 

 

where E is the Young͛s ŵodulus, ɷ the iŶdeŶtatioŶ depth aŶd α is the opeŶiŶg 
angle of a four-sided pyramid tip. Poisson͛s ratio ʆ is a ĐharaĐteristiĐ ǀalue 
defined by the ratio between a body͛s fractional length variation (e.g. by 

applying stresses, stretching etc.) and the resulting change of thickness 

(assumed to have a value of 0.45 for measured gels) (10).  

The sample, in our case a polymerized gel, was placed into an AFM 

(MFP3DBio, Asylum Research) which was combined with an IX71 Olympus 

microscope equipped with an X-Cite laser emitter (AHF, 130 Series) and a 40x 

air objective. For my experiments a TR-800PB (Olympus) 100 ʅm long 

cantilever with a four-sided pyramidal tip (~3 µm height, opening angle 35 

degrees) was used.  

                                                 
2
 There are more sophisticated and complex mechanical models known in the AFM field to 

describe certain experimental conditions. Dimitrialis et al. suggested a more specific and 

complicated model approach for thin soft layers on a hard substrate(65). 
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For the AFM experiments it was important to use the identical cantilever 

for all substrates to compare the results quantitatively. The errors were taken 

from the variance of 10 taken force measurements from each spot on the gel. 

The AFM measurement process has intrinsical imprecisions like underestimated 

surface interactions, an uncertainty of the spring constant of the cantilever or 

incomplete knowledge of the tip geometry. The magnitude of these errors was 

small compare to the statistical variation of the sample data values.  

 

3.5.2. Rheology  

 

Rheology describes the behavior of soft matter and fluids upon 

deformation under certain boundary conditions (figure 3.2). Besides the case of 

a pure compression, shear deformations give major contributions in soft 

composite materials. 

In elastic samples stress σ and strain γ depend linearly on each other σ = 

E·ɸ where E is the elastic Young͛s modulus. Purely viscous samples start to flow 

upon a shear stress and one finds σ(t) = η·d·ɸ(t)/dt. In the general case of a 

viscoelastic material the stress-strain relation takes an intermediate form, 

according to the stress relaxation processes present in the sample. Following 

the Boltzmann superposition principle it takes a linear form in frequency space 

σ(ω) = G(ω)·ε(ω), where G is the shear modulus. 

 

 
Figure 3.2. Schematic drawing of a shear deformation: A tangential force F on the top 

surface with area A causes a stress σ and a shear deformation ɷ of the volume element. The 

strain ɸ can be described by the shear angle α. 
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The rheometer is commonly used to measure material responses upon 

shear deformations. 

 
Figure 3.3. Schematic drawing of the rheometer experiment 

 

Here, the sample is placed between a cone and a plate, as shown in 

figure 3.3, which are then rotated with respect to each other, typically in a 

sinusoidal way. In this case the stress takes the following form: 

 

 

(3.2) 

where ω is he oscillation frequency, G͚ and G͚͚ are the real and imaginary part 

of the shear modulus, describing the elastic and viscous response of the 

sample. 

 

 
Figure 3.4. Oscillatory measurement. The response of the system to a deformation is 

measured. Phase shift ϕ and change in amplitude ɷ are measured with respect to a 

sinusoidal driving force at a certain frequency. 
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For the presented work, rheology experiments were carried out with an 

Anton Paar Physica MCR 501 rheometer. Non-polymerized solution in the 

volume of 140 µl was placed between an immovable steel plate and a rotating 

top plate having an opening angle of 2° and a diameter of 25 mm (Figure 3.3).  

 
Figure 3.5. (a) Storage and (b) loss modulus of 32kPa PAA gel measured during the gelation 

process. 
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Each measurement was taken every 30 seconds during 60 minutes of gel 

polymerization. In figure 3.5 you can see the changes in loss and storage 

modulus over time for the example of a 32 kPa PAA gel. Polymerized PAA gels 

are mostly elastic substrates, you can see that loss modulus G'' (viscous 

component) is three orders of magnitude lower than the storage modulus. 

Hence it was neglected. Simultaneously, the storage modulus, which 

represents the elastic component, increases after several minutes and reaches 

a plateau after 60 minutes.  

The absolute shear modulus G was calculated as 

ܩ  = 2′ܩ√ +  (3.3) 2′′ܩ

 

where G' and G'' are shear storage and loss modulus, respectively. The relation 

of shear modulus G and Poisson's ratio (ʆ=0.45) to Young's modulus Em is  

ܧ  = ʹ ⋅ ሺͳܩ + 𝜈ሻ (3.4) 

  

 

3.5.3. Comparison PAA gel elasticity using rheometer and AFM 

 

The PAA solutions containing acrylamide, bis-acrylamide and PBS were 

prepared freshly every 4 - 6 months. Every premixed solution was measured 

with the rheometer to confirm the required gel stiffness. The gel elasticities 

were adjusted by varying concentrations of the crosslinker. The total amount of 

stock solution of PAA was always 10 ml and stored in the fridge. Table 3.1 

presents the concentration in percentage of acrylamide and bis-acrylamide in 

10 ml of PAA solution. Table 3.1 also presents the Young͛s modulus of the gels 

measured by the rheometer. Here I want to point out that every gel was 

measured 3-4 times. Due to low standard deviation, it can be concluded that 

these measurements give reproducible results. 

In parallel, the same solution was used to polymerize gels on 

glutaraldehyde-coated cover glasses for further cell seeding. The storage 

modulus reaches a plateau after one hour, which can be also seen in figure 

3.5a. PAA gel polymerization and rheometer experiments were performed in 

parallel out of the same premixed PAA components. It was done to measure 
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exactly the same gels, where the cells would be seeded onto. Then, the Young͛s 

moduli of exactly the same gels were measured with AFM. The comparison of 

the results of the two approaches showed comparable trend of Young͛s 

modulus values of the gel.  

 

Table 3.1. Comparison of Young͛s modulus of PA gel given by AFM and rheology 

Amount of acrylamide 

40% in 10 ml, % 

Amount of bis-acrylamide 

2% in 10 ml, % 

Rheometry, kPa AFM, kPa 

3 0.2 1.1±0.02 2.5±0.23 

3.5 0.2 2.4±0.02 3.6±0.63 

3.8 0.2 3.7±0.01 4.3±0.001 

6.8 0.1 7.7±0.06 6.6±0.16 

6.8 0.2 13.7±0.06 11.2±0.14 

8.6 0.3 25.8±0.10 21.8±0.05 

13.2 0.3 65.8±0.38 34.8±0.49 

23.6 0.3 126.9±0.38 71.5±1.24 

 

3.6. Immunostaining 

 

In order to visualize distinct intracellular structures under the microscope, 

specific antibodies (AB) were used to target these structures, which then again 

could be used as binding sites for fluorescent dyes (often mediated by a second 

AB). The experimental procedures were performed according to the following 

protocol: after fixation, cells were permeabilized with 0.5 % Triton-X100 (Carl 

Roth BmbH 6683.1) for 10 minutes. Samples stained with primary and 

secondary antibody, e.g. in this work anti-myogenin, anti-myosin IIa and anti-

paxillin as primary AB. Firstly, for blocking samples were incubated on a rocker 

in a PBS solution containing 3 % BSA (Sigma-Aldrich A9418-100G) for 30 

minutes. This blocking incubation is an important step to minimize non-specific 

binding in the cell. After blocking process, primary ABs were introduced to the 

cells by adding them to a PBS solution containing 3 % BSA in order to ensure 

specific bindings. Primary AB incubation usually lasted from 2 to 24 h, 

depending on the type of the antibody and its concentration. In this work I 

used the following conditions: 

 MǇogeŶiŶ ;aďĐaŵ aďϭϴϯϱͿ [Ϯ.ϱʅg/ŵl], Ϯ hours iŶĐuďatioŶ  
 Myosin IIa (Sigma-AldriĐh MϴϬϲϰͿ [ϭʅg/ŵl], ϯ hours iŶĐuďatioŶ 

 PaǆilliŶ ;aďĐaŵ aďϯϮϬϴϰͿ [Ϭ.ϰ ʅg/ŵl] oǀerŶight iŶĐuďatioŶ ;~ϭϲ hoursͿ. 
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The secondary AB was applied for up to 2 hours of incubation. 

Actin was stained with fluorescently labeled phalloidin Atto 550 (Atto Tec 

AD 550-81) for 1-2 hours. The nucleus was stained with Hoechst 33342 

(invitrogen H3570) in a concentration of 10 ng/ml for 30 minutes. In between 

each step cells were incubated on the rocker for 5 minutes with Triton X and 

washed with PBS afterwards. 

 

3.7. Fluorescence microscopy  

 

Imaging of the immunostained cells was done with the inverted 

fluorescence microscope Axio Observer.Z1 (Zeiss) equipped with an HXP120 

illumination lamp (Zeiss) and a Zyla sCMOS 4.2 camera (Zeiss) was used. The 

images were captured with 32x (Zeiss, LD A-Plan 32x/0.40 Ph1) and 40x (Zeiss, 

LD Plan-NeoFluor 40x/0.40 Ph2 Korr, 421361-9970) air objectives, depending 

on the cell size.  

 

 
Figure 3.6. Schematic light path within a fluorescence microscope (68). 

 

Shortly about the principle of the fluorescence microscopy: light of the 

desired excitation wavelength lightens the specimen, exciting the fluorescent 

molecules, which are specifically attached to the required structure in the cell. 

In general, fluorescence is a phenomenon where the dye is excited by a photon 

(within the excitation wavelength range) and then emits a photon by returning 

to its ground state at a longer wavelength (lower energy) due to the Stokes 
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shift (10). For example, when light at 488 nm (in the blue region of the visible 

spectrum) goes to a green fluorescent protein, electrons in the outer orbital of 

the atoms within the protein complex are excited to a higher energy state. 

When they return to their normal energy state, they emit photons of light at 

509 nm, which is in the green region of the visible spectrum.  

The emitted light is passed up through the optics of the microscope to 

the eyes or a light detector. Then the emitted light passes through a dichroic 

mirror, which at the same time prevents the excitation light to pass, as it 

prevents the interference from reflected excitation light entering the optics. 

Further sensitivity can be achieved using emission filters, which only allow light 

of the desired emission wavelength to pass through. Fluorescence microscopes 

have a number of adjustable filters, so that a range of excitation and emission 

wavelengths can be selected (see figure 3.6). 

 

3.8. Image analysis  

 

Fluorescence image analysis was used to obtain quantitative measures of 

morphological parameters of the cell and the expression of specific markers. 

ImageJ was used as an open source program for image processing (69). 

Fluorescence images were processed by applying threshold (using ͞default͟ 

method) in order to obtain the actin area of the cell. 

 

3.8.1. Area and aspect ratio analysis 

 

In order to obtain cell area and aspect ratio ImageJ was used. The images 

were opened with ImageJ, as shown on figure 3.7a. The appropriate threshold 

was chosen for each cell set depending on the behavior brightness of the 

staining. In the same experiment, all images were analyzed with the same 

threshold. With the ͚wand tracing tool͛ the area was selected and analyzed 

using the ImageJ operators (figure 3.7b). The main parameters I drew from the 

images were the area in pixels, the aspect ratio, which is the ratio of the major 

to minor axis of an ellipse with identical area calculated from the second 

moments of the the thresholded region. The aspect ratio shows the elongation 

of the cell: the cell is round when the aspect ratio is 1 and more elongated with 

higher aspect ratio. In principle the error of the measured value is caused by 

the imprecision of the measurement process and of the statistical intrinsic data 
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spreading of the sample. Statistical data spreading within the sets of cells 

turned out to contribute the most to the error compared to measurement 

precision errors (introduced for instance by pixilation during camera recording 

or the arbitrariness of the thresholding value). That is why only the statistical 

spreading error was taken into account for further data analysis. 

 

 
Figure 3.7. Image analysis with ImageJ. Image analysis of a representative cell in ImageJ. (a) 

A raw image. (b) Outlined cell image (after thresholding), the chosen area in yellow. In the 

box in the low right corner represents the analysis of the seleĐted area. SĐale ďar Ϯϱ ʅŵ 

 

3.8.2. Focal adhesion analysis 

 

In order to analyze the formation of focal adhesions on 2D substrates, 

immunofluorescent staining of several scaffolding proteins (e.g. vinculin, 

paxillin, talin, zyxin) are widely used. In this PhD work I chose to analyze the 

localization, amount and the average size of one of these scaffolding proteins – 

paxillin. For that I have used a primary AB against paxillin (abcam ab32084) 

produĐed iŶ raďďit. I applied it iŶ ĐoŶĐeŶtratioŶs of Ϭ.ϰ ʅg/ŵl aŶd iŶĐuďated it 
overnight. Paxillin staining of the cells exhibited high background noise (figure 

3.8a), that is why images had to be preprocessed so that the image quality was 

sufficient to use a particle tracker (see figure 3.8b).  

Image processing steps: 

1. ImageJ, first I cropped all images so that on each image only one cell and 

minimum amount of dirt was left, that the algorithm does not track it as 

the particles. 
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2. I opened images in a stack 

3. ProĐess→ SuďtraĐt ďaĐkgrouŶd ;Ϯ pǆͿ 
4. ProĐess→ Math→ Gaŵŵa ;ϭ.ϰͿ 
5. ProĐess→ Filter → ŵediaŶ ;ϮͿ 
6. Threshold, the same for all images 

7. AŶalǇze → AŶalǇze partiĐles → ϱ-80 px 

 

 
Figure 3.8. Analysis of paxillin staining with ImageJ. (a) A raw image of hMSC stained for 

paxillin. (b) Processed image with IŵageJ. SĐale ďar is Ϯϱ ʅŵ. 
 

3.8.3. Protein expression analysis using immunofluorescence 

 

To analyze the expression of requested proteins, these proteins were 

specifically immunostained. The fluorescence images of special proteins I 

analyzed by recording the fluorescent intensity distribution of labeled markers. 

In other words, with increasing intensity, more protein was expressed. E.g. in 

our case the expression of myogenin in muscle induced cells and myosin IIa in 

blebbistatin treated samples. In this case indirect two-stepped incubation was 

performed. Firstly, specific primary AB was used against the targeting protein in 

the cell. Then a fluorophore-coupled secondary antibody was applied to 

specifically bind to the primary AB. Specificity for this secondary AB means that 

the secondary AB is against the species in which the primary was produced. For 

proper analysis, all images were recorded at the same exposure time and 

illumination intensity.  
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The analysis of the intensity distribution was done in several steps in 

ImageJ. Firstly, the image recorded in the actin channel was thresholded. Then 

the area of the cell was selected by a ͞wand tool͟ and saved to the tool called 

ROI (Region of Interest) Manager, as demonstrated in Figure 3.9a. The saved 

region was then applied to the image of the expressed protein (see figure 

3.9b). By that I selected the area of interest to further analyze the mean of the 

intensity distribution in this area ICA. For each set of images the intensity of the 

background Ibackground was taken into account. For this purpose the area around 

the cell was selected (Figure 3.9c). 

The total intensity was calculated as: 

 𝐼௧௢௧௔௟ = (𝐼𝐶𝐴 − 𝐼௕௔௖௞𝑔𝑟௢௨௡ௗ) ∗ 𝐴௖௘௟௟   (3.5) 

  

Statistical variation of the data from cell to cell turned out to give the far 

most major error compared to measurement precision errors which were 

neglected for further analysis then. 

 

 

Figure 3.9. Protein expression analysis. (a) Threshold and selected actin area, added to the 

ROI manager. (b) Selected area from the ROI manager transferred to the myogenin 

expression image. (c) SeleĐted ďaĐkgrouŶd area arouŶd the Đell. SĐale ďar is Ϯϱ ʅŵ. 
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3.9. Filament sensor 

 

To analyze the alignment of actin SFs within the cell, I used a program 

called filament sensor. It is a filament tracking Java program based on a finger 

print analysis algorithm (70). It tracks the filaments and provides the 

information about position, length, width of each filament and the angle 

towards the x-axis (71). With this information I was able to quantify the 

alignment of the SFs encoded in the order parameter S=cos2θ, where θ is the 

angle between each stress fiber and the long (main) axis of the cell (8).  

 

3.10. Extraction of the effective cell elasticity from the Zemel’s 

model 

 

According to the Zemel͛s model we fit our data points with the following 

equation:  
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In a second step we checked if an additional exponent in the model 

equation would make it fit the data better. The resulting equation 
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with  minmax AAB   and minAC  , looks similar to the formula known as the Hill 

equation where n describes the cooperativity. However, in our context the 

cooperativity would have an abstract meaning, at first, not comparable to what 

is typically known from e.g. enzyme cooperativity. Nevertheless, we found that 

n was always close to 1 (data not shown) when applying numerical iteration 

fitting with OriginLab 8. That is why we kept on fitting all data for further 

analysis with the original model (n ≡ ϭͿ. 
By fitting the obtained data points we were able to extract the elasticity 

of the cells EC. The parameters minA , maxA  and EC were kept not fixed, i.e. freely 

floating, while fitting. The error of EC was calculated by the fitting program 

based on the standard Gaussian error propagation, given in general by 
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In this thesis the so called R
2
 value was used to grade the quality of a 

model fit. R
2
 is defined as    yVarrVarR /12  , where r are the residues, i.e. 

the difference between data point value and expected value by the fit, y the 

data point values. According to this definition R
2
 gives a measure of the percent 

of variance which can be explained by the model. It is a number between 0 and 

1. In the first case the variance of the residues equals the total variance, i.e. the 

chosen model is not able to fit the data better then the zero baseline of the 

coordinate system (72). The latter case can only be reached if the expected 

values of the fit coincide with the data point values, standing for a model which 

fits the data without any deviation (the fit goes exactly through every data 

point). In this work I used the R
2 

value to specify if the model explains the 

experimental data well.  

 

3.11. Optical trap  

 

Cell elasticity measurements with optical tweezers 

In order to measure the stiffness of different cell types, a custom-built 

dual optical trap was used where a laser is split into two beams which are 

focused by an objective and therefore form two optical traps in the sample 

plane. Both traps can be steered independently, one of them by an acusto-

optical deflector (AOD) (73). The position of an object within the trap can be 

measured for both traps independently by a quadrant photodetection (QPD) 

system (73). A detailed description of the setup can be found in (74,75).  

For the experiments two 4 µm diameter carboxylated polystyrene beads (PPs-

4.0COOH, Kisker Biotech, Steinfurt, Germany) coated with fibronectin (#F0895, 

Sigma-Aldrich) were attached to a cell from different sides. To prevent surface 

attachment of the cells the sample chamber was treated with 

dimethyldichlorosilane (DDS, #85126, Sigma) and 1% pluronic F108 (#3402.13, 

BASF, Ludwigshafen, Germany).  

The figure 3.10 demonstrates the schematic drawing of the setup. 

Basically, a suspended cell attached to two beads (red and blue), exerts forces 

F1 and F2. The displacement u1 and u2 of these beads are detected by QPD. In 
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active fluctuation measurements, the position of one trap is sinusoidally 

modulated by the AOD while the second trap measures the transmitted 

fluctuations (73). In these experiments displacements of 500 nm at a frequency 

of 0.2 Hz were applied.  

 
Figure 3.10. Schematic image of the optical trap setup. (75)  
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Chapter 4. Chemical and mechanical induction of hMSCs  

 

4.1 Introduction  

 

How cells respond to the combination of the chemical and mechanical 

cues is the key for understanding tissue regeneration. Understanding how 

human mesenchymal stem cells (hMSCs) from the bone marrow can 

differentiate into different cells types is one of the interests, but the underlying 

mechanisms are not well known. Full knowledge of the mechanisms of 

differentiation will be the key to the successful medical application. Till date, 

several triggers, such as chemical and mechanical differentiation, of stem cell 

differentiation paths have been reported. In this chapter, I demonstrate both 

mechanical, triggered by changes in the physical microenvironment (1), and 

chemical, promoted by addition of small chemicals and growth factors, 

differentiation of hMSCs towards muscle cells. Both approaches were shown to 

promote stem cell differentiation towards muscle cells (46,47,49,76). For the 

chemical differentiation, I used two different approaches, which include the 

addition of chemicals (dexamethasone and hydrocortisone) or growth factors 

(transforming growth factor β1) directly to the cell culture. For mechanical 

induction, I cultured cells on collagen-coated polyacrylamide (PAA) hydrogels of 

Young͛s modulus of 11 kPa. This gel stiffness mimics the natural muscle 

microenvironment and is known to promote stem cell differentiation towards 

muscle cells (1).  

For most of the experiments presented in this chapter, cells were placed 

on collagen-coated PAA gels with elasticities from 1 to 30 kPa and glass for 24 

hours after chemical or mechanical pre-culture. I further analyzed cellular 

susceptibility (response to the physical microenvironment) to the substrate. 

The time point of 24 hours was shown to be a short incubation to allow 

complete spreading of hMSCs and adapt morphological changes on different 

substrates (1,8).  

The morphological changes which were investigated were as follows:  

 actin spreading area,  

 aspect ratio or quantitative elongation of the cell, which is the ratio of 

long to short axes of the cell, 
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 order parameter S, which is quantification of the alignment of stress 

fibers in the cell. 

It is known that in comparison with other cells, muscle cells are more 

elongated and their SFs align along the long axes of the cell (9). Therefore, in 

this chapter, I will refer mostly to the aspect ratio of induced cells and compare 

it to physiological values of committed cells. Here we questioned the following: 

after the differentiation started and the morphological changes occurred, can 

the cell readapt to the new physical microenvironment? 

 

4.2. Chemical induction 

 

4.2.1. Effects of dexamethasone and hydrocortisone on stem 

cell differentiation 

 

It was shown in the previous studies that human mesenchymal stem cells 

(hMSCs) cultured in the media supplemented with dexamethasone and 

hydrocortisone may differentiate towards muscle cells (1,46,47). After the first 

weeks of culture, cells already expressed the early myogenic markers, such as 

MyoD1 and myogenin. On the contrary, hMSCs seeded on different substrates 

could differentiate towards various cell lines (e.g. neurons, muscle cells, 

osteoblasts) (1). In this part of the thesis, I performed cell culture experiments 

under both conditions: hMSCs cultured in dexamethasone and hydrocortisone 

and on PAA gels for 4 days. I prepared 2 sets of collagen-coated PAA gels from 

1 to 30 kPa. Cells (about 2500) were seeded per gel or glass, and in one set of 

gels, supplements for muscle induction media (MIM) were added. After 4 days 

of culture, cells were chemically fixed and fluorescently labeled for actin and 

nucleus. About 30 cells per condition were measured. The images were 

analyzed, as described in 3.8, to extract the actin spreading area and to 

calculate the aspect ratio. 

Cells were viable in both control media (figure 4.1b) and induction media 

(figure 4.1c). In case of hMSCs cultured only on gels, I observed an increase in 

the aspect ratio of the cells on gel of intermediate muscle-like rigidity (11 kPa), 

consistent with previous reports (1). In case of cells cultured in MIM, the aspect 

ratio on a gel of intermediate stiffness (11 kPa) is clearly higher than the aspect 
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ratio of hMSCs in control media. Cells on soft and stiff gels were comparably 

round (figure 4.1a), which is typical for neurons and bone cells.  

 

 
Figure 4.1. (a) Aspect ratio of control and muscle induced hMSCs on substrates with different 

elasticities after 4 days of culture. Error bars: standard error of the mean. Representative 

images of fluorescently labeled hMSCs on 10 kPa gel in control (b) and MIM (c).  

SĐale ďar: Ϯϱ ʅŵ. 
 

This measurement indicates that in short culture of hMSCs on 

intermediate substrates and in presence of MIM promotes more morphological 

changes resembling muscle cells, than culture only on gels. However, cells 

seeded on soft and stiff substrates and cultured in control or in presence of 

MIM are comparable in terms of their aspect ratio. Hence, MIM does not 

influence the morphology of cells on non-intermediate substrates.  

Additionally, cellular behavior and susceptibility to the new mechanical 

environment after a longer culture in MIM was assessed. I cultured stem cells 

for 1 week in control DMEM and MIM to further promote stem cell 

differentiation towards muscle cells. The two flasks with cells were incubated 

under identical environmental conditions, but in different media. Culture 

media was exchanged every 2-3 days to provide the cells with necessary 

supplements. After a week of culture, cells were detached from the culture 

flasks and seeded on gels with different elasticities and on cover glasses at a 

density of 2500 cells per well, followed by incubation for 24 hours. Then, cells 
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were chemically fixed and fluorescently labeled for actin and the nucleus and 

imaged using an inverted fluorescence microscope.  

Figure 4.2a shows the monotonic increase in the actin area with matrix 

elasticity under both conditions. This follows the theoretical predictions that 

the cell spreading area is highly dependent on the substrate elasticity: it 

increases monotonically with the increase in matrix elasticity (9). The area of 

induced cells appears to be significantly larger than the area of control cells. 

Thus, we concluded that MIM changes the susceptibility of the cells to the 

ECM. I then analyzed the aspect ratio of cells on different substrates in both 

samples (see figure 4.2b). I found that aspect ratios in both samples were 

similar, i.e. MIM pre-culture did not reveal morphological changes, in contrast 

with the control sample. This finding is contradictory to our hypothesis: since 

muscle cells are morphologically more elongated than other cell types, and 

MIM was shown to drive stem cell differentiation towards muscles (1), the 

aspect ratio of the chemically induced cells was expected to be higher than 

naive cells.  

 

 

 

Figure ϰ.Ϯ. ;aͿ AĐtiŶ area iŶ ʅŵ2
 and (b) cell aspect depending on matrix elasticity. hMSCs 

cultured 1 week in control DMEM (black) and in MIM (red), and then replaced for 24 hours 

to PAA gels. Error bars: standard error of the mean. Representative hMSCs on 30 kPa gel in 

control (c) and musĐle iŶduĐtioŶ ŵedia ;dͿ. SĐale ďar: Ϯϱ ʅŵ. 
 

It should be pointed out that already after 1 week of culture, cells did not 

seem to be viable anymore (see examples of the cells 4.2c and 4.2d), which 
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might have been caused by the addition of muscle induction supplements. Both 

dexamethasone and hydrocortisone are soluble only in ethanol, which, in high 

concentrations, is toxic to cells. Hence, the total amount of ethanol in the 

culture media was set to not exceed 5%. In order to check if our cell treatment 

might have influenced the behavior of cells, I performed control experiment 

with the addition of the same amount of ethanol as in MIM. Cell areas 

measured in the control media samples and cell areas in samples of DMEM 

added with 5% ethanol showed no significant differences (tested by two 

sample t-test) (see the appendix A.8). Thus, ethanol in concentrations of less 

than 5% does not affect the cellular behavior, similar results were reported 

earlier (77,78).  

In these experiments the method of muscle induction with 

dexamethasone described by Engler et al. (1) does affect cellular viability and 

cellular ability to differentiate. Therefore, long term culture experiments could 

not be performed under these conditions.  

 

4.2.2. Effects of long- and short-culture in transforming growth 

factor β1 oŶ steŵ cell differeŶtiatioŶ 

 

Short - term culture 

For several decades, research evidenced the importance of the 

traŶsforŵiŶg groǁth faĐtor βϭ ;TGF-βϭͿ iŶ Đell Đulture. TGF-β proteiŶs are 
multifunctional proteins that regulate cell growth, differentiation, and 

migration (79–82). It was shown in previous studies that short term cell culture 

changes cell contractility and its response to the environment on addition of 

TGF-βϭ (83–87). Interestingly, Liu showed that the maximum changes in 

fibroblasts contractility cultured in TGF-βϭ ǁere oďserǀed iŶ the first 48 hours 

(88). Tomasek and co-workers proposed another example of the importance of 

TGF-βϭ iŶ Đell Đulture, ŶaŵelǇ that the growth factor fully differentiates 

fibroblasts to myofibroblast within a short time (89). On the contrary, TGF-βϭ is 
also known to promote hMSCs differentiation towards muscle cells. It was 

shown that TGF-βϭ iŶĐreases alpha-actin (an early marker of MSC 

differentiation) expression in MSCs and promotes their specification into a 

smooth muscle lineage (90). These findings motivated me to analyze 

morphological changes in hMSCs induced by TGF-βϭ iŶ a short-term (48 hours) 

culture and observe modifications of cellular susceptibility to ECM. 
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With this intention, I cultured hMSCs for 48 hours in 2 different flasks: 

one containing only control DMEM, another DMEM supplemented with TGF-

βϭ. After the pre-culture, cells were trypsinized and seeded on collagen type I 

coated PAA gels for 24 hours in two 6-wells containing control and 

differentiation media. Afterwards, cells were chemically fixed, F-actin and 

nucleus were fluorescently immunostained and about 30 cells per condition 

were imaged. Morphological parameters, such as actin spreading area and 

aspect ratio of the cell, were extracted from the fluorescent images using 

ImageJ. 

 

 
Figure 4.1. (a) Actin spread area and (b) aspect ratio of hMSCs induced with TGF-βϭ for ϰϴ 

hours in flasks, then cultured on PAA gels and glass for 24 hours. Error bar: standard error of 

the mean. 

 

Figure 4.3 shows actin area and aspect ratio of cells cultured in control 

medium (black) and in the growth factor medium (red). Indeed, the 48 hours 

pre-culture of stem cells in TGF-βϭ ĐhaŶges the Đellular respoŶse to the ŵatriǆ. 
In comparison with the monotonic increase in the spreading area of naive cells, 

treated cells revealed a different behavior on the gels with stiffnesses of 1-30 

kPa. On intermediate substrates in the stiffness range of 10-30 kPa, cell area 

stays small, whereas aspect ratio of the TGF-βϭ Đells is higher thaŶ the ĐoŶtrol 
values. Aspect ratio values of the treated and untreated cells on soft substrates 

(1-5 kPa) are similar. Thus, the presented results indicate that TGF-βϭ ĐhaŶges 
the susceptibility of human mesenchymal stem cells in a short-term culture. For 

comparison of the morphological changes, I used naive and TGF-βϭ iŶhiďited 
mouse myoblasts C2C12 (see appendix A.7). These results do not show any 

differences between treated and untreated cells. Pre-cultured cells were tested 
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for the expression of myogenin, an early myogenic marker, using Western blot. 

No evidence of expression was found (see image in the appendix A.6).  

 

Long-term culture 

Since TGF-βϭ Ŷot oŶlǇ ĐhaŶges ĐoŶtraĐtilitǇ of differeŶt Đell liŶes, ďut also 
promotes hMSCs differentiation towards smooth muscle cells (49,76), it was 

interesting to investigate changes in cell morphology in response to long term 

induction. For this purpose, a week-long culture of hMSCs in DMEM 

supplemented with TGF-βϭ, as ǁell as a ĐoŶtrol sample, were tested. The 

culture medium was changed every 2-3 days to provide fresh supplements. 

After a week of culture, cells were detached and transferred onto the collagen-

coated gels with different elasticities of 1-30 kPa and on a glass substrate. Cells 

were chemically fixed after 24 hours of seeding and stained for actin and 

nucleus. As TGF-βϭ is supposed to proŵote steŵ Đell differeŶtiatioŶ toǁards 
smooth muscle cells, is was expected that hMSCs, after a week of pre-culture, 

would be elongated as muscle cells and further seeding on gels will not change 

their morphology. The aspect ratio of the pre-cultured cells was expected to be 

higher than control cells͛ on all substrates. As shown in figure 4.4, I observed 

that the aspect ratio of control cells showed a monotonic increase on soft 

substrates, followed by a decrease on stiff substrates, and a peak on 

intermediate muscle-like rigidity, as expected. Simultaneously, the aspect ratio 

of TGF-βϭ pre-cultured cells showed an increase on soft substrates, peaking on 

intermediate rigidity, whereas on stiff substrates cells were as elongated as in 

the intermediate range. On glass, the aspect ratios of both sample cells were 

comparable. Hence, independent of pre-culture, seeding on soft substrates and 

glass, the cellular microenvironment dictates its fate. At the same time, cells 

seeded on 10-30 kPa gels kept their morphological memory. This shows that 

the chemical induction prevents pre-cultured cells from adapting to different 

substrates within the first 24 hours, as demonstrated for the control case.  

Here, I show that TGF-βϭ ĐhaŶges Đellular susĐeptiďilitǇ to the suďstrate 

in short- and long-term culture: cells spread in a different way on identical 

substrates. It is also interesting that stem cells change their morphology 

towards muscle cells and become more elongated.  
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Figure 4.4. Aspect ratio of control cells and hMSCs chemically induced by TGF-βϭ aŶd theŶ 

cultured on PAA gels with different elasticities for 24 hours. Error bars: standard error of the 

mean. 

 

4.3. Mechanical induction of hMSCs on gels with muscle-like 

rigidity 

 

A decade ago, Engler and his co-workers showed that just culturing cells 

on muscle-like rigidity is enough to drive stem cell differentiation (1). The proof 

of the differentiation is the expression of early myogenic markers, such as 

MyoD1 and myogenin. The expression of myogenic markers in mechanically 

induced hMSCs corresponded to 50% of the protein expression in mouse 

myoblasts C2C12. Hence, as mechanical induction promotes differentiation, 

after a week of pre-culture on gels with muscle-like rigidity, hMSCs should lose 

their ability to readapt to other microenvironments. In order to evaluate this 

assumption, I cultured hMSCs on 11 kPa gels for 1 and 2 weeks in order to 

mechanically induce differentiation. Six PAA gels coated with collagen with a 

large diameter of 50 mm were prepared to provide enough space to allow the 

cells to freely migrate and divide. Cells were cultured onto the substrates at a 

density of 7000-8000 cells per gel to avoid confluence, media was changed 

every 2-3 days. After a week of culture, half of the cells were detached and 
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transferred to other collagen-coated substrates with elasticities from 1 to 30 

kPa and glass for 24 hours. The remaining cells were cultured for another week, 

and the procedure was repeated. As a control, I cultured hMSCs in parallel for 1 

and 2 weeks on a collagen-coated glass substrate and simultaneously with the 

pre-cultured samples, transferred the cells onto gels with different elasticities, 

and cultured them for another 24 hours.  

After 24 hours of culture on different substrates, cells were chemically 

fixed, immunostained for F-actin and nucleus and imaged (30 cells per 

condition). Image analysis was done, as described in chapter 3.8, to extract 

actin spreading area and to calculate aspect ratio. The actin area in control 

sample grew with the increase in the matrix elasticity, following the predictions 

(9). I applied the fitting equation 2.1, which describes the spreading behavior of 

cells depending on the substrate. When applying this prediction to the 

experimental data, one can extract a fitting parameter Ec 
3
, which is the 

effective Young͛s modulus of the cell. For the described control experiment, 

this parameter is Ec = 8.4 ± 1.6 kPa (see figure 4.5a).  

When comparing the cells pre-cultured on 11 kPa gels with the control 

cells, pre-cultured cells changed their susceptibility to the same underlying 

matrix. Both, control cell area (black) and pre-cultured cell area (red), shown in 

the figure 4.5a, grew monotonically with the matrix elasticity from 1 to 10 kPa. 

Then, in the range of 10 to 30 kPa, cell area of pre-cultured cells did not 

significantly differ anymore (verified by T-test,  = 0.5-0.8). The fit in the case of 

pre-cultured cells yielded an elasticity value of Ec = 6.7 ± 6.2 kPa, which differed 

significantly from that of the control sample. The aspect ratio analysis of both 

samples showed that pre-cultured hMSCs are more elongated on intermediate 

substrates than the control cells, whereas aspect ratio of cells on soft (1 and 5 

kPa) and stiff (30 kPa and glass) substrates showed similar values (figure 4.4b).  

                                                 
3
 For plotting the graphs, fitting the model equation and extracting fitting parameters 

OriginLab program was used. The error of the cellular elasticity was calculated by a 

regression algorithm based on the Gaussian error propagation 
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Figure 4.5. (a) Actin spread area and (b) aspect ratio of hMSCs pre-cultured for one week on 

11 kPa gels (red) and glass (black), then replaced for 24 hours on gels of 1-30 kPa and glass. 1 

week pre-culture on glass was taken as control. Error bars: standard error of the mean. 

 

In addition to changing the spreading area and aspect ratio, matrix 

rigidity also influences the alignment of SFs in the cell. It is known that cells 

cultured on 11 kPa substrates have their SFs aligned along the long axes of the 

cell (8). This inspired a question: will the alignment of SFs readapt to substrates 

with different rigidities after hMSCs differentiate towards muscle cells by 

culturing them a week on muscle-like rigidity substrates? 

The images presented in figure 4.6a show the quantification of the 

alignment of the stress fibers using a finger print detection algorithm, which 

was established by Eltzner and co-workers (71). The analysis of the order 

parameter S gives a measure of the alignment of stress fibers with the long axis 

of the cell (see section 3.9). A comparative analysis of control and mechanically 

induced sample showed that the alignments of SFs do not differ for most 

substrate rigidities, except for the 11 kPa gel (see figure 4.6a), wherein pre-

cultured cells align their fibers more isotropically. In other words, cells pre-

cultured on muscle-like rigidity are able to adapt their stress fiber alignment 

within 24 hours of seeding on different gels. Images of representative cells with 

tracked fibers are shown in figure 4.6b. Basically, filaments of cells on 11 kPa 

are mostly aligned along the long axis of the cell (high S values). Cells on soft 1 

kPa gel are small, round, and barely exhibit filaments, though they show an 

anisotropic alignment, similar to cells on stiff substrates (30 kPa) or glass.  
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Figure 4.6. (a) Order parameter S of hMSCs pre-cultured for one week on 11 kPa gels (red) 

and glass (black), then transferred for 24 hours onto gels with elastic moduli of 1-30 kPa and 

onto glass. 1 week pre-culture on glass was taken as control. Error bars standard error of the 

mean. (b) Fluorescent images of representative hMSCs on different substrates with tracked 

filaments (yellow). SĐale ďars: Ϯϱʅŵ 

 

In summary, mechanically induced hMSCs revealed morphological 

changes in the response to the underlying matrix. However, they were able to 
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readapt the shape and alignment of SFs to the new conditions within 24 hours, 

similar to the cells that did not undergo the mechanical differentiation 

procedure.  

To further test if this effect also occurs after longer times of pre-

culturing, cells were treated under the same experimental conditions as 

described above, but cultured for 2 weeks. As described in section 4.2.1, 

regarding the case of a long chemical culture in dexamethasone and 

hydrocortisone, cells did not remain viable, hence these data have to be taken 

as preliminary. Nevertheless, analysis of the aspect ratio of cells pre-cultured 2 

weeks on the 11 kPa gel and then 24 hours on gels with different elasticities 

showed the same tendency of readapting to the new mechanical environment 

(figure 4.7).  

 

 
Figure 4.7. Aspect ratio of hMSCs pre-cultured one and two weeks on 11 kPa PAA gel before 

replacing them for 24 hours to the gels with 1 to 30 kPa rigidity and glass. Error bars: 

standard error of the mean. 

 

When comparing the aspect ratios of the 1 and 2 weeks pre-culture, cells 

of the 1 week sample showed a higher aspect ratio than cells of 2 weeks 

samples. A potential explanation is the low viability of cells in the 2 weeks 
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samples. Nevertheless, these results prove that mechanically induced cells do 

not lose their ability to shape according to the underlying substrate. 

 

4.4. Myogenin expression in muscle-induced hMSCs and 

committed myoblasts 

 

In case a stem cell undergoes differentiation process towards specific 

commitment, it should express special markers corresponding to the cell line. 

In our experiments, the cells promoted morphological changes towards muscle 

cells. Therefore, it was essential to analyze the expression of the early 

myogenic marker, such as myogenin. I used fluorescent immunostaining of 

myogenin in the cells after a long-term pre-culture. Here, the intensity of the 

florescent response was supposed to give the amount of the specific stained 

protein. 

A fraction of the hMSCs pre-cultured 1 week under different conditions, 

described above (11 kPa gel and TGF-βϭͿ, were seeded on glass for one hour 

and then chemically fixed. One hour in culture is enough for cells to attach to 

the substrate, but it is not enough time to adapt morphologically and 

physiologically to it. These cells were stained for the early myogenic marker 

myogenin, actin, and nucleus. Here, I analyzed the total intensity of the marker, 

while taking the cell area into account (as described in 3.8.3). For this 

experiment, it is essential to have a ͞non-primary control͟, i.e. to stain the 

sample only with secondary antibodies, because it may reveal unspecific 

binding of the fluorescent dye in the cell. By that, the intensity of the non-

specific binding of the secondary antibody was excluded in all the samples.  

The results of this experiment are shown in figure 4.8. It reveals that the 

expression of myogenin in both, mechanically and chemically pre-cultured cells 

is not significantly (= 0.065) different from each other, but differs from that in 

the control hMSCs. These results of the expression were compared with the 

expression of myogenin in committed cells, mouse myoblasts C2C12. This 

expression showed 21% (mechanically induced) and 22% (chemically induced) 

from expression of myogenin in mouse myoblasts C2C12 (Figure 4.8). The high 

intensity in naive hMSCs raised doubts. The high intensity of myogenin 

expression can be described as a non-specific binding or not bound at all 

molecules of primary AB in the cell, which caused the binding of secondary AB 

to these free molecules and as the result high intensity. 
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Figure 4.8. Myogenin expression intensity of control, pre-cultured on 11kPa and in TGF-β1 

hMSCs, and then seeded for 1 hour on glass substrate. In blue: myogenin expression 

intensity in mouse myoblasts C2C12. Error bars: standard error of the mean. 

 

Moreover, after a week of pre-culture, chemically and mechanically 

induced hMSCs were analyzed for the expression of myogenin using western 

blot, which did not show any protein expression. This result can be due to the 

low amount of the cells for western blot and not enough sensitive protein 

detection for that amount of protein expression. 
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4.5. Summary and discussion 

 

In this chapter, I presented the results of the differentiation of hMSCs 

towards muscle cells using mechanical and chemical induction. Firstly, stem cell 

differentiation by the addition of dexamethasone and hydrocortisone was 

performed, as described previously (1,46,47). Long term culture did not work 

out well due to low cellular viability. Short term culture in dexamethasone and 

hydrocortisole on substrates with muscle-like elasticities revealed significant 

morphological changes, particularly in cells seeded on substrates with 

intermediate rigidities. The elongation of these cells was close to that of muscle 

cells. 

Secondly, TGF-β1 promoted drastic changes in cellular morphology: in a 

week of culture, it changed the stem cell contractility and susceptibility to the 

matrix. Cells that were cultured in TGF-βϭ did Ŷot eǆhiďit the aďilitǇ to fullǇ 
adapt to the new matrices within 24 hours, as control cells do. Moreover, these 

changes started already within the first 48 hours of culture in the growth factor 

supplemented medium, which was shown in the figure 4.3. This result 

promotes the idea that TGF-βϭ is a ǀerǇ iŵportaŶt suppleŵeŶt iŶ the Đell 
culture and can change cellular fate in a short period of time (48 hours). Here, I 

showed that this growth factor changes the contractility not only of fibroblasts 

(86,88) or myofibroblasts (83,85,89), as was described previously, but also 

hMSCs.  

Furthermore, the transforming growth factor β1 is known to promote 

the expression of alpha-actin (90). That means it changes not only the cellular 

contractility, but also drives the stem cell differentiation towards muscle cells. 

Here, I showed that the expression of the early myogenic marker myogenin 

could be seen already after a week of culture in the fluorescent 

immunostaining of the marker, which was 22% from the expression in C2C12 

myoblasts.  

Additionally, fluorescently staining myogenin in the mechanically induced 

hMSCs expressed 21% of the myogenic marker in comparison with the same 

marker expression in C2C12 myoblasts.  

In addition to these findings, I showed that pre-culture on muscle-like 

rigidity affected cell spreading on different substrates, noted by changes in the 

fitting parameter Ec. It was expected that mechanically induced hMSCs, after 

introduction them to another mechanical properties of the environment, 
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would not readapt to them. Whereas morphological changes of the pre-

cultured cells showed the opposite: cells are adaptable to new rigidities. Thus, 

mechanical pre-culture has a reversible effect. The result contributes the 

theory of Frank and co-workers (91) that hMSCs do not lose their ͞stemness͟ 

within a week of culture on a substrate. In fact, I showed that hMSCs cultured 

on 11 kPa substrate for a week can be transferred to different substrates and 

can adapt to them within 24 hours.  
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Chapter 5 Mechanics of hMSCs and committed cells 

 

5.1. Spreading mechanics on elastic substrates  

 

Since hMSCs can differentiate into different cell lines, from neurons to 

osteoblasts, it is interesting to analyze and compare morphological changes of 

the already committed cells in response to elastic substrates. For that purpose 

4 additional adherent cell types were chosen:  

 C2C12 is a mouse myoblast cell line, 

 3T3 NIH fibroblasts from mouse, 

 SAOS-2 human sarcoma osteoblasts and 

 HOBs human primary osteoblasts. 

These cell lines were cultured in the incubator at 37 °C and 5% of CO2, 

the used medium is described in the 3.1 section. For all these cell lines I 

simultaneously prepared gels from 1 to 30 kPa and glass, as they were used for 

hMSCs and described in the previous chapter. Cells were seeded on the 

collagen-coated substrates for 24 hours and then chemically fixed. To analyze 

the cellular morphology, actin and the nucleus were fluorescently labeled, 

using the methods described in the 3.6 section. The samples were imaged with 

an inverted fluorescence microscope, 30 cells per condition and the images 

were analyzed using ImageJ (see 3.8 section).  

Figure 5.1 shows the spreading behavior of 4 out of 5 cell lines: hMSCs, 

C2C12, 3T3 fibroblasts and SAOS-2 osteoblasts on different substrates from 1 

to 30 kPa and glass. All cell lines show a similar trend of monotonic increase of 

the cell area with increasing matrix elasticity, which is in a good agreement 

with the theoretical predictions (9). Apparently, cells on infinitely stiff 

substrate, as glass, have the maximum spreading area. Spreading behavior of 

hMSCs cultured on 30 kPa corresponds the behavior on an infinitely stiff, what 

can be seen from the spreading comparable with the maximum area on glass. 

From figure 5.2a it can be seen that hMSCs already reach their maximum 

spreading on 30 kPa in comparison with stiff glass. Whereas, for such cells as 

3T3 fibroblasts and SAOS-2 osteoblasts a 30 kPa gel is not stiff enough to fully 

spread, since the mean area of the cells is significantly smaller then mean area 

on the glass substrate (figure 5.3). In case of C2C12 myoblasts, cell spread and 
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shape already on soft substrates, in contrast to SAOS-2 osteoblasts which find 

1-10 kPa gels too soft to spread. 

Fitting Zemel͛s model 2.1 to the different cell lines enables me to extract 

the cellular elasticity Ec (Table 5.1). From the table it can be seen that the 

effective Young͛s modulus of the cell is the lowest in case of hMSCs (8.4 ± 1.6 

kPa) and the stiffest for SAOS-2 (56.4 ± 140.1 kPa). Here, the big error reflects 

the intrinsic scattering of the data. Nonetheless, the quality of the fit R
2 

shows 

hMSCs and C2C12 data sets are good fit by the model. R
2
 and errors of the 

fitting parameter Ec designate the worse fitting of the Zemel͛s model to the 

spreading behavior of fibroblasts and SAOS-2 osteoblasts.  

 

 

Figure 5.2. Representative images of the used cell lines seeded on elastic substrates with 

Young͛s modulus from 1 kPa to 30 kPa and glass after 24 hours of culture. Scale bar 25 ʅm. 
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Figure 5.2. Actin spread area of (a) hMSCs and (b) C2C12 myoblasts cultured on elastic PAA 

gels for 24 hours. The red curve represents the fit of the model equation 2.1 to the data, 

where R
2
 represents the quality of the fit. Ec is a fitting parameter representing the Young͛s 

modulus of the cell. Error bars: standard error of the mean. 

 

 
Figure 5.3. Actin spread area of (a) 3T3 fibroblasts and (b) SAOS-2 cells cultured on elastic 

PAA gels for 24 hours. The red curve represents the fit of the model equation 2.1 to the data, 

where R
2
 represents the quality of the fit. Ec is a fitting parameter representing the Young͛s 

modulus of the cell. Error bars: standard error of the mean. 

 

The described results motivated to fill the gaps in the data graphs by 

preparing stiffer gels. Therefore I prepared additional gels with stiffnesses of 66 

kPa and 130 kPa. The concentrations of PAA gel solution components and the 

gel preparation procedure is described in 3.4. 
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Table 5.1. Fitting parameters of the model to the spreading behavior of 4 presented cell 

lines. 

Cell line type Ec, kPa R
2
 

hMSCs 8.4 ± 1.6 0.98 

C2C12 myoblasts 10.6 ± 0.8 0.88 

3T3 fibroblasts 32.4 ± 63.7 0.41 

SAOS-2 osteoblasts 56.4 ± 140.1 0.15 

 

 

5.2. Cellular spreading dynamics  

 

Already during cell imaging, I noticed that C2C12 and SAOS-2 cells fixed 

after 24 hours of culture were in a doubling phase. For my experiment this 

conditions are not appropriate, we analyze single and isolated cells, which fate 

was not affected by the interaction with another cell or doubling within this 

short time gap. Hence, 24 hours is not an appropriate time point to fix all the 

cell lines. Thus, we decided to investigate the dynamics of cells spreading over 

time on collagen-coated glass substrates to find a proper fixation time. For this 

purpose, I plated cells on cover glasses and fixed them after different time 

points (1, 2, 4, 8, 12, 16, 24, 36 and 48 hours). The spreading dynamics of these 

cell lines are shown in figure 5.4. Since individual cells differ in size, I 

normalized the spreading dynamics of each cell line to its area after 24 hour of 

seeding to compare their spreading. Figure 5.4 demonstrates that all cell lines 

have different spreading dynamics. For example, hMSCs and C2C12 cells reach 

60% of their maximum spread area already after one hour of seeding on glass. 

In comparison, C2C12 cells reach the maximum area within 8-12 hours, 

whereas hMSCs are fully spread after 24-36 hours. SAOS-2 and HOBs spread on 

glass about 40% after 1 hour of seeding, but take longer to reach the maximum 

(about 16 hours). Conversely, fibroblasts take very long to fully spread on glass 

substrates: after an hour of seeding they reach about 20% of their maximal 

area and are fully spread only after 36 hours. Interestingly, one can see in the 

spreading dynamics the time point when the cell doubling happens. Especially 

in the case of HOBs it can be seen that the area is increasing over time and 
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then at a certain time point between 24 and 36 hours it drops and then 

increases again.  

Taking the doubling time into account of the maximum spreading area of 

each cell line on glass substrate, I chose the fixation time (see table 5.2). For 

osteoblasts and C2C12 I chose the optimal fixation time to be 16 hours after 

seeding. For hMSCs I have shown that 24 hours was the appropriate time for 

the full spreading. NIH 3t3 fibroblasts needed the longest time to fully spread 

out of presented cell lines, namely 36 hours. 

 

 

Figure 5.4. Spreading dynamics of actin polymerization of hMSCs, SAOS-2, 3T3 fibroblasts, 

C2C12 and HOBs myoblasts on collagen-coated glass substrate. Error bars: standard error of 

the mean. 
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Table 5.2. Doubling time and the optimal fixation time point of the 5 cell lines. 

Cell line Literature: doubling time, 

hours (reference) 

Optimal fixation time, hours 

hMSCs 33 (92) 24 

C2C12 20 (93) 16 

NIH fibroblasts 18-20 (94) 36 

SAOS-2 38 (95) 16 

HOBs 38 (5) 16 

 

5.3. Applying the theoretical model on cellular spreading 

 

Being aware of the spreading dynamics of each cell line and after 

choosing appropriate timings, as well as making gels with defined elasticities, I 

moved to the next step of analysis of the spreading behavior of the 5 different 

cell lines (hMSCs, C2C12 myoblasts, 3T3 fibroblasts, HOBs and SAOS-2 

osteoblasts). For that purpose, I prepared 5 sets of collagen-coated PAA gels 

having 8 different elasticities from 1 kPa to 130 kPa and glass. During each gel 

preparation, the gel solution͛s stiffness was measured by a rheometer to 

control the matrix elasticity of the substrates. After that, cells were seeded in 

the density of 2500-3000 cells per well and cultured for the optimal time (see 

table 5.2) to guarantee that they fully spread and adapt their morphology. Then 

cells were chemically fixed and F-actin and the nucleus were fluorescently 

labeled. About 60 cells were imaged per condition and fluorescence images 

were analyzed as described in the 3.8 section in order to extract the actin 

spread area. In figures 5.4-8 the cellular actin spread area on different elastic 

substrates and the resulting fit of the model equation 2.1 can be seen. The 

results show a similar tendency for all presented cell lines: spread area 

increases monotonically with the substrate stiffness.  

Figure 5.5 demonstrates actin spread area in µm
2
 of hMSCs on different 

substrates within the first 24 hours. One can see that cells cannot spread if 

seeded on very soft substrates and that their area is small. With increasing 

substrate stiffness, the area is increasing as well. This spreading behavior 

follows the theoretical predictions (9). Fitting the model equation to the data 

set shows the quality of the fit of R
2
=0.96. The extracted effective Young͛s 

modulus of the cells is 9 ± 2.8 kPa.  
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Figure 5.5. (a) Actin spread area of hMSCs on elastic substrates and glass, fixed after 24 

hours of culture. Shown in red is the fit of the model equation. Error bars: standard error of 

the mean. (b) Representative image of hMSCs on a glass substrate, actin staining. 

 

In case of mouse myoblasts, cells were cultured for 16 hours on equally 

prepared substrates as before. C2C12 cells appeared to be 5-6 times smaller 

than hMSCs. On soft substrates these cells were also small and the spread area 

was increasing with matrix elasticity (figure 5.6). R
2 

= 0.92 shows that spreading 

behavior of C2C12 also follows theoretical predictions. The Young͛s modulus of 

the cell, extracted from the fit, is 7.1 ± 3.0 kPa. 

 
Figure 5.6. Actin spread area (a) of C2C12 myoblasts on elastic substrates and glass, fixed 

after 16 hours of culture. Red is the fit of the model equation. Error bars: standard error of 

the mean. (b) Representative image of C2C12 on a glass substrate, actin staining. 
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Seeding fibroblasts on identical substrates as before leads to the same 

tendency: cells are small on soft substrates and the area is growing with the 

matrix elasticity (figure 5.7). Spreading behavior of this cell line is also 

described by the theoretical predictions and the model equation fits well to this 

data set (R
2
=0.95). The Young͛s modulus of the cell, extracted from the fit gives 

a value of Ec= 10.3 ± 2.6 kPa. These cells turned out to be as big as C2C12 cells 

and 5-6 times smaller than hMSCs (figure 5.5). 

 

 
Figure 5.7. Actin spread area (a) of 3T3 fibroblasts myoblasts on elastic substrates and glass, 

fixed after 16 hours of culture. Shown in red is the fit of the model equation. Error bars: 

standard error of the mean. (b) Representative image of fibroblasts on a glass substrate, 

actin staining. 

 

Human primary osteoblasts appeared to be the biggest cell line out of 

the five presented cell lines. It can be seen that HOBs cell area is small on 1 kPa, 

but already on 2 kPa the area is clearly increasing (figure 5.8). The cells spread 

fully already on 30 kPa, exhibiting a comparable value as on glass. Again, the 

area of these cells grows monotonically with substrate elasticity. Unlike the 

previous cell lines, HOBs on 1 kPa gel are already spread. It seems that this 

elasticity is not soft enough to be non-spread. In consequence, the inflection 

point of the fit is moved to the lower values. That is the reason that the fitting 

parameter Ec = 3.4 ± 1.3 kPa gives a comparably low value, though the fit is 

good (R
2 

= 0.95).  
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Figure 5.8. Actin spread area (a) of HOBs myoblasts on elastic substrates and glass, fixed 

after 16 hours of culture. Shown in red is the fit of the model equation. Error bars: SEM. (b) 

Representative image of HOBs on a glass substrate, actin staining. 

 

SAOS-2 osteoblasts appeared to be the stiffest cells with Young͛s moduli 

of Ec=14.8 ± 4.2 kPa and with R
2
=0.95. SAOS-2 cells were also small on soft 

substrates and the spread area increased with the substrate elasticity increase. 

Unlike HOBs (figure 5.8), SAOS-2 were small on 1-4 kPa with a monotonic 

increase of the area on stiffnesses higher than 4 kPa (see figure 5.9). Cells reach 

their maximal spreading area only on very stiff substrates, namely 130 kPa. 

 

 
Figure 5.9. Actin spread area (a) of SAOS-2 myoblasts on elastic substrates and glass, fixed 

after 16 hours of culture. . Shown in red is the fit of the model equation. Error bars: standard 

error of the mean. (b) Representative image of SAOS-2 on glass substrate, actin staining. 
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Three out of five cell lines such as hMSCs (figure 5.5b), HOBs (figure 5.8b) 

and SAOS-2 (figure 5.9b) exposed very well pronounced stress fibers. That is 

why I decided to analyze and compare their alignment. For that I used a 

filament sensor, which was established by Eltzner and co-workers (71) and 

described previously in this work in 3.9. In short, the tool was used to track the 

localization and alignment of fluorescently labeled actin filaments. For 

quantification of the alignment of SFs I have used order parameter S, where 

S=cos2θ, θ is the angle between each stress fiber and the long (main) axis of 

the cell (8). That means if SFs aligned mostly along the long axes of the cell the 

order parameter is close to 1, but when the alignment is anisotropic, is S close 

to 0. 

In figure 5.10 I present order parameters of hMSCs, HOBs and SAOS-2 

cells dependent on the substrate elasticity. The alignment of SFs showed the 

same tendency: on soft substrates, the order parameter is low then increasing 

with matrix elasticity and at a certain stiffness reaches a plateau and stays 

constant. 

The result shows that the substrate elasticity E directly dictates 

preferential alignment of the stress fibers in the cell. On soft substrates, fibers 

are aligned almost randomly in different directions. Cells seeded on stiffer 

substrates align their stress fibers more along the long axes of the cell. In the 

case of stem cells (figure 5.10a) the maximum of the order parameter is at 

approximately 11 kPa. This is exactly the stiffness that mechanically induces 

differentiation towards muscle cells. These results are in good agreement with 

data previously published by Zemel et al. (9), where they theoretically 

predicted and showed experimentally that the order parameter of stress fibers 

directly depends on the Young͛s elastic modulus of the substrate and peaks at 

11 kPa. 
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Figure 5.10. Order parameter S and representative cells on glass of (a) hMSCs, (b) SAOS-2 

and (c) HOBs seeded on substrates with different stiffnesses. Error bars: standard error of 

the mean. Insets: Exemplary fluorescence images of representative cells seeded on glass, 

yellow lines highlight the tracked fibers. SĐale ďar: Ϯϱ ʅŵ. 
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5.4.  Myosin II inhibition 

 

Non-muscle myosin II plays an important role in cellular mechano-

sensitivity. To elucidate its fundamental mechanisms, we decided to inhibit the 

activity of myosin motors with an inhibitor called blebbistatin. It specifically 

inhibits non-muscle myosin II in a step when the myosin head is detached from 

the actin filament (34). This inhibition is fully 

reversible, i.e. washing out blebbistatin and 

filling with culture media resulted in the 

normal morphology (41,97). Most of the 

studies used high concentrations of the drug, 

namely 50-100 ʅM (41,54,98), which already 

broke SFs structure and caused the formation 

of the dendritic structures of the cell. Figure 

5.11 shows an example of the dendritic actin 

morphology of hMSC after addition of 50 µM 

blebbistatin.  

 

 

5.4.1.  Inhibition of the myosin activity in SAOS-2 cells 

 

In this research I used low concentrations of blebbistatin (12.5-Ϯϱ ʅMͿ to 
better understand the cellular morphology and susceptibility to the matrix by 

inhibiting lower amount of myosin II motors. Notably, SAOS-2 cells have well-

pronounced stress fibers and their perturbations could be well studied. These 

cells were cultured for 16 hours on collagen-coated PAA gels with Young͛s 

moduli from 0.5 to 130 kPa in control medium, and the media supplemented 

by 12.5 and 25 µM of blebbistatin. After fixing, cells were fluorescently stained 

for F-actin and the nucleus, and about 30 cells per condition were imaged with 

an inverted fluorescence microscope. At these concentrations cells still could 

form stress fibers, as shown in the example image 5.11b (glass).  

The drug was added to the culture media during cell seeding. Figure 

5.12b shows the morphological behavior of SAOS-2 cells on 1 kPa gel and glass 

substrates. The black curve with the fitting parameter Ec = 14.6 ± 4.7 kPa 

reproduce the previously shown results (see figure 5.9). Whereas cells cultured 

in  the  presence of  blebbistatin  have  changed their  susceptibility to  only soft  

 
Figure 5.11. Fluorescent image of 

hMSC fixed on glass and treated 

ǁith ϱϬ ʅM ďleďďistatiŶ. Scale bar 

Ϯϱ ʅŵ. 
 



 
63 

 

 

 
 Figure 5.12. (a) Actin spread area vs. matrix elasticity of SAOS-2 cells in control medium 

(black) and treated with 12.5 (red) and 25 ʅM ;ďlueͿ of ďleďďistatiŶ. Error bars: SEM. Black, 

red and blue curves represent the fit of the model equation 2.1. Ec is the fitting parameter 

representing the Young͛s modulus of the cell and R
2
 is the quality of the fit. (b) 

Representative images of stained actin in SAOS-2 cultured on 1 kPa gel and on glass and in 

additioŶ of ďleďďistatiŶ iŶ ĐoŶĐeŶtratioŶs of ϭϮ.ϱ aŶd Ϯϱ ʅM. SĐale ďar Ϯϱ ʅŵ. 



 
64 

 

substrates (on stiff substrates and glass the spread area is comparable): cells 

appeared to be drastically larger than non-treated cells, whereas the cell area 

on stiff substrates and glass is comparable (see figure 5.12a). Remarkably, the 

drug did not affect the spreading area on stiff substrates, i.e. the area stayed in 

a comparable range on glass and 130 kPa gels. For the Đase of Ϯϱ ʅM 
blebbistatin treatment it seems that fitting of the theoretical model to the 

experimental data is worse than control sample, since the quality of the fit is R
2
 

= 0.65.  

Furthermore, a control experiment was performed. Since blebbistatin is 

dissolved in dimethyl sulfoxide (DMSO), to make sure there is no effect solely 

by DMSO, it was added to the control media at the same amount as contained 

iŶ the Ϯϱ ʅM ďleďďistatiŶ saŵple ;Ϭ.ϱ% of DMSO iŶ the ŵediuŵͿ. The result 
shows no effect upon the addition of 0.5% of DMSO on cell spreading (see 

appendix A.9). 

 

5.4.2.  Inhibition of the myosin activity in hMSCs 

 

Since these experiments gave a clear proof of a blebbistatin-caused 

effect on increased cellular spreading on soft substrates at low concentrations, 

we wanted to test if this is a cell line specific finding. Hence, I performed a 

similar experiment with another cell line. Since Engler (1) also showed that 

treatiŶg hMSCs ǁith ďleďďistatiŶ at ĐoŶĐeŶtratioŶs of ϱϬ ʅM aŶd higher ďloĐks 
stem cell differentiation, it was interesting to see the changes of the 

morphology after a mild drug treatment. I cultured hMSCs, under the same 

conditions as SAOS-2 cells, on collagen-coated PAA gels with stiffness ranging 

from 0.5 to 130 kPa and glass for 24 hours in control DMEM and in DMEM 

suppleŵeŶted ďǇ ϭϮ.ϱ aŶd Ϯϱ ʅM of ďleďďistatiŶ. As control media was taken 

DMEM in addition of 0.05% of DMSO, the same amount of the solvent as in 25 

µM blebbistatin. The DMSO control was done to exclude the effect of it on the 

cell spreading. Cells were also fluorescently stained for F-actin and the nucleus, 

about 30 cells were imaged by condition. 

Already fluorescence images of hMSCs on the soft 1 kPa gel and glass 

substrate revealed a similar trend as for the previous cell line (figure 5.13b). 

Control hMSCs on the soft gel were not well spread and look round, whereas 

the addition of blebbistatin facilitates the spreading. Moreover, cells seeded on 
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glass did not show any morphological differences which is in good agreement 

to my previous investigation.  

 

 
Figure 5.13. (a) Actin spread area vs. matrix elasticity of hMSCs in control medium (black) 

and treated with 12.5 (red) and 25 ʅM ;ďlueͿ of ďleďďistatiŶ. Error bars: SEM. Black, red and 

blue curves represent the fit of Zemel͛s model equation. Ec is the fitting parameter 

representing the Young͛s modulus of the cell and R
2
 is the quality of the fit. (b) 

Representative images of stained actin in the cell. Scale bar Ϯϱ ʅŵ. 
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A close look to the plot of the actin area of cells on various substrates 

(figure 5.13a), reveals that blebbistatin treatment changes actin spread area 

only on soft substrates. From the plot it can be seen that on gels from 0.5 to 4 

kPa, cells spread more in case of the treated cells than the control sample. 

Contrarily, on stiff substrates, cell area remains comparable. That result 

evidences that blebbistatin facilitates spreading of SAOS-2 and hMSCs only on 

soft substrates. 

In order to examine the blebbistatin effect on other morphological 

parameters of the cell I analyzed the cellular aspect ratio as an indicator for cell 

differentiation for the set of experiments described in this section. Figure 5.14 

depicts the aspect ratio of treated and non-treated hMSCs.  

 

 

Figure 5.14. Aspect ratio of hMSCs over matrix elasticity in control medium (black) and 

treated ǁith ϭϮ.ϱ ;redͿ aŶd Ϯϱ ʅM ;ďlueͿ of ďleďďistatiŶ. Error ďars: SEM.  
 

In case of the control sample, cells were round on soft and stiff 

substrates and peaking on intermediate stiffnesses with muscle-like rigidity. 

This is in good agreement with the observation of Engler et al. (1). Cells treated 

with 12.5 ʅM were more round in general, but the peak on 10 kPa gel persists. 

TreatŵeŶt ǁith Ϯϱ ʅM preǀeŶts aŶǇ aspeĐt ratio ĐhaŶges. It ǁas shoǁŶ that 
blebbistatin at high concentrations blocks stem cell differentiation (1). It seems 
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that mild treatment also prevents stem cell morphological changes towards 

their shape taken after commitment. 

 

5.4.3. Dynamics of myosin inhibition 

 

The finding of an increased spreading on soft substrates raised the 

interest of the dynamics and mechanisms of this effect. Firstly we started with 

the dynamical aspect: how fast does blebbistatin affect the spreading? For that 

I plated hMSCs on collagen-coated PAA gel with a Young͛s modulus of 1 kPa. 

Cells were chemically fixed after several time points to analyze the actin spread 

area. The spread area monotonically increases over time in case of the 

blebbistatin treatment (figure 5.15), whereas the area of untreated cells stays 

at a similar value over the measured period of 24 hours. Already after 30 min of 

culture the area of ĐoŶtrol aŶd ϭϮ.ϱ ʅM ďleďďistatiŶ treated Đells ǁas 
significantly different (=0.04).  

 

 

Figure 5.15. Dynamics of actin spread area over time of hMSCs on glass cultured in control 

medium and in medium supplemented with 12.5 and 25 ʅM of blebbistatin. Error bars: SEM. 

Dashed lines guide the corresponding data trend. 
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By that I could show that the mentioned area increased on soft 

substrates is a very fast process, which reveals morphological processes in 

spreading dynamics within the first hour.  

Furthermore I will elaborate on an observation that I recognized while 

seeding cells on the gel. Following a fixed protocol, the same amount of cells 

was distributed on each substrate. Here I saw, that cells barely attached to the 

soft substrates and could be washed out easily due to the weak adhesion. This 

led to a low number of cells on these gels. In contrast to that, the direct 

addition of blebbistatin into the cell culture medium while seeding increased 

the number of attached cells on the soft substrate. That might indicate that the 

drug alters the cell cortex in suspended state and facilitates attachment and 

spreading.  

It is clear that the process of myosin motor inhibition happens on 

timescales of minutes, which leads to the fast changes in the morphology. At 

the same time it is known that the process of myosin inhibition is reversible 

and washing out the drug let cells recover very fast (41,97). This made me 

target the question, how would the spread area on soft substrates behave 

upon blebbistatin removal? Will the cell stay spread or will the area shrink 

again? 

To answer this question I performed an experiment to examine the 

dynamics of the cell spread area on soft substrates after washing out 

blebbistatin. For that I prepared collagen-coated PAA gels with a Young͛s 

modulus of 1 kPa and seeded hMSCs under the addition of blebbistatin in 

ĐoŶĐeŶtratioŶs of ϭϮ.ϱ aŶd Ϯϱ ʅM. Cells ǁere Đultured for ϰ.ϱ hours. As it ǁas 
shown before that the effect of blebbistatin happens very fast and 4.5 hours is 

enough for a cell to spread (see figure 5.15). Then, the media containing the 

drug ǁas reŵoǀed aŶd Đells ǁere riŶsed ǁith ϯϳ˚C ǁarŵ aŶd sterile PBS to fullǇ 
remove the drug. Finally, the control DMEM was added to the sample. In 

parallel samples with control media were incubated. Cells were chemically 

fixed at several time points after media exchange, stained for F-actin and the 

nucleus. Fluorescence images were taken of about 30 cells per condition. 

Figure 5.16 shows the dynamics of the cellular recovery after blebbistatin 

removal on the 1 kPa gel. 30 min after washing out blebbistatin (concentrations 

12.5 and 25 µM) the cell area remains extended (red and blue curve 

respectively), but already during the next few hours it decreases fast. After 20 
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hours, the cell area is reduced 2.5 times. Whereas the area of untreated cells 

stays comparably small during the entire experiment. 

 

  
Figure 5.16. Dynamics of actin spread area vs. time of hMSCs cultured on 1 kPa PAA gel, first 

in medium supplemented with 12.5 and 25 ʅM of blebbistatin, after 4 hours the drug was 

washed out and control medium was added. Purple line represents the time point when 

blebbistatin was exchanged to control medium. In parallel, hMSCs were cultured on 1 kPa 

gel in control medium. Dashed lines are shown to guide the eye to the tendency of recovery 

dynamics. Error bars: SEM. 

 

To visualize the observed morphologies during spreading I present a 

sketch of the two mentioned cases in figure 5.17: case 1 depicts the untreated 

control cells and case 2 corresponds to blebbistatin treated cells seeded on a 

soft 1 kPa substrate. In both cases media with suspended cells was added to 

the well, containing the collagen-coated gel. In the next step cells were 

supposed to attach to the substrate and start to spread. In case 1 cell remained 

small over the whole period of seeding, whereas in case 2 the spread area 

increased and after 4 hours of culture clear morphological changes were seen. 

But after blebbistatin was removed, the cell area started to shrink, while in case 

1 cell area did not change drastically.  
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Usually the transition between suspended and attached state takes up to 

30-60 min. Blebbistatin reacts very fast, i.e. the reaction already started in the 

suspended state, before adhesion. It is likely that before the adhesion happens, 

blebbistatin already inhibits easy accessible myosin motors activity, i.e. in the 

cellular cortex, which is compressing the cell. As the concentration of the drug 

is low, molecules of blebbistatin may be enough to only inhibit myosins in the 

cell shell and not penetrate further in the cell. By releasing the tension in the 

cortex, cells can overcome the forces that compact the cell and start the cell 

spreading process.  

 

 
Figure 5.17. Schematic drawing of the blebbistatin treatment procedure and the observed 

cell shapes. (a) Cell seeding: cells placed in control suspension, case 1, and in presence of 

blebbistatin, case 2. (b) Cell adhesion and spreading on a soft substrate happens. (c - e) 

Medium supplemented with blebbistatin is washed out and refilled with the control 

medium. 

 

5.4.4. Quantification of myosin localization 

 

Since I inhibited myosin motor activity, it might happened, that it 

prevented proper acto-myosin stress fiber formation by the drug interference. 

Nevertheless, treated cells spread on soft substrates and structures were 

observed, which looked like stress fibers, as shown in the image 5.13b. 
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Interestingly, the amount of these filaments per cell unit did not change, both, 

on soft and stiff substrates (see the image appendix A.10).  

To make sure that treated cells still could form stress fibers and focal 

adhesions we decided to confirm that by fluorescent staining of specific 

proteins. For analysis of the amount of myosin motors in the treated cells non-

muscle myosin IIa was stained. To analyze fluorescence images I used the 

filament sensor, version 0.2.2d (71). This Java based program defines the area 

of the cell before tracking stress fibers inside the cell. Then the area was split 

into an interior and a boundary part. As ͞interior͟ a bulk body of the cell was 

taken, when for ͞boundary͟ – the ͞ring͟ on the cell periphery in a size of 20 

pixels was taken (green area and red area respectively), as shown in the 

example image 5.17b. In other words, the full area of the cell consists of the 

bulk body of the cell and its periphery, which was considered as the cortex in 

2D spread cell. The intensity distribution of myosin was analyzed in the 

boundary and interior part of the cell. Figure 5.18a presents the comparison of 

the ratios of the myosin mean intensity in the interior to boundary part. 

Assuming that mild concentrations of blebbistatin blocks myosin in the cortex, 

and in consequence, releases tension, which then again makes cells spread on 

soft substrates. In this case, I would expect a lower amount of myosins in the 

boundary part of the cell, yielding an increased ratio of the intensity of interior 

to boundary. From figure 5.18a it can be seen that this ratio is high when the 

cells were seeded on soft substrates and treated with blebbistatin. In contrast, 

the comparison of the ratios on stiff substrates is very similar.  

To quantify the difference, the conditions were split into two groups: 

cells seeded on PAA gels with stiffnesses of 0.5 – 4 kPa (group 1) and 10 -30 kPa 

and glass (group 2), figure 5.18c. In the first group the difference between all 

three conditions was significantly different: the significance level between the 

ĐoŶtrol saŵple aŶd the ϭϮ.ϱ µM ďleďďistatiŶ treatŵeŶt ǁas ρ ˂ Ϭ.ϬϬϬϴ aŶd 
between the control saŵple aŶd the Ϯϱ µM ďleďďistatiŶ assaǇ it ǁas ρ ˂ ϭϬ-10

. 

Even the difference between the two treatment concentrations show 

sigŶifiĐaŶt ĐhaŶges ǁith ρ ˂ Ϯ∙ϭϬ-16
. On the other hand, cells cultured in control 

and in blebbistatin and then seeded on stiffer gels and glass shows a similar 

level of myosin expression. A t-test analysis did not show any significant 

differeŶĐe ;ρ ˂ Ϭ.Ϭϱϳ-0.26). It is observed that blebbistatin in low 

concentrations affects only cells seeded on soft substrates. 
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Figure 5.18. (a) Ratio of the intensities of myosin IIa expression in interior to boundary parts 

of the cell. (b) Representative cell stained for myosin IIa. In green shown the selected interior 

part and in red the boundary. Scale bar 25 µm. (c) Ratio of intensities split into two groups: 

cells seeded on 0.5-4 kPa (group 1) and cells on 10-30 kPa and glass (group 2). Error bars: 

standard error of the mean. 

 

 

5.4.5. Analysis of focal adhesions 

 

Several studies showed that perturbation of myosin directly influences 

the formation and maturation of stress fibers and focal adhesions (FAs) (99–
101). I showed that low concentrations of blebbistatin facilitates spreading and 

does not prevent formation of SFs on soft substrates. Furthermore I saw that 

the amount of SFs per cell unit stays constant, i.e. unaffected by a mild 

blebbistatin treatment (appendix A.10). That raised our interest in how this 

inhibition of myosin would influence the fate of FAs. For this analysis, I stained 

treated and untreated cells with paxillin, which is an important cytoskeletal and 
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scaffolding protein recruited by focal adhesions on early stages. It plays an 

essential role in FAs assembly and disassembly during cell migration (102). The 

procedure of staining and analysis of FAs was described in 3.8.2. A close look to 

the exemplary set of fluorescence images (figure 5.19) revealed that cells 

seeded on soft substrates form less focal adhesions after myosin motor 

inhibition, whereas on glass surfaces cells still do form FAs. 

 

 
Figure 5.19. Representative images of actin (yellow), nucleus (blue) and paxillin (red) staining 

in control and blebbistatin treated hMSCs seeded on glass and 1 kPa PAA gel.  

SĐale ďars Ϯϱ ʅŵ. 
 

Figure 5.20 shows the number of FAs per cell area of cells cultured in 

control media and blebbistatin, depending on matrix stiffness underneath the 

adhesion. hMSCs cultured in control media turned out to have a more or less 

constant number of FAs per cell unit (independent of the substrate͛s stiffness), 

whereas FAs of cells cultured in blebbistatin showed a substrate dependent 

behavior. On soft substrates cells revealed to have less FAs per cell area, but 

their number increased with matrix elasticity. I also observed that on 

substrates in the stiffness range of 0.5-4 kPa the difference in the number of 

FAs in treated and untreated cells is strongly pronounced, whereas on stiffer 
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substrates no significant difference was observed. As figured out previously, 

the most differences in cell morphology occurred only on soft substrates and 

the transition between these two regimes was again in the range of 5-10 kPa. 

 

 
Figure 5.20. Number of FAs in hMSCs per cell area depending on the matrix elasticity 

cultured in control medium (black) and treated with 12.5 and 25 µM of blebbistatin (red and 

blue respectively). Error bars: SEM. Black dashed line guides the data trend of control 

sample. 

 

Interestingly, hMSCs cultured in control medium formed FAs at a similar 

size independent of the cell shape and matrix elasticity (see figure 5.21). The 

average size of FAs iŶ ĐoŶtrol saŵple ǁas Ϭ.ϰϵ ± Ϭ.Ϭϭ ʅŵ2
. Unlike untreated 

cells, blebbistatin treated hMSCs formed FAs with an average size which 

correlated dependent on the substrate stiffness. In contrast to the number of 

FAs per area, their average size varies from cell assay to cell assay, both, on stiff 

and soft substrates. 

 



 
75 

 

 
Figure 5.21. Average size of focal adhesions in µm

2
 depending on matrix elasticity in hMSCs. 

Error bars: SEM. 

 

These results support the outcome of previous investigations that 

blebbistatin affects FAs (99–101,103). Here, I showed that treated hMSCs form 

less FAs on soft substrates, whereas the mild concentration of blebbistatin 

does not affect FAs on stiff gels. At the same time the average size of FAs vary 

depending on the gel stiffness.   

 

5.5. Probing visco-elastic characteristics of blebbistatin treated 

cells by Atomic Force Microscopy (AFM) 

 

As we assumed that blebbistatin softens the cortex and by that facilitates 

cellular spreading on soft substrates, it was essential to analyze the visco-

elastiĐ ĐharaĐteristiĐs of hMSCs treated ǁith ϭϮ.ϱ aŶd Ϯϱ ʅM of ďleďďistatiŶ. 
For that I have performed life-cell experiments using atomic force microscopy 

(AFM). Cells were seeded on collagen-coated cover glasses and cultured for 

about 16 hours before starting the experiment to let cells fully spread. The 

rigidity of the living cells were measured as described in 3.5.1. About 5-7 living 

cells and on each cell 5-8 points were analyzed by taking an indentation force 
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curve. Figure 5.22 displays an exemplary force indentation curve of the cell 

seeded oŶ glass suďstrate iŶ additioŶ of ϭϮ.ϱ ʅM of ďleďďistatiŶ. 
 

 
Figure 5.22. Example of a force indentation curve of a spot on a control hMSC. The red curve 

is the approach of the tip, the blue one the retraction. Insert: an example image of the 

triangular cantilever (black) probing cellular elasticity (grey shape underneath). Scale bar is 

Ϯϱ ʅŵ. Dashed line shows the point when cantilever contacts the cell. 

 

The Hertz model (65) allows the extraction of the Young͛s modulus of the 

cell out of the force curve (see 3.5.1). In table 5.3 I present the values of the 

calculated Young͛s modulus of the cell in control medium and after addition of 

the myosin II inhibitor. It can be seen that the addition of the drug effectively 

softens the cell. 

 

Table 5.3. Young͛s modulus of the cells measured by AFM. 

hMSCs oŶ glass iŶ E
c 
, kPa 

StaŶdard 
deǀiatioŶ 

CoŶtrol ŵedia ϰ.ϵ Ϭ.ϵ 

ϭϮ.ϱʅM ďleďďistatiŶ ϯ.ϰ Ϭ.ϳ 

ϮϱʅM ďleďďistatiŶ Ϯ.ϱ ϭ.Ϯ 

 

These results follow the previous observations by Martens and 

Radmacher (104), ǁho preseŶted that ďleďďistatiŶ at a ĐoŶĐeŶtratioŶ of ϱϬ ʅM 
decreases the elastic modulus of the cell more than 2 times. Moreover, using 

loǁer ĐoŶĐeŶtratioŶs of ďleďďistatiŶ suĐh as ϭϬ ʅM ǁas shoǁŶ to deĐrease the 
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stiffness of SFs already in the first 60 min (105). Though they previously verified 

that blebbistatin at these concentrations did not alter cell morphology on glass 

(106), which is in agreement with my observations.  
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5.6. Summary and Discussion 

 

In the first part of this chapter, I examined the static spreading properties 

of the five different adherent cell types. All of them followed the theoretical 

predictions (9) of the spreading behavior on elastic substrates, independent of 

their physiological function and size. Spread area increased with the matrix 

elasticity in all the five cases in the expected way. When fitting Zemel͛s model 

to the spreading data of the cell lines it resulted in a good fit quality, R
2
 is 

ranging from 0.92 to 0.96.  

In contrast to the static spreading values, spreading dynamics of the 

individual cell types have different time constants. Cells were shown to spread 

on 2D substrate with different dynamics depending on their inherent cycle. 

Here, I presented that hMSCs require 24 hours seeding on a substrate to reach 

the full spreading, following the previous investigation (1,8). The other cell lines 

such as osteoblasts and myoblasts, needed a shorter time to reach the 

maximum spreading on the glass substrate. Moreover, cells such as fibroblasts, 

extracted from the extracellular matrix, required more time to spread on 2D 

substrate.  

Furthermore, though the spreading followed the theoretical prediction, 

the fitting of the model yielded different effective Young͛s moduli of the cells. It 

turned out that the stiffest cell type was SAOS-2. These cells also appeared to 

have the smallest spread area on 1 kPa gels. The softest cell line appeared to be 

the HOBs line, which has the biggest spread area on glass substrate.  

 

Cellular mechano-sensitivity is altered by blebbistatin 

 

In the second part of this chapter, I presented the changes in cellular 

morphology occurring after addition of mild concentrations of the myosin II 

inhibitor blebbistatin. I reported that morphological changes of treated cells 

depend on the stiffness of the substrate: I observed no morphological changes 

in the cell spread area on stiff substrates compared to the control assay in both 

cell lines, SAOS-2 and hMSCs. Previously, a similar observation was published 

by Lu and co-workers (106). They reported that culture of human aortic 

eŶdothelial Đells iŶ Đulture dishes ;rigid suďstrateͿ aŶd additioŶ of ϭϬ ʅM 
blebbistatin did not show any differences in the spread area.  
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I saw that low concentrations of blebbistatin facilitated spreading on soft 

substrates. Furthermore, since myosin II plays a crucial role in the recruitment 

of specific proteins for FAs formation (28,29), its inhibition alters FAs 

maturation (41,99,108). In this research, I have shown that mild inhibition of 

myosin II affects the formation of focal adhesions on soft substrates: cells form 

less FAs, but the size of FAs in untreated cells is independent of the substrate 

elasticity.  

The process of enhanced spreading on soft substrates turned out to be 

fast: significant changes could already be seen within the first 30 min after the 

addition of the drug. After four hours of culture in the presence of the drug the 

cell area reached its maximum of spreading. This process is reversible, as 

previous experiments have shown, washing out the drug makes the cell recover 

within the next 24 hours (36,41,109,110). Interestingly, cellular recovery 

happens even when culturing on soft substrates: once the drug is washed out, 

cell area shrank to an area close the control cell size.  

Several published studies show that blebbistatin softens the cellular 

cortex. It was shown that the acto-myosin shell (cortex) attached to the 

membrane plays an important role in cell shape changes (109) and myosin 

inhibition affects the morphology of chinese hamster ovary (CHO) cells, even at 

loǁ ĐoŶĐeŶtratioŶs doǁŶ to ϱ ʅM of ďleďďistatiŶ. AdditioŶallǇ, siŵilar results 
were shown in oocytes and Dictyostelium cells, that decreasing activity of 

myosin motors dramatically softened the cell (111–113). Tinevez et al. showed 

by using micropipette aspiration, that myosin inhibition caused by blebbistatin 

(50 ʅM) can lead to a decrease in cortical tension (114). Previously, blebbistatin 

(2.5 and 10 ʅM) was shown to soften drastically the cells by using optical 

tweezers (115). Even a very low dose of the drug (2.5 ʅM) led to a reduction of 

cell surface tension by inhibition of myosin II (116). Here, we confirmed by 

means of AFM that the addition of the drug softens hMSCs seeded on glass, 

even when no obvious morphological changes could be seen. Staining non-

muscle myosin IIa in the treated cell and sectioning cells into two domains 

(interior and boundary) resulted in different amount of myosins in cell cortex 

on stiff and soft substrates. I have shown that drug treated cells seeded on soft 

substrates shown to have fewer amounts of myosins in the cellular cortex.  

These results showed the importance of myosin motors in cellular 

mechano-sensitivity. To explain the phenomenon of the promoted spreading 

on soft substrates, we suggest a model, depicted in figure 5.23. When placed in 
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suspension, cells stay spherical as a result of membrane cortical tension, which 

is acting against the cellular internal pressure (34, 37, 38). When binding to a 

2D surface, the cell starts to exert forces through adhesion molecules such as 

integrins. The forces on the early stage of the spreading several magnitudes 

lower than forces on the later stages (26,27).  

 

 
Figure 5.23. Balance of forces regulates cell shape. (a) Suspended cell shape is balanced by 

the outward expansion forces from the internal cell pressure (green arrows) and the 

counteracting contractile forces generated by the acto-myosin cortex (black arrows). This 

isotropic balance of forces generates a spherical cell. (b) When cells adhere to a substrate, 

cytoskeletal actin generates forces for further polymerization and SFs formation (red 

arrows). The surface tension acts against the polymerization that keeps the cell round (violet 

arrows). 

 

Generation of protrusive forces at the cell periphery and formation of 

new adhesion sites promotes the acto-myosin polymerization. If the substrate 

is stiff enough for adhesive points to push and pull the substrate, spreading 

happens, supported by cell wetting. That means, if the acto-myosin 

polymerization forces are higher than the cortical tension, the cell is able to 

spread on the substrate. Applied to the case of soft substrates it means that if 

acto-myosin forces cannot overcome the cortical tension, cell area remains 

small. When the cortical tension in the cell is released, by inhibiting myosin 

activity with low concentrations of blebbistatin (in low amount of blebbistatin 

molecules would block corresponding number of easily accessible myosins, 
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located in the cell cortex), acto-myosin forces are higher than the tension in the 

cortex. 

We also showed that the process is reversible, since blebbistatin only 

blocks the activity of myosin motors with no other severe side effects in the 

cell. Hence, during recovery, the tension in the cortex increases again, thus the 

spread area is decreasing.  
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Chapter 6 Outlook 

 

In this outlook chapter I present preliminary results and describe the 

future potential for the experiments. 

The promising results on cellular mechano-sensing call for further 

investigation. Fitting the theoretical model to the spreading behavior of 

different cell types grown on elastic substrates leads to different fitting 

parameters Ec, which is an effective Young͛s modulus of the cell. That raised 

our curiosity to measure cell stiffness and analyze the correlation with the 

fitting parameter Ec.  

 

Measuring visco-elastic properties of the cell with optical trap 

 

To study visco-elastic properties of the five different cell lines (hMSCs, 

C2C12, HOBs, SAOS-2 and 3T3 fibroblasts) I have used a dual optical trap, the 

setup was described previously in chapter 3.11. Figure 6.1b shows 

representative images of the cell during the experiment.  

Unfortunately, there is no exact relation between the measured effective 

spring constant of the cell and its Young͛s modulus. One of the essential 

parameter for such a conversion in terms of Hertzian contact mechanics is the 

size of the contact area between fibronectin coated beads and the cell. 

Assuming the cell as an elastic homogenous solid this relation was modeled 

and predicts linear dependence (119). However, it is obvious that the basic 

assumption of a homogeneous elastic material does not hold for the complex 

structure of a cell. Therefore we refrain from not calculating a Young͛s modulus 

and compare the relations between spring constants and fitting parameter Ec 

of the given cell lines. 
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Figure 6.1. (a) Spring constants of 3T3 fibroblasts, 50 µM blebbistatin treated fibroblasts, 

osteoblasts and hMSCs. Error bars: standard error of the mean. (b) Representative images of 

trapped cells. Scale bar 5 µm. (*) Data was made by Florian Schlosser and published in (107). 

 

The spring constants of fibroblasts, HOBs and hMSCs are presented on 

the figure 6.1a. The spring constant of fibroblasts is the highest, and 

osteoblasts appeared to have the lowest out of the presented cell types. The 

same relation was extracted out of fitting the model equation 2.1 to the spread 

behavior of the same cell lines. In the table 6.1 I again present the fitting 

parameter Ec from the chapter 5.3. Out of fitting the highest Young͛s modulus 

of the cell had 3T3 fibroblasts, the same cell line had the higher spring 

constant.  
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Table 6.1. Young͛s modulus of the cell extracted from the fitting model equation to the 

spreading behavior of different cell lines. 

Cell line Fitting parameter Ec, kPa 

hMSCs 9 ± 2.8 

HOBs 3.4 ± 1.3 

3T3 fibroblasts 10.3 ± 2.6 

 

In future research we plan to complete these experiments by also 

measuring the effective spring constant of SAOS-2 and C2C12 cells. 

 

Measuring visco-elastic properties of blebbistatin treated cells. 

 

We also plan to study visco-elastic properties of blebbistatin treated 

cells. In the previous chapter 5.4 we discussed that the myosin drug effectively 

softens the cell, thus facilitates the spreading on soft substrates. I have 

previously shown that probing elastic properties of the cell by AFM proved that 

mild concentrations of blebbistatin soften hMSCs (see chapter 5.5). Also on the 

figure 6.1 I present the spring constant of blebbistatin treated fibroblasts, 

which was done by Dr. Florian Schlosser (74). It shows that addition of 50 µM of 

blebbistatin drastically softens the cell. In further investigation, we plan to 

measure spring constants of hMSCs treated with mild concentration of 

blebbistatin (12.5 and 25µM) using optical trap. 
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Conclusions 

 

This experimental PhD thesis gained several new insights about the 

interplay of the cell with its micro-environment during mechano-transduction. 

The obtained findings quantify spreading dynamics, confirm a formerly stated 

model for the cell area on different substrate and emphasize the role of myosin 

motors before, during and after cell attachment.  

We confirmed the idea that differentiation of hMSCs directly depends on 

their microenvironment. Cells changed their morphology when placed in 

appropriate chemical or mechanical environments. I compared morphological 

changes of chemically and mechanically induced hMSCs, by analyzing 

fluorescence images of cell actin on 2D substrate and extracting cell spread 

area and aspect ratio of the cell. I demonstrated that the addition of TGF-βϭ to 
the culture triggers changes in cellular contractility already after a short time 

(48 hours) and causes cellular elongation. One week of culture in TGF-βϭ 
promoted the expression of an early myogenic marker – myogenin, indicating a 

differentiation into muscle cells. When seeding these chemically induced cells 

on elastic substrates with various elasticities we found changes in the cellular 

susceptibility to the matrix, precultured cells appeared to be more elongated 

than naive hMSCs. It indicates that cells lose their ability to adapt to new 

substrate elasticities. On the other hand, a week of culture of hMSCs on 

muscle-inducing gels resulted in cell elongation and stress fibers alignment 

along the long axes of the cell, comparably to what we saw for chemically 

induced cells. Remarkably, reseeding cells for 24 hours on gels with other 

stiffnesses showed that hMSCs can further adapt to another physical 

environment. That may indicate that a week of mechanical stimuli let these 

cells keep their multi-potentials. 

Our investigation of the spreading process of committed cells on elastic 

substrates demonstrated that the spreading area increases with the substrate 

stiffness underneath the adhering cell, independent of cellular function, i.e. cell 

type and size. The findings of the spreading process follow well recently 

suggested theoretical predictions (9). In contrary, the cellular mechano-sensing 

is cell type specific. Namely, the dynamics of the spreading process depends on 

a cell-inherent time constant and the effective Young͛s modulus of the cell, 

extracted from fitting the theoretical model depends on the cell type. 
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Additionally, this work contributed to a further understanding of the 

importance of myosin motors in the cellular sensing of mechanical stimuli. We 

demonstrated that addition of the myosin II inhibitor blebbistatin at low 

concentrations facilitated cell spreading only on soft substrates. This potentially 

might be explained by the high tension in the acto-myosin cortex, caused by 

myosin contraction. Thus the tension reduction promoted spreading. 

Moreover, morphology of cells seeded on stiff substrates was not affected. The 

effect of blebbistatin was shown to be fast: increased spreading was observed 

already after 30 minutes after addition to the cell culture. Cells seeded on soft 

substrates in presence of the drug exposed a larger spread area than untreated 

cells. Furthermore, the process was reversible: washing out the drug led to cell 

recovery, namely cell area shrank to the size of control cells. Due to these 

findings we set up a simple model which suggests that the interplay of cortical 

tension and the substrate stiffness dictates cell spreading behavior. Cells 

seeded on soft substrates have a low spreading ability due to the high cortical 

tension which keeps the cell round and prevents acto-myosin polymerization. 

The forces exerted by the cell and further acto-myosin polymerization directly 

depend on the stiffness of the substrate. In case of a soft substrate, acto-

myosin forces cannot overcome the cortical tension, thereby cell stays round. 

Addition of blebbistatin at low concentrations inhibits the easy accessible 

myosins, e.g. cortical myosins, thus release the tension. The release of the 

cortical tension allows acto-myosin forces to easier overcome the trigger for 

further polymerization.  

In summary, in this PhD thesis I have contributed in understanding of the 

cellular mechano-sensing by proving that cells adapt their morphology to the 

mechanical stimuli. My results showed that molecular motors are directly in 

the mechano-transduction processes, pointing towards potential future 

investigations, which might target on the importance of the integrity of the 

cellular cortex on the cellular spreading, migration and proliferation.  
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Appendix 

 

A.1.  Cell culture protocol 

 

Before working under the cell culture hood the bench surface should 

always sprayed with 70% ethanol. All the materials have to be sterilized as well 

before putting in under the hood. 

EǀerǇ ŵedia should ďe ǁarŵed up iŶ a ǁater ďath to ϯϳ ˚C ďefore usiŶg. 
Needed materials: 

 T75 cell culture flasks 

 Cell culture medium supplemented with FBS and P/S 

 PBS 

 Trypsin 

 15 ml Falcon tube 

 FBS 

 DMSO 

 cryo-vials 

 freezing box, inner box swimming in Isopropanol 

 water bath, heated to 37 ˚C 

 Incubator (37 ˚C and 5% CO2) 

 

A.1.1. Thawing 

 

Procedure: 

 Take a desired vial of cells from the liquid nitrogen tank, put the vial to 

the water bath for 30 seconds. 

 Add 1 ml of cell culture media to the vial and carefully pipet up and down 

few times.  

 Fill a 15 ml falcon tube with 12 ml with warm culture media, transfer the 

content off the vial to the falcon tube. 

 Centrifuge for 5 minutes at 1000 rpm. 

 Carefully remove the supernatant from the falcon tube, resuspend the 

cell pellet in 1 ml of media.  

 Add 10 ml of cell culture media to a T75 flask for 100000 cells. 
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 Add cell suspension to the flask and genteelly shake the fflask to 

distribute the cells. 

 Put the flask to the iŶĐuďator haǀiŶg ϯϳ ˚C aŶd ϱ % of CO2. 

 

A.1.2. Freezing cells 

 

Procedure: 

 Remove the culture media from the flask and add 10 ml of PBS. 

 Remove PBS and add 3 ml of trypsin. Keep in the incubator or 3 minutes. 

 Gently shake the flask and check under the microscope whether the cells 

a detached from the surface. 

 Add 5 ml of the cell culture media to the flask. 

 Transfer everything into a 15 ml falcon tube and centrifuge for 5 min at 

1000 rpm. 

 During that time prepare the freezing solution of 90% FBS and 10% 

DMSO. 

 When the centrifugation is over, remove the media from the tube and 

add 1 ml of the freezing solution. 

 In the freezing cryo-vials 100k cells resuspended in 1 ml should be added. 

 Put the cryo-vials into a freezing box and store at -80C over night.  

 Transfer vials to the liquid nitrogen vial. 

 

A.1.3.  Splitting and seeding cells: 

 

Procedure: 

 Discard culture media from the flask, add 10 ml of PBS. 

 Remove PBS and add 3 ml of trypsin. 

 Keep for 3 minutes in the incubator. 

 Genteelly shake the flask and check under the microscope weather the 

cells a detached from the surface. 

 Add 5 ml of the cell culture media to the flask. 

 Transfer everything into a 15 ml falcon tube and centrifuge for 5 min at 

1000 rpm. 

 For seeding: sterile gels wash several times with PBS and add 2 ml of the 

culture media. 
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 For splitting: fill T75 culture flask with the cell culture media. 

 When the centrifugation is over, remove the media from the tube and 

add 1 ml of the culture media. 

 Count cells. Seed 2500-3000 cells per one gel. Or transfer 100000 cells to 

a culture lask. 

 Incubate the cells at 37 ˚C and 5% CO2. 

 

A.2.  Muscle Induction Medium 

 

Needed to have: 

 Low Glucose DMEM 

 20% FBS F2442 

 1% P/S 

 100 nM Dexamethasone (Sigma D4902) 

 50 µM Hydrocortisone (Sigma H0888) 

 

50 µM Hydrocortisone 

To get 50ml Stock solution 0.5 mM (181µg/mL) of Hydrocortisone: 0.036 g of 

powder dilute in 10ml of Ethanol. Pipet up and down. 

To the 47.5ml of Medium [DMEM, 10% FBS, 1% P/S] add 2.5ml of 

Hydrocortisone in Ethanol. That will be 5% of Ethanol in solution. 

Dilute stock solution 10 times.  

Total amount of muscle induction medium is 500ml, where 50ml should be 

Hydrocortisone. Percentage of ethanol 0.5%.  

 

100 nM Dexamethasone 

Maximum solubility of Dexamethasone in Ethanol is 25 mg/ml. 

Preparation of stock solution, 20 µg/mL. 

100 mg of powder dissolve in 100ml of Ethanol. Vortex.  

Take 100 µl of Dexamethasone in Ethanol and add to the medium [DMEM, 20% 

FBS, 1% P/S]. Sterilize it. 

To get 100 nM in the medium, need to dilute 510 times: the total volume of the 

medium should still be 498.2 ml, Vdexamethasone = 0.98 ml. 
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A.3.  Polyacrylamide hydrogels: 

 

Based on (57) 

Needed materials: 

 25 mm circular cover slips 

 3-aminopropyltriethoxysilane (APTES) – small chemistry lab (Sigma) 

 10 % ammonium persulfate (APS) – freezer (solution in PBS, Fluka/Sigma-

aldrich) 

 Tetramethylene-diamine (TEMED) – fridge (Fluka/Sigma-aldrich) 

 40 % acrylamide stock solution – fridge (Sigma) 

 2 % bis-acrylamide – (Sigma) solution: fridge big chemistry lab 

 50 mM HEPES buffer, pH = 8 

 0.4 mM/l Sulfo-SANPAH in HEPES buffer (Pierce) – freezer 

 0.5 % gluteraldehyde in PBS of 50 % gluteraldehyde in PBS – freezer in 

big chemistry lab 

 dichlorodimethylsilane (DDS) – fume hood, small chemistry lab 

(Fluka/Sigma-Aldrich) 

 dH2O from Millipore machine 

 collagen I (rat tail) – fridge at cell culture (BD Biosciences) 

 acetic acid (0.02 %) 

 petri dishes or 6-well plates 

 

A.3.1. Coating cover glasses with glutaraldehyde 

 

 Put the cover slips in a cover slip plastic holder, put cover slips in a 

plasma cleaner for approximately 15 min: 

o evacuate till 0-0.1 mbar 

o pump and power ''ON'' and set to ''high'' 

 Place cover slips in a glass tub and add 99.8 % ethanol to fully cover 

cover glasses (~250 ml). 

 Place the glass tube in ultrasound bath for 5 min 

 Discard the ethanol and refill with 250 ml of ethanol and add 5 ml APTES. 

 Incubate in ultrasound bath for 15 min. 

 Wash 2 times with ethanol. 
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 PlaĐe the glass tuďe to the oǀeŶ at ϳϬ ˚C aŶd Đure for ϯϬ-60 minutes. 

 Wash with MiliQ water. 

 Put cover slips in petri dish with pre-mixed solution of 0.5 % 

gluteraldehyde in MilliQ water, incubate for 30 min. 

 Transfer glasses to the plastic stand, put in in the glass tube. 

 Add 250 ml of water and wash them in the ultrasound bath or 15 

minutes. 

 

A.3.2.  Hydrophobic cover glass treatment: 

 

 Work under the fume hood: Put square cover slips (25x25 mm) into a 

large petri dish (9 cm diameter) 

 Open container and place a small amount of DDS onto each cover slip. 

Smear it until the cover slip is completely covered by a thin layer of DDS. 

Close the petri dish and let it incubate for 10 min. 

 Wipe off DDS from the coverslips with a lint-free tissue and rinse with 

dH20. Carefully watch the wetting behavior of water and remember the 

more hydrophobic side. Set aside to dry with the more hydrophobic side 

up. 

 

A.3.3  Polyacrylamide hydrogel preparation: 

Table A.1. Needed concentrations of acrylamide and bis-acrylamide to obtain required gel 

Young͛s moduli. 

Young͛s 

modulus, kPa 

Aacrylamide 

40% in 10 ml, 

% 

Bis-acrylamide 

2% in 10 ml, % 

Acrylamide 

40% in 10 ml, 

ml 

Bis-acrylamide 

2% in 10 ml, 

ml 

PBS, ml 

1 3 0.20 0.75 1 8.25 

2 3.5 0.20 0.875 1 8.125 

4 3.8 0.20 0.95 1 8.05 

5 5 0.14 1.25 0.70 8.05 

8 6.8 0.10 1.70 0.5 7.80 

10 6 0.14 1.50 0.70 7.80 

16 6.8 0.20 1.70 1 7.30 

20 8 0.14 2 0.70 7.30 

32 8.6 0.30 2.15 1.5 6.35 

64 13.2 0.30 3.30 1.5 5.20 

128 23.6 0.30 5.90 1.5 2.60 
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 Mix acrylamide and bis-acrylamide to their desired concentration in PBS. 

Solutions do not have to be cold (but store mixed solutions in the fridge 

for up to four months). Mixed solutions store in the fridge. 

 Prepare a wet paper towel and put it on the working bench. Try to make 

it as flat as possible. 

 Choose an appropriate amount of acrylamide solution und place it into a 

1 ml Eppendorf tube. Add 1/100 volume of APS, vortex then add 1/1000 

volume of 

 TEMED to gel solution, vortex again. 

 QuiĐklǇ pipette ϯϱ ʅl oŶto the ĐirĐular, aŵiŶosilated Đoǀer slips ;prepared 
in A) with the treated side up. 

 Place the square, chlorosilanated cover slips on top of the polymerizing 

gel solution, with the treated side down. 

 Allow to polymerize on wet paper towels under a petri dish or a 6-well 

plate for 60 minutes. 

 After incubation time is over, pour MiliQ water on the paper towel. 

Water would help to easily remove the top cover glass. 

 Place gels on cover slips in PBS in small petri dishes (35 mm) or 6-well 

plates. 

 Incubate 2 times for 5 min in PBS on the rocker. 

 

A.3.4. Collagen coating: 

 

 Rinse 2 times with HEPES = Remove PBS and add 2ml HEPES per petri 

dish or 6-well chamber, place it for 5 min on the rocker. 

 Dry the cover slips bottom with a lint-free tissue and place them in a dry 

6-well plate under the UV-lamp. Add Sulfo-SANPAH solution to the gel 

surface that it wets the whole gel surface but not the rest of the well. 

Switch on 365 nm UV for 10 min. 

 Rinse 3 times with HEPES. 

 From here on keep everything at 0°C. Put everything on ice. 

 Prepare the needed amount of collagen I for a 0.2 mg/ml solution in 

HEPES. Add the same amount of acetic acid (0.02 %) to the collagen I. 

Then carefully add HEPES to avoid precipitation. 

 Incubate over night at 10°C (cool room). 
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Next day: 

 Rinse 2 times with PBS. 

 Fill 1.5 ml PBS in each petri dish. Put in tissue culture hood for 60 min 

under UV. 

 Rince once with sterile PBS, add 2-3 ml of appropriate medium and seed 

cells at desired density. 

 

A.4.   Immunostaining  

 

Based on (8) 

Needed materials: 

 PBS  

 10% formaldehyde in PBS 

 0.5% Triton X 100 in PBS 

 3% BSA in PBS 

 Antibodies in 3% BSA in PBS 

 

A.4.1.  Cell fixation: 

 

 Gently remove the media from the cell culture plate / well. 

 Add 2 ml of 10% formaldehyde solution to each well and incubate for 5 

min on a rocker. 

 

A.4.2.  Permeabilisation: 

 

 Gently remove formaldehyde solution. 

 Add 2 ml of 0.5% Triton X 100 in PBS to each well and incubate for 10 

min on a rocker. 

 Remove Triton X solution 

 Rinse once with PBS 
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A.4.3.  Blocking: 

 

 Discard PBS 

 Add 2 ml 3% BSA in PBS to each well and incubate for 30 min at RT on 

the rocker 

 Discard BSA-solution 

 Add 2 ml 0.5% Triton X in PBS to each well and incubate for 5 min on the 

rocker 

 rinse once with PBS 

 

 

A.4.4.  Primary antibody: 

 

 Discard PBS. 

 Add 1 ml of premixed solution of primary antibody in 3% BSA in PBS in 

the desired concentration to each well. 

 Put on the rocker and let incubate for at least one hour up to one day. 

 Remove primary antibody solution. 

 Add 2 ml 0.5% Triton X solution to each well and incubate for 5 min on 

the rocker. 

 Rinse once with PBS. 

 

A.4.5.  Secondary antibody: 

 

 Discard PBS. 

 From here on cover your samples in aluminium foil to prevent bleaching! 

 Add 1 ml of premixed solution of secondary antibody in 3% BSA in PBS in 

the desired concentration to each well. 

 Put on the rocker and let incubate for one or two hours. 

 

A.4.6.  Actin and nucleus staining: 

 

 After removing secondary antibody, add 2 ml 0.5% Triton X solution to 

each well and incubate for 5 min on the rocker. 
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 Rinse with PBS. 

 Add an appropriate amount of labeled phalloidin diluted in 3% of BSA in 

PBS. 

 Incubate for 1-2 hours. 

 Remove the staining solution. Either store it or discard. 

 Add 1 ml of Hoechst in 3% of BSA in PBS in dilution [1:10000]. Incubate 

for 30-60 minutes. 

 

A.4.7.  Finishing staining: 

 

 Check your samples on the microscope 

 Rinse once with PBS 

 Add 2 ml 0.5% Triton X solution to each well and incubate for 5 min on 

the rocker 

 Rinse once with PBS 

 Now either seal the container (i.e. 6-well) with parafilm and store your 

samples at 2 

 

A.5.   DDS coating of cover slips 

 

Based on (74,75). 

KOH cleaning of coverslips: 

 put coverslips in a teflon holder in a glass box. 

 add 6 g of KOH pellet and dissolve it with a few ml of MilliQ. 

 fill the glass box with EtOH so that the coverslips are fully covered. 

 sonicate for 5 min. 

 discard KOH solution and sonicate the coverslips 2x in MilliQ. 

DDS coating 

 put the KOH cleaned coverslips in a glass petri dish with glass beads. 

 cover the coverslips with silanization solution I (DDS in heptane). 

 incubate for 10-20 min. 

 rinse coverslips in heptane. 

 sonicate the coverslips in MilliQ. 

 check if coverslips are hydrophobic and store them until usage. 
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A.6.  Western blot of the hMSCs and C2C12 cells pre-cultured in 

TGF-β1. 

 

These cells were pre-cultured in T TGF-βϭ for 72 hours in flasks, 

trypsinized and tested for the expression of myogenin using western blot. 

Myogenin is an early myogenic marker (approx. 34kPa), it was shown that the 

expression of it in C2C12 cells reaches 58% and 82% after 1 and 2 days 

respectively of culture the differentiation media (121).  

The description of the experiment: 

1. hMSCs Control (negative control) ca. 100K. cells 

2. hMSCs in TGF-βϭ (the sample) ca. 100K. cells 

3. C2C12 control (positive control) ca.3 million cells 

4. C2C12 TGF-βϭ (positive control) ca.8 million cells 

12% NuPage BisTris 1.0mm 12 well gel was used for this experiment. 

The band of the expression was expected to be at about 40 kDa in 3 cases: 

in C2C12 control in TGF-βϭ and in hMSCs induced by TGF-βϭ. The western blot 

result shown no expected band in that range, therefore no myogenin 

expression. 

 
Figure A.1. Western Blot result of hMSCs and C2C12 cultured in control media and in media 

supplemented by TGF-βϭ.  
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A.7. C2C12 cells induced with TGF-β1 

 

C2C12 cells were pre-cultured in TGF-βϭ for ϰϴ hours iŶ parallel ǁith 
control samples. Afterwards cells were transferred on gels with different 

elasticities 0.5-130 kPa for 16 hours and chemically fixed. The aspect ratio of 

fluorescently labeled actin was analyzed and compared. The outcome didn͛t 
show reliable result that can be seen in the aspect ratio of control, which is 

already expected to be higher. Basically the presented control result showed 

that C2C12 myoblast are close to be round, what cannot be the case. 

 

 

Figure A.2. Aspect ratio of C2C12 cells cultured in control media and in TGF-βϭ. Error ďars: 
standard error of the mean. 
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A.8.  Effect of ethanol on the cell culture 

 

Comparison of actin spread area of hMSCs cultured in control culture 

DMEM (black) and in addition of 5% of ethanol. From the figure A.3 it can be 

seen that a low amount of ethanol does not influence cell spreading area. Table 

A.2 shoǁs the ρ ǀalues of the t-test between 2 samples, out of it can be seen 

that that cell spread area on different substrates is not significantly altered by 

the addition of 5% of Ethanol. 

 

Figure A.3. Actin spread area of hMSCs cultured in control DMEM and in addition of 5% of 

Ethanol. Error bars: standard error of the mean. 
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Table A.2. Significance test of the cell spread area on different cultures in control media or in 

addition of 5% ethanol. 

Em, kPa -value of the t-test between control and 

Control-Ethanol spread area 

1  0.22 

5 0.41 

10 0.55 

20 0.21 

30 0.45 

glass 0.22 

 

A.9.  Effect of DMSO on the spreading behavior of SAOS-2 cells 

 

Figure A.4 shows actin spread area of SAOS-2 cells cultured on different 

substrates in control media and in media in presence on 0.5% DMSO. The plot 

presents that the low amount of DMSO, in which blebbistatin is dissolved, does 

not influence the cell spreading area.  

 

 
Figure A.4. Actin spread area of SAOS-2 cells cultured in control media and in addition of 

0.5% of DMSO. Error bars: standard error of the mean.  
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A.10. Effect of blebbistatin on the amount of filaments in the cell 

 

Here I present the amount of stress fibers per cell area in blebbistatin 

treated cells. SFs were tracked with the Filament sensor (71), as was described 

before. Out of the figure A.5 it can be seen that blebbistatin in mild 

concentrations does not affect the amount off SFs in the cell. 

 

 
Figure A.5. Amount of stress fiber filaments per cell area depending on matrix elasticity. 

Error bars: standard error of the mean. 
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