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Stretching human mesenchymal 
stromal cells on stiffness-customized 
collagen type I generates a smooth 
muscle marker profile without 
growth factor addition
Miriam Rothdiener1,*, Miriam Hegemann2,*, Tatiana Uynuk-Ool1, Brandan Walters3, 
Piruntha Papugy1, Phong Nguyen1, Valentin Claus1, Tanja Seeger4, Ulrich Stoeckle5, 
Karen A. Boehme6, Wilhelm K. Aicher2, Jan P. Stegemann3, Melanie L. Hart7, Bodo Kurz8, 
Gerd Klein4 & Bernd Rolauffs7

Using matrix elasticity and cyclic stretch have been investigated for inducing mesenchymal stromal 
cell (MSC) differentiation towards the smooth muscle cell (SMC) lineage but not in combination. 
We hypothesized that combining lineage-specific stiffness with cyclic stretch would result in a 
significantly increased expression of SMC markers, compared to non-stretched controls. First, we 
generated dense collagen type I sheets by mechanically compressing collagen hydrogels. Atomic force 
microscopy revealed a nanoscale stiffness range known to support myogenic differentiation. Further 
characterization revealed viscoelasticity and stable biomechanical properties under cyclic stretch with 
>99% viable adherent human MSC. MSCs on collagen sheets demonstrated a significantly increased 
mRNA but not protein expression of SMC markers, compared to on culture flasks. However, cyclic 
stretch of MSCs on collagen sheets significantly increased both mRNA and protein expression of 
α-smooth muscle actin, transgelin, and calponin versus plastic and non-stretched sheets. Thus, lineage-
specific stiffness and cyclic stretch can be applied together for inducing MSC differentiation towards 
SMCs without the addition of recombinant growth factors or other soluble factors. This represents 
a novel stimulation method for modulating the phenotype of MSCs towards SMCs that could easily 
be incorporated into currently available methodologies to obtain a more targeted control of MSC 
phenotype.

Worldwide, mesenchymal stromal cells (MSCs) are the center of intensive efforts to develop cell-based therapies 
for a diverse range of diseases1. Bone marrow MSCs promise a variety of clinical applications because they can 
differentiate in vitro towards cell types of mesodermal origin including osteogenic, chondrogenic, adipogenic 
and myogenic lineages2,3, and also into neurons4, vascular endothelial cells5, and cardiomyocytes6. A key aspect 
to making MSC-based therapies a clinical reality will be to better understand and manipulate the interactions 
between the MSCs and their local in vivo and in vitro microenvironment in order to control MSC fate7–10.

A growing number of studies employ biophysical cues to improve currently available methods for inves-
tigating and steering MSC differentiation. Biomaterials with defined stiffnesses are a promising tool in this 
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application11,12 because MSC lineage commitment can be enhanced by specific matrix elasticity. For example, 
lineage-specific microenvironment elasticities of 0.1–1 kPa, 8–17 kPa, and 25–40 kPa promote high expression 
levels of neurogenic, myogenic, and osteogenic markers, respectively13. Other attractive biophysical tools are 
biomechanical forces, to which undifferentiated human MSCs are highly sensitive14. Previous studies have applied 
cyclic biomechanical stretch to generate myogenically differentiating MSCs15–17, based on the observation that 
an elongated MSC morphology is associated with increased expression of smooth muscle cell (SMC) markers18. 
However, cyclic stretch has not been used together with lineage-specific stiffness for inducing myogenic differ-
entiation of MSCs.

In the present study, we hypothesized that combining lineage-specific stiffness with cyclic stretch may result 
in a significantly enhanced SMC phenotype, without the need for exogenous growth factors. Accordingly, we 
investigated the effects of lineage-specific stiffness with and without cyclic stretch on the differentiation of 
MSCs towards SMCs. A previous study has shown that a stiffness range of 8 to 17 kPa is supportive of myogenic  
differentiation13. We therefore generated physiologically relevant substrates with stiffness in this range by 
mechanically compressing collagen type I hydrogels into dense sheets, termed compressed collagen19. This type of 
material has been used previously for generating artificial corneas20,21, skin22, bone23, and bladder24. The substrate 
collagen type I was chosen because this biomaterial has already been used for applying cyclic stretch with the goal 
of inducing myogenic differentiation in MSCs15,17,25–27. We characterized the compressed collagen in terms of the 
survival of adhering MSCs, nano- and microscale biomechanical properties, loss of stiffness during repetitive ten-
sile loading, and surface topography. We then applied defined cyclic stretch to the compressed collagen sheets and 
the adhering human bone marrow derived MSCs and assessed the expression of specific markers associated with 
the SMC phenotype. The ability to reliably differentiate MSCs into SMCs would be an important tool in under-
standing phenotype shifts in these cells, and would advance the fields of vascular biology and tissue engineering.

Results
Characterization of compressed collagen type I sheets.  Testing of the nanoscale mechanical prop-
erties of compressed collagen sheets (n =​ 3 sheets for each collagen concentration) was performed with atomic 
force microscopy (AFM; n =​ 3 locations per sheet, measured in triplicate). AFM revealed that all collagen type I 
sheets were in a relatively narrow stiffness range from approximately 7–11 kPa (Fig. 1). However, there were dif-
ferences in the nanoscale stiffness between the sheets, and the 160 mg/ml collagen type I sheet stiffness (Young’s 
Modulus: 7.2 ±​ 0.6 kPa) was significantly lower than the 80 mg/ml (10.2 ±​ 0.8 kPa, p <​ 0.001) and 240 mg/ml 
sheets (9.7 ±​ 0.5 kPa, p <​ 0.001).

In contrast to compressive stiffness determined with AFM, the tensile stiffness was determined under cyclic 
tension. To compare the tensile properties of the compressed collagen sheets under repetitive loading, the tensile 
stiffness was calculated analyzing the first and last 100 cycles of 1 hour sinusoidal stretch at 5% and 1 Hz for sheets 
with collagen concentrations of 80, 160, and 240 mg/ml. Sheets with 80 mg/ml retained 96.7% of their tensile 
stiffness. The difference in the tensile stiffness prior and after 1 hour stretch calculated from the first and last 100 
stretch cycles was not significant (initial stiffness: 2.67 ±​ 0.01 MPa, after 100 cycles: 2.58 ±​ 0.01 MPa, Fig. 2A). 

Figure 1.  Nanoscale biomechanical properties assessed by atomic force microscopy (AFM). The stiffness 
of compressed collagen type I sheets with 160 mg/ml collagen concentration was significantly lower than the 
stiffness of sheets with 80 mg/ml and 240 mg/ml collagen concentrations. However, all collagen type I sheets 
were in or near the nanoscale stiffen ss range of 8 to 17 kPa desired for myogenic differentiation. *Indicate 
significant differences. Data are presented as boxplot; the line within the box marks the median, the boundary 
of the box indicates the 25th and 75th percentile. The error bars above and below the box indicate the 90th and 
10th percentile, and the dots above and below the error bars represent outlying points. Number of individually 
performed experiments: n =​ 3 sheets for each group, measured in triplicates at three locations for each sheet.
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Figure 2.  Fatigue behavior and microscale tensile and compressive biomechanical properties of 
compressed collagen sheets. (A) To characterize fatigue behavior, the cycle peak load of the first and the 
last 100 cycles of 1 hour stretch (5%, f =​ 1 Hz) was recorded for the 80 mg/ml collagen type I sheets. The data 
indicate a decrease in the recorded peak load that occurred approximately during the first 50 cycles. No further 
decrease occurred when assessing the remaining cycles of the first 100 cycles analyzed, compared to the last 100 
cycles analyzed. This suggested a certain degree of material fatigue during the first 50 cycles but not during later 
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Collagen type I sheets with 160 mg/ml retained 62.4% and those with 240 mg/ml retained 36.0% of their tensile 
stiffness, and the difference in the tensile stiffness prior and after 1 hour stretch was significant for both 160 and 
240 mg/ml concentrations (p <​ 0.001). For assessing the fatigue behavior in more detail, we also analyzed the 
cycle peak load of the first and last 100 cycles of 1 hour sinusoidal stretch at 5% and 1 Hz. 80 mg/ml collagen 
type I sheets exhibited a certain degree of material fatigue during the first 50 cycles but not during later cycles of 
1 hour stretch (Fig. 2A). Both the 160 mg/ml (Fig. 2B) and the 240 mg/ml collagen sheets (Fig. 2B) exhibited a 
much higher degree of material fatigue over a longer period of time, compared to the 80 mg/ml sheets. Because of 
their higher property retention, the 80 mg/ml compressed collagen sheets were chosen for use in the mechanical 
strain studies, and were characterized further. Thus, their macroscale compressive properties were determined 
(equilibrium modulus: 0.21 ±​ 0.09 kPa, dynamic stiffness: 76.8 ±​ 51.9 kPa). A small phase lag between strain and 
stress was observed under dynamic compression and also during the dynamic tensile tests, confirming that the 
compressed collagen sheets have viscoelastic properties. Scanning electron microscopy was used to character-
ize the surface topography of the compressed collagen sheets (Fig. 3). For all collagen concentrations used (80, 
160, and 240 mg/ml), the sheet surfaces displayed a featured surface with a hill- and valley-like topography at 
lower magnifications (approximately 80–100x, Fig. 3A,E,I, and 1300–1500x, Fig. 3B,F,J). At higher magnifica-
tions (approximately 10000x-16000x, Fig. 3C,G,K) the topography was less evident. At very high magnifications 
(approximately 48000x, Fig. 3D,H,L) the network of collagen fibers and nanoscale topology that made up the 
compressed collagen sheets was visible. The photographed gross appearance of the 80 mg/ml compressed collagen 
type I sheets is shown in Fig. 3M,N. The gross appearance of 160 and 240 mg/ml compressed collagen type I sheets 
was very similar to that of the 80 mg/ml sheets (data not shown).

MSC characterization, seeding and culture.  The MSCs used in this study fulfilled the criteria for 
defining multipotent MSCs according to the guidelines proposed by the Mesenchymal and Tissue Stem Cell 
Committee of the International Society for Cellular Therapy (ISCT)28. They were plastic-adherent, expressed 
CD90, CD105, CD73, but not CD14, CD11b, CD45 and CD34. As we have previously demonstrated, MSCs could 
be differentiated in vitro into the adipogenic, osteogenic and chondrogenic lineages using standard protocols and 
biochemically defined media29,30.

The numbers of MSCs that adhered to the 80 mg/ml collagen type I sheets (6770 ±​ 1021) were not significantly 
different from the MSC seeding density (Fig. 4A). Additionally, viability of MSCs on compressed collagen type I 
sheets was very high. At day 4, viability was >​99% in all samples (Fig. 4B).

Characterization of MSC phenotype on compressed collagen sheets.  We chose sheets with colla-
gen concentrations of 80 and 160 mg/ml to compare the effect of different substrate concentrations on the relative 
gene expression using qRT-PCR. ACTA2 expression was significantly higher (p <​ 0.001) on 80 mg/ml com-
pressed collagen sheets (2.20 ±​ 0.21 vs 0.89 ±​ 0.16, day 4, Fig. 5A). Over time (from day 4 to 5), ACTA2 expres-
sion decreased significantly (p <​ 0.001) on sheets with both concentrations (80 mg/ml: 2.20 ±​ 0.21 vs 1.73 ±​ 0.22, 
160 mg/ml: 0.89 ±​ 0.16 vs 0.70 ±​ 0.08). However, the difference between both sheet types on day 5 remained sta-
tistically significant (p <​ 0.001). The relative gene expression of CNN1 was not significantly different between the 
two sheets or between days 4 and 5 (Fig. 5B). Next, MSC mRNA expression was compared on day 5 between cell 
culture flasks (n =​ 6 cultures) and 80 mg/ml collagen type I sheets. MSCs adhering to the collagen sheets exhib-
ited a significant 7.4 fold increase of ACTA2, a significant 2.2 fold increase of TAGLN, and a significant 40.8 fold 
increase of CNN1 mRNA expression, compared to MSCs on plastic (p <​ 0.01, Fig. 5C). The relatively high CNN1 
increase of mRNA expression was explained by the low CNN1 mRNA expression that MSCs exhibited on plastic.

MSCs (n =​ 12 bone marrow samples of n =​ 7 donors, 61 to 80 years of age, average age of 68 years) were cycli-
cally stretched via 2.5 and 5% stretch (1 hour/day on days 4 and 5 at a frequency of 1 Hz) using only the 80 mg/ml  
collagen type I sheets, and qRT-PCR was performed on stretched and control MSCs. The ACTA2 mRNA expres-
sion was significantly increased on day 5 with 5% stretch (1.49 ±​ 0.14-fold) compared to non-stretched controls 
(Fig. 5D, p <​0.05). The TAGLN mRNA expression was significantly increased on day 5 with 2.5% and 5% stretch 
(1.22 ±​ 0.11, 1.71 ±​ 0.14) compared to non-stretched controls (Fig. 5E, p <​ 0.05). The CNN1 mRNA expression 
was significantly increased on day 4 with 5% stretch (1.93 ±​ 0.45) compared to non-stretched controls (Fig. 5F, 
p <​ 0.05). These values were normalized to day 4 and day 5 controls, and both controls were set to a value of 1 
because a) their absolute values were comparable, b) their variation was low, and c) there was no significant dif-
ference between the control values on days 4 and 5.

cycles of 1 hour stretch. (B,C) The corresponding cycle peak load for the 160 mg/ml and the 240 mg/ml collagen 
type I sheets indicated that 160 mg/ml sheets (B) and more so 240 mg/ml sheets (C) exhibited a decrease in peak 
load throughout all first 100 cycles of stretch. The peak load of the last 100 cycles of stretch was lower than any 
load recorded during the first 100 cycles, indicating that both the 160 mg/ml and the 240 mg/ml collagen sheets 
exhibited a much higher degree of material fatigue over a longer period of time than the 80 mg/ml sheets.  
(D) When assessing the tensile stiffness during the first and last 100 cycles of 1 hour of stretch (5%, 1 Hz),  
compressed collagen type I sheets with 80 mg/ml had retained 96.7% of their tensile stiffness, while 160 mg/ml  
sheets had retained 62.4% and 240 mg/ml sheets had retained 36.0%. (E) Characterization of the microscale 
compressive properties of collagen type I sheets (80 mg/ml) revealed that the equilibrium modulus was 
approximately two orders of magnitude lower than the dynamic stiffness. The tensile dynamic stiffness was 
higher than both the compressive equilibrium modulus and the compressive dynamic stiffness. Data in (A–C) is 
presented as mean, data in (D,E) is presented as mean ±​ SEM. Number of individually performed experiments: 
n =​ 3 sheets. * indicate significant differences.
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When using the reported data for calculating their values relative to SMCs as positive control, the 
ACTA2 mRNA expression of control MSCs on non-stretched collagen sheets reached 30.3% of SMCs. This 
result was comparable to the reported 20% ACTA2 expression of control MSCs relative to SMCs25. However, the 

Figure 3.  Surface topography of collagen type I sheets assessed via scanning electron microscopy (SEM) 
and gross appearance via macro photography. Compressed collagen type I sheet surfaces of a concentration of 
80 mg/ml exhibited at relatively low magnifications of 83x (A) and 1346x (B) a non-homogeneously structured 
surface with a leaf-like topography. At magnifications of 10769x (C) and 48788x (D) collagen fibers were visible. 
Compressed collagen type I sheet surfaces of a concentration of 160 and 240 mg/ml exhibited comparable 
characteristics at low magnifications (160 mg/ml: (E,F); 240 mg/ml: (I,J) and high magnifications (160 mg/ml:  
(G,H); 240 mg/ml: (K,L). The gross appearance of compressed collagen type I sheets of a concentration of 
80 mg/ml is depicted in a top-down view in (M) and in a side view in (N). Scale bars, 500 μ​m (A,E,I), 50 μ​m 
(B,F,J), 5 μ​m (C,G,K), and 1 μ​m (D,H,L), sample size for (M,N): 1 cm ×​ 1 cm.
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ACTA2 mRNA expression of 5% stretched MSCs on day 5 reached 41% of the human bladder-derived smooth 
muscle cells, indicating that the ACTA2 expression of MSCs reported in the literature can potentially be doubled 
by using collagen type I sheets together with cyclic stretch.

We determined the number of stretched or control MSCs per normalized area at the same time points that 
were analyzed for gene and protein expression under biomechanical stretch (Fig. 5G). However, there were no 
significant changes in cell numbers per normalized area. Representative images are given in Fig. 5H.

Next, we determined the protein levels using immunofluorescence microscopy. MSCs that adhered to plastic 
exhibited visibly less α​SMA, transgelin and calponin protein, compared to MSCs on non-stretched collagen type 
I sheets (Fig. 6A). However, MSCs on 5% stretched collagen type I sheets showed stronger signals for α​SMA, 
transgelin and calponin protein, compared to non-stretched MSCs on collagen type I sheets, and also compared 
to MSCs on plastic. Thus, using collagen type I sheets for MSC culture led to a slight increase of α​SMA, trans-
gelin and calponin protein. Cyclic stretch of MSCs on collagen type I sheets visibly increased the amount of  
α​SMA, transgelin and calponin protein, which, based on immunofluorescence, reached relatively similar levels 
of SMCs used as positive control. Interestingly, the majority but not all SMCs stained positive for the contrac-
tile markers α​SMA and CNN1. This is in line with the fact that SMCs can undergo phenotypic changes from a 
contractile phenotype to a proliferative ‘synthetic’ phenotype31. Motivated by this observation, we investigated 
whether MSCs displayed a comparable behavior. Virtually all MSCs on non-stretched and stretched collagen type 
I sheets stained positive for α​SMA and transgelin but not all MSCs stained positive for calponin (Fig. 6B). Thus, 
we calculated the percentage of calponin-positive MSCs and found that 80.2 ±​ 6.8% MSCs on non-stretched 
collagen type I sheets and 83.2 ±​ 3.0% MSCs on stretched collagen type I sheets were calponin-negative. This 
is in line with what is found for SMCs in vitro and in vivo, which can exist as a continuum of phenotypes32,33. 
Next, we assessed protein levels by Western blotting. We observed that the tubulin amount was lower in samples 
derived from collagen type I sheets, despite determining correct loading via Bradford protein assay. We suspected 
that collagen protein scratched from the collagen sheets during MSC removal had biased the determination of 
protein amounts in extracts of cells grown on and scratched from collagen scaffolds but not from cell culture 
flasks. This was confirmed by slot blot analysis (Fig. 7A,B). The additional collagen protein resulted in appar-
ently lower non-collagenous protein amounts in samples from collagen sheets, which was illustrated by a lower 
β​-tubulin signal from MSCs derived from collagen sheets despite Bradford protein assay-controlled protein load-
ing. We accounted for this bias by normalizing the α​SMA, transgelin, and calponin protein amounts to β​-tubulin. 
Subsequent quantification, and statistical analyses demonstrated that the protein amounts of α​SMA, transgelin 
and calponin were not significantly different between MSCs on cell culture flasks vs. collagen type I sheets and 
between MSCs vs. SMCs on cell culture flasks. However, the highest protein amounts of α​SMA, transgelin and 
calponin were present in MSCs that were cultured on 5% stretched collagen type I sheets, and these amounts were 
significantly higher than in any other group (p <​ 0.001, Fig. 7C–F). Thus, cyclic stretch did significantly increase 
the protein expression of SMC markers in MSCs that were cultured on collagen type I sheets.

Discussion
The present study combined lineage-specific surface stiffness with cyclic stretch to induce differentiation of 
human MSCs towards a SMC-like phenotype without adding recombinant growth factors. We demonstrated that 
the mechanical compression of collagen type I hydrogels by weights generated dense sheets of compressed colla-
gen with a surface nanoscale stiffness known to support myogenic differentiation. When using these sheets, the 
mRNA expression of the smooth muscle genes α​SMA, transgelin, and calponin was significantly increased, com-
pared to plastic. Using the collagen sheets in combination with cyclic stretch significantly increased the mRNA 
expression of these markers even further and also resulted in a significant increase in protein levels, suggesting 
an enhanced SMC phenotype. Thus, the present study established a novel, growth factor-free MSC stimulation 
method by combining matrix stiffness and biomechanical loading.

Figure 4.  Cell numbers and vitality of adherent MSCs. (A) The number of MSCs that adhered to the 
compressed collagen type I sheets at day 4 was not significantly different from the day 0 seeding density.  
(B) 99.9% of adherent MSCs were vital, which is illustrated by the representative fluorescence-microscopy 
images of calcein (green, live MSCs) and (C) propidium iodide (red, dead MSCs) stained MSCs. Number of 
patients and individually performed experiments: n =​ 5.
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Figure 5.  Gene expression profiles of stimulated MSCs on compressed collagen type I sheets, MSC 
numbers, and representative images of DAPI stained nuclei for assessing cell numbers of non-stretched 
control and 5% stretched MSCs. (A) When assessing the effects of two different collagen type I concentrations, 
a lower collagen concentration was associated with a significantly higher mRNA expression of ACTA2. 
Without stretch, time (day 4 vs. 5) was associated with a significantly lower gene expression of ACTA2 but 
the effects of time were less than the effects of collagen concentrations. (B) A trend towards a higher CNN1 
mRNA expression was observed on 80 mg/ml collagen type I sheets but this change did not reach significance. 
(C) Compared to MSCs on plastic, MSCs on non-stretched collagen sheets exhibited a significant 7.4 fold 
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Previous studies applied cyclic stretch to MSCs that were seeded on silicone coated with collagen type I15,17,25–27,  
and on collagen type I hydrogels27. Consequently, we chose type I collagen for our study aim. However, collagen 
hydrogels can be very soft. For example, we calculated relatively low Young’s Moduli of 160 Pa and 390 Pa for 
hydrogels with collagen concentrations of 3.75 mg/ml27 and 4 mg/ml34. In contrast, much higher moduli in the 
range of 2300 kPa can be reached with generating compressed collagen sheets through plastic compression of col-
lagen type I hydrogels35, and the mechanical properties of compressed collagen can be engineered to match those 
found in tissues in vivo36. Thus, we reasoned that a higher collagen concentration found in compressed collagen 
may be beneficial for achieving higher stiffness, and we mechanically compressed type I collagen hydrogels for 
generating dense compressed collagen sheets. AFM measurements demonstrated a nanoscale surface stiffness in 
the range to support myogenic MSC lineage specification that was comparable across all final collagen concen-
trations. Having achieved the desired nanoscale stiffness, collagen type I concentrations lower than 80 mg/ml  
were not generated at this point. Prior to using the compressed collagen sheets for applying cyclic stretch to 
MSCs, we characterized the sheets in detail. Human MSCs retained a high viability while they adhered to the 
compressed collagen sheets. Their quantities that were always above the amount seeded, indicating that the com-
pressed collagen sheets were suitable for MSC culture. Next, we investigated the effects of two different collagen 
type I concentrations on relative gene expression. We chose ACTA2 as marker gene because smooth muscle actin 
has been frequently used to compare MSC expression to SMCs25 under a variety of conditions. We observed a sig-
nificantly higher expression level of ACTA2 in MSCs on 80 mg/ml collagen type I sheets, compared to 160 mg/ml.  
This supported the choice of a final type I collagen concentration of 80 mg/ml for subsequent experiments. Next, we 
characterized the loss of tensile properties during the time period needed for one stimulation cycle. The 80 mg/ml  
compressed collagen sheets retained 96.7% of their initial tensile properties, whereas higher collagen concen-
trations were associated with a significantly lower retained percentage of the initial tensile properties. Next, we 
compared the peak load of 100 loading cycles before and after 1 hour of stretch. The 80 mg/ml collagen type  
I sheets exhibited a certain degree of material fatigue during the initial stretch cycles whereas both the 160 mg/ml  
and the 240 mg/ml collagen type I sheets exhibited a much higher degree of material fatigue over a longer period 
of time. Collagen fibers can display a complex response to uniaxial tension including strain softening, strain 
hardening, time-dependent recoverable residual strain, dehydration-induced embrittlement, and susceptibility 
to cyclic fatigue that are dictated by global characteristic dimensions as well as internal structure37. Thus, the here 
reported data may be valuable for generating compressed collagen sheets that are specifically designed for improv-
ing tensile performance. Based on these data, we used only 80 mg/ml compressed collagen sheets for all subse-
quent biomechanical studies, as the loss of tensile properties of 160 mg/ml and 240 mg/ml did not allow applying 
cyclic stretch without changing properties over time. A broader characterization collagen type I sheets included 
scanning electron microscopy (SEM) of the sheets surface. SEM revealed for all collagen concentrations (80, 160, 
and 240 mg/ml) a comparable hill- and valley-like topography on the order of hundreds of micrometers at lower 
magnifications, and networks of nanoscale collagen fibers were visible at higher magnifications. This is relevant 
because fiber type and diameter can affect MSC attachment, morphology, proliferation, and differentiation38,39 
through specific cell surface receptors, and the presence of collagen fiber layers is consistent with the literature36. 
Following SEM, we applied compressive testing for assessing the mechanical properties of the compressed colla-
gen sheets. These tests revealed a small phase lag between strain and stress under dynamic compression and also 
during the dynamic tensile tests, confirming viscoelastic properties of the compressed collagen sheets. This finding 
is relevant for biomechanical stimulation because both cultured SMCs40 and also smooth muscle tissues41 exhibit 
viscoelastic behavior, and it is increasingly being recognized that viscoelastic properties of materials can affect cell 
behavior42. Collectively, our data demonstrated that collagen type I hydrogels can be compressed mechanically 
into dense sheets of compressed collagen with viscoelastic properties, maintained tensile dynamic stiffness under 
repetitive loading, lineage-specific nanoscale surface stiffness, and properties that are suitable for MSC culture.

Finally, we used the compressed collagen sheets that were characterized in-depth for applying cyclic stretch to 
adhering MSCs. Cyclic stretch led to a significant increase in the mRNA expression of α​SMA, transgelin, and cal-
ponin, indicating an enhanced SMC phenotype. According to the classification published in32, this marker mRNA 
expression represents an intermediate smooth muscle marker profile in human MSCs. Previous studies using 
biomechanical stretch as a single differentiation stimulus generated an early (α​SMA), intermediate (calponin), 
and late (desmin) marker expression in rat MSCs15–17, and an early (α​SMA)43 and early intermediate marker 
expression (α​SMA and transgelin) in human MSCs25. The results of the present study were comparable to those 
published. However, the stretch used in15–17 was applied for a time of 5 to 7 days and generated a more mature 
profile in rat MSCs than the profile generated in the present study in human MSCs by only 2 ×​ 60 minutes stretch, 
distributed over 2 days. This indicates that the time, over which a certain stretch regime is applied, is likely a rele-
vant factor for marker profile expression. Our data revealed differential effects of time on the expressed markers: 

increase of ACTA2, 2.2 fold increase of TAGLN, and a significant 40.8 fold increase of CNN1 mRNA expression 
(p <​ 0.01). (D–F) MSCs that were biomechanically stimulated via cyclic stretch (2.5 and 5% amplitude and 
1 Hz frequency) demonstrated a significantly higher gene expression of ACTA2 (D) on day 5 under 5% 
stretch, TAGLN (E) on day 5 under both 2.5% and 5% stretch, and CNN1 (F) on day 4 under 5% stretch. Thus, 
biomechanical stretch of 5% induced the gene expression of the myogenic marker genes ACTA2, TAGLN, and 
CNN1. With 5% stretch, time (day 4 vs. 5) was associated with a significantly increased ACTA2 and TAGLN 
and significantly decreased CNN1 mRNA expression. (G) Cyclic stretch did not significantly change the 
numbers of MSCs. (H) Representative images of DAPI stained MSC nuclei, used for assessing the cell numbers 
of non-stretched control MSCs and 5% stretched MSCs. *Indicate significant differences. Data in (A,B,D–G) is 
presented as mean ±​ SEM, in C as fold-change. Number of individually performed experiments/samples: n =​ 3 
for (A,B), n =​ 6 for MSC cultures on plastic in (C), n =​ 12 for (D–G). Scale bar (H): 10 μ​m.
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ACTA2 and TAGLN expression was significantly increased on day 5, whereas CNN1 expression was significantly, 
but transiently increased on day 4. This is in accordance with another report, which recently demonstrated that 
myogenic marker expression and electrophysiological characteristics can be induced in human MSCs; however, 
they are not maintained over time and decrease after a certain time period44. Moreover, the time during which 
cyclic stretch is applied appears to be a relevant but easily controllable factor in biomechanically stimulating MSC 
differentiation. Speculatively, other biomechanical parameters such as the stretch amplitude or the duration of 
stretch applied on a certain day may also have a significant impact on marker expression.

The mechanism(s) of how the two stimuli, surface matrix elasticity and applied biomechanical forces, may act 
together, or separately, to induce MSC differentiation is not clear. However, the elastic material properties of the 
extracellular matrix are proportional to the level of internal forces generated by the cytoskeleton45. This force bal-
ance between internal cytoskeleton contractility and external mechanical forces such as matrix elasticity or applied 
forces such as cyclic stretch is transduced by several mechanotransduction pathways across the mechanical contin-
uum of ECM-integrin-cytoskeleton into the intracellular space for biological responses45. Thus, the mechanism of 
how the two stimuli, surface matrix elasticity and applied biomechanical forces, may act together is likely related 
to their effects on cytoskeleton contractility but further studies are necessary to examine this question in detail.

Figure 6.  Representative examples of protein expression profiles of MSCs adhering to plastic, non-stretched 
and stretched collagen type I sheets, and of SMCs adhering to plastic. (A) MSCs adhering to plastic exhibited 
the lowest amounts of α​SMA, transgelin and calponin protein, compared to MSCs on collagen type I sheets and 
SMCs on plastic. MSCs on cyclically stretched collagen type I sheets exhibited the highest amounts of α​SMA, 
transgelin and calponin protein, compared to non-stretched MSCs on collagen type I sheets, and also compared 
to MSCs on plastic. SMCs on plastic used as positive control exhibited proteins levels that were relatively similar 
to the stretched MSCs. (B) DAPI, calcein, and calponin stained MSCs were visualized in green, blue, and red 
channels. The recorded images illustrate that most, but not all DAPI and calcein positive MSCs also stained 
positive for calponin. Thus, calponin-positive but also calponin-negative MSCs were present on non-stretched and 
on stretched collagen type I sheets. Number of individually performed experiments (A): n =​ 12 (non-stretched and 
stretched collagen type I sheets), n =​ 3 (MSCs on plastic, SMCs).
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Figure 7.  Slot blot of collagen type I for MSCs on collagen type I sheets and Western blot of α​SMA, 
transgelin, and calponin protein expression for MSCs and SMCs on cell culture flasks and MSCs on 
stretched and non-stretched collagen type I sheets. (A) To determine the sensitivity of the slot blot, serial 
dilutions of collagen type I were investigated. (B) The slot blot indicated the presence of collagen protein in 
samples from cells on collagen type I sheets but not on plastic. This indicated that collagen protein was scratched 
off the sheets during MSC removal and would bias protein amount determination by immunoblotting. Thus, 
the additional collagen protein resulted in apparently lower non-collagenous protein amounts in samples from 
collagen sheets. (C) This resulted in a lower β​-tubulin signal from MSCs derived from collagen sheets, despite 
Bradford protein assay-controlled protein loading. We accounted for this bias by normalizing the α​SMA,  
transgelin, and calponin protein amounts to β​-tubulin. Then, we calculated the fold-change of these proteins 
relative to MSCs on cell culture flasks. (D–F) The highest amounts of α​SMA, transgelin, and calponin protein 
were present in MSCs cultured on collagen type I sheets subjected to cyclic stretch. This was confirmed by 
statistical analyses, which revealed that the protein amounts of these 3 markers were significantly higher 
in MSCs from cyclically stretched collagen type I sheets (p <​ 0.001) than from all other groups. Number of 
individually performed experiments: n =​ 4. The Western blots depicted in (C) have been run under the same 
experimental conditions. The depicted lanes for β​-tubulin, calponin, and transgelin were cropped from a single 
Western blot, and the lanes depicted for α​SMA and β​-tubulin were cropped from another Western blot before 
(α​SMA) and after (β​-tubulin) stripping. Cropping lines are indicated by dotted lines. Both original Western 
blots are given in full length in the supplementary information. Significant differences between groups are 
indicated by small letters, e. g. in (D) “a” indicates that α​SMA protein was significant lower in samples from 
MSCs that were cultured on plastic (D,I) than on cyclically stretched collagen type I sheets (D, VI).
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The use of growth factors and/or cytokines is a commonly used alternative method to induce myogenic dif-
ferentiation of MSCs in vitro. Studies have used PDGF46–49 and TGF-β​1 alone46–48,50–54 or in combination with 
L-ascorbic acid44,48,49,53,55. TGF-β​1 has also been used in combination with biomechanical stimulation, leading to a 
synergistic upregulation of the smooth muscle marker gene CNN1 that was greater than the increase in response 
to either stimulus alone56. Another important study that used myogenic growth factors (PDGF and TGF-β​1) 
together with dynamic loading demonstrated smooth muscle-specific gene and protein expression47. Strategies 
that synergistically combine different types of stimuli for inducing differentiation of MSC may prove relevant in 
their effectiveness. This study demonstrated that the combination of two different stimuli such as matrix stiff-
ness and biomechanical loading was an alternative and effective method in enhancing SMC phenotype in MSCs 
without the use of growth factors or other soluble factors. Thus, one could conceive that combining more than 
two stimuli, e.g. matrix stiffness, biomechanical loading, and suitable growth factors may further enhance MSC 
myogenic differentiation. Such synergistic strategies may be a promising future avenue to fully utilize the MSC 
differentiation potential. The present study represents a significant step in this direction, and one could relatively 
easily incorporate our approach - combining biomechanical and biophysical stimuli - into currently available 
methodologies for inducing myogenic differentiation biochemically.

In conclusion, the present study demonstrated that the mechanical compression of type I collagen hydrogels 
generated dense viscoelastic compressed collagen sheets with a nanoscale stiffness in the range required to sup-
port myogenic differentiation. The biomechanical properties of these sheets under tensile load and the survival 
rate of adhering human bone marrow derived MSCs allowed the use of these sheets for cyclically stretching 
adhering MSCs. Using these sheets without cyclic stretch led to a pronounced increase in α​SMA, transgelin, and 
calponin mRNA but not protein expression, compared to plastic. Cyclic tensile stimulation of MSCs adhering to 
the collagen type I sheets led to a significantly increased mRNA expression of α​SMA, transgelin, and calponin, 
and also a significant increase in protein levels. This mRNA and protein expression represented an intermedi-
ate smooth muscle marker profile. Importantly, this lineage-specific differentiation was achieved without the 
addition of exogenous growth factors or other soluble factors. Effectively, this study established a stimulation 
method for inducing MSC differentiation based on combining cyclic stretch with a customized surface stiffness 
of compressed collagen. Techniques to obtain more targeted modulation of MSC phenotype without biochemical 
treatment are important in our understanding of biophysical effects on differentiation, and may have utility in 
developing cell-based therapies.

Materials and Methods
All methods were carried out in accordance with the guidelines of the local research ethics committee of the 
medical faculty of the University of Tuebingen.

MSC Source.  Bone-marrow samples from the proximal femur were obtained with institutional approval of 
the local research ethics committee of the Medical Faculty of the University of Tuebingen (623/2013BO2) and 
with informed consent from osteoarthritic patients, who underwent total hip replacement (n =​ 20, age: 40 to 
81 years, average 66.9 years, male =​ 9, female =​ 11) in the Department of Trauma and Restorative Surgery, BG 
Trauma Clinic, University of Tuebingen.

MSC expression of cell surface antigens.  The expression of CD90, CD14, CD11b (R&D Systems, 
Wiesbaden-Nordenstadt Germany), CD105, CD73, CD45 and CD34 (BD Pharmingen, Heidelberg, Germany) 
on representative MSC samples was analyzed by flow cytometry. MSCs were gently detached using Accutase 
(Life Technologies, Darmstadt, Germany). Unspecific binding of antibodies was blocked with Gamunex (Talecris 
Biotherapeutics, Frankfurt, Germany). The MSCs were washed twice with PFEA buffer (PBS, 2% FCS, 2 mM 
EDTA, 0.01% sodium azide) and incubated for 20 min at 4 °C with phycoerythrin (PE)-conjugated or allophy-
cocyanin (APC)-conjugated monoclonal antibodies (mAB, BD Pharmingen). Unbound antibodies were washed 
away twice with PFEA buffer, and MSCs were analyzed by flow cytometry (BD LSRII, San Diego, USA). Data were 
evaluated using the software FlowJo (Tree Star, Inc., Ashland, Oregon, USA).

Culture of human bone marrow MSCs.  Bone marrow MSCs were prepared as described57. The samples 
were washed with PBS and centrifuged at 150 ×​ g (10 min, room temperature). The supernatant was discarded 
and the pellet was re-suspended with PBS. MSCs were isolated using a Ficoll density gradient fractionation (den-
sity 1.077 g/mL, GE Healthcare Life Sciences, Uppsala, Sweden, 400 ×​ g, 30 min, room temperature). The mon-
onuclear cell layer was harvested, washed with PBS and seeded in T75 flasks. MSCs were expanded in good 
manufacturing practice (GMP)-compliant expansion medium of DMEM low glucose (Sigma-Aldrich, Hamburg, 
Germany) including 25 mM HEPES (Lonza Group, Basel, Switzerland), 1000 IU heparin (Carl Roth, Karlsruhe, 
Germany), 5% human plasma (25 ml, TCS Biosciences, Buckingham, UK), 5% human pooled platelet lysate 
(25 ml, 108 platelets/mL medium, Blood Donation Center, University of Tuebingen, Germany), 2 mM L-glutamine 
(Lonza Group), and 1% penicillin-streptomycin solution (Life Technologies), as described in ref. 55. After 24 h 
(37 °C, 5% CO2), medium was discarded and replaced to remove non-attached cells and GMP expansion medium 
was changed every 3 to 4 days. After 5–7 days, cells were removed with trypsin, counted, and re-seeded in GMP 
expansion medium (passage 1, density 1.5 ×​ 105 cells/flask) for further experiments.

MSC seeding and cell culture.  After expansion in GMP expansion media as described above, MSCs were 
seeded at passages 2–5 at a density of 5000 MSCs/cm2 at day 0 onto collagen type I sheets in control medium 
consisting of DMEM high glucose (4 g/l, Life Technologies), 9.7% FCS, 1% penicillin-streptomycin solution, and 
0.97% Amphotericin B (Biochrom, Berlin, Germany) at 37 °C and 5% CO2 but without pooled plasma or platelet 
lysate.
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Sheets of compressed collagen type I.  Collagen type I sheets were produced with Amedrix (Esslingen, 
Germany). For collagen sheet production, collagen type I fibers were isolated from de-skinned rat tails, washed 
in acetic acid for 24 h, purified, and lyophilized. Rat collagen type I hydrogels with an initial collagen concen-
tration of 8 mg/ml were generated and mechanically compressed from initial thicknesses of 10, 20, and 30 mm 
down to 1 mm thick sheets within a custom-made polycarbonate chamber (20.0 ×​ 2.7 ×​ 5.0 cm) with a porous 
polytetrafluoroethylene (PTFE) bottom. The PTFE pore size was 100 μ​m to allow water effusion during compres-
sion. Compression was achieved using various weights to generate dense compressed collagen sheets with final 
concentrations of 80, 160, 240 mg/ml collagen type I. In detail, 80 mg/ml sheets were generated with a weight of 
2 kg applied for 2 hours, 4 kg applied overnight, 9.5 kg for 8 hours, and 27 kg overnight (total time of compression 
34 hours). For 160 mg/ml sheets the final compression step applied 27 kg for 30 hours (total time of compression 
52 hours). For 240 mg/ml sheets the final compression step applied 27 kg for 2.5 days (total time of compression 
82 hours). The gross appearance of compressed collagen type I sheets was photographed with a digital camera and 
a dedicated macro lens.

Scanning electron microscopy (SEM).  SEM was performed to characterize the collagen type I sheet sur-
faces. Samples were fixed overnight in 3% glutaraldehyde/PBS, additionally fixed for 60 min with 2% osmium 
(OSO4; Pasel und Lorei GmbH, Frankfurt, Germany), and subsequently dehydrated in ethanol. The samples were 
dried (critical point drying; Balzers, Critical point dryer 030, Schalksmühle, Germany), mounted, sputter-coated 
with gold (Ion Tech LTD, Teddington, UK), and digitally recorded in a top-down view onto the surface (Philips 
XL20 SEM microscope, Philips/FEI, Oregon, Hillsboro, USA).

Atomic force microscopy (AFM).  AFM was used to characterize the nanoscale stiffness of the collagen type 
I sheet surfaces. The testing was performed in force spectroscopy mode by recording single force-distance-curves 
at the position of interest without laterally scanning the sample. Microspheres (Polybead Polystyrene 25.0 Micron 
Microspheres, Polysciences, Eppelheim, Germany) with 25 μ​m diameter were attached to a tipless cantilever 
(All-in-One-cantilever D, 40 N/m nominal spring constant, Budget Sensors, Sofia, Bulgaria) using the M-Bond 
610-1 adhesive single kit according to the manufacturer’s instructions (Micro-Measurements, Vishay Precision 
Group, Wendell, USA). The cantilever of the atomic force microscope (CellHesion 200, JPK Instruments, Berlin, 
Germany) was calibrated on the extend curve and its spring constant was determined using the thermal noise 
method of the software (JPK Instruments). Samples (1 ×​ 1 cm2) were measured with a maximum force of 800 nN 
and an extend speed of 5 μ​m/sec in triplicates at three locations for each sheet. The Young’s modulus was calcu-
lated using the Hertz model fit of the data processing software.

Compressive and tensile material testing.  To determine the compressive mechanical properties, five 
successive displacement-controlled compression ramps at 2% offset strain were applied to final strains of 3.5, 5, 
6.5, 8, and 9.5% (each ramp: 60 sec compression followed by 240 sec hold) with an IncuDyn CA200858,59. The 
resulting equilibrium loads at these strains were used to compute the equilibrium moduli. At 9.5% final offset 
strain, each sample was subjected to 3% dynamic strain amplitude at 1.0 Hz to compute the dynamic stiffness. To 
determine the tensile mechanical properties, each sample was subjected to 5% dynamic strain amplitude at 1.0 Hz 
to compute the tensile dynamic stiffness using an ElectroForce 5210 BioDynamic-Test-System (Bose, Minnesota, 
USA). To characterize the fatigue behavior of the collagen type I sheets, the peak load of the first and last 100 
cycles of 1 hour sinusoidal stretch (5%, f =​ 1 Hz) was determined.

Sinusoidal cyclic stretch.  For cyclically stretching both the collagen type I sheets and the adhering MSCs, 
sheets (80 mg/ml) were seeded with MSCs at passages 2–5 at a density of 5000 MSCs per cm2 at day 0 and inserted 
at days 4 and 5 into the bioreactor chamber of an incubator-housed ElectroForce 5210 BioDynamic-Test-System 
(Bose). Samples were stretched with displacement-controlled uniaxial sinusoidal stretch (cyclic strain: 2.5 and 
5%, 60 min, f =​ 1 Hz) for 1 h on day 4 and also on day 5 to biomechanically stimulate MSCs. The bioreactor 
contained 200 ml control medium (see above). Non-stimulated MSCs (adherent to non-stretched collagen type 
I sheets), that were seeded on day 0 and analyzed on days 4 and 5, served as controls. Thus, each individual exper-
iment consisted of 6 collagen I sheets: 2 controls (day 4 and 5), 2 sheets (analyzed on day 4 and 5) after completion 
of 2.5% stretch, and 2 sheets (analyzed on day 4 and 5) after completion of 5% stretch.

Cell Viability Staining.  MSC numbers and vitality were assessed according to our published work60,61. 
Briefly, cells were stained with the fluorescent dyes calcein, propidium iodine, and Hoechst 33342 (Cell Viability 
Imaging Kit, Roche; Berlin, Germany) according to the manufacturer’s protocol. Adherent MSCs were digitally 
recorded in a top-down view (Zeiss LSM 510, Oberkochen, Germany; AxioVison 4.8, manual exposure correc-
tion). Using the Module MosaiX, an image mosaic consisting of 10×​10 tiles (12,633 ×​ 9,429 px corresponding 
to 8,211.45 ×​ 6,128.85 μ​m) was reconstructed for imaging cells on cyclically stretched sheets and their controls.

Quantitative RT-PCR.  Adherent MSCs and the collagen type I sheets were digested for 4 min at 55 °C using 
Proteinase K (Fermentas/ThermoScientific, Waltham, MA, USA), avoiding MSC trypsinization. Total RNA was 
isolated using the RNA-Extraction-RNeasy-Minikit (Qiagen, Stockach, Germany). cDNA was synthesized using 
the Advantage RT-for-PCR Kit (Clontech, Saint-Germain-en-Laye, France). Quantitative RT-PCR was performed 
with the LightCycler 480 SybrGreen Master (Roche) and LightCycler 480 Probes Master (Roche) using the 
LightCycler 480 system and Multiwell 96Plates (Roche). Gene expression levels of α​-smooth muscle actin (ACTA2), 
transgelin (TAGLN), calponin (CNN1), peptidylproplyl isomerase A (PPIA), and human glycerinaldehyde- 
3-phosphate-dehydrogenase (GAPDH) were determined. The latter two were used as reference genes. As 
positive controls and calibrator samples human bladder derived smooth muscle cells (HBdSMC, Promocell, 
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Heidelberg, Germany) were used. The oligonucleotide primers used in qRT-PCR assays were 5′-TTGCCTGAT 
GGGCAAGTGAT-3′​ (forward primer sequence) and 5′-TACATAGTGGTGCCCCCTGA-3′​ (reverse primer 
sequence) for ACTA2, 5′​-AGATGGCATCATTCTTTGCGA-3′​ and 5′-GCTGGTGCCAATTTTGGGTT-3′​ 
for CNN1, 5′-CTCTGCTCCTCCTGTTCG-3′ and 5′-ACGACCAAATCCGTTGACTC-3′ for GAPDH,  
5′-TTCATCTGCACTGCCAAGAC-3′ and 5′-TCGAGTTGTCCACAGTCAGC-3′ for PPIA. For TAGLN, the 
Qiagen assay Hs_TAGLN_2_SG was used. For TAGLN and PPIA, SybrGreen (Roche) was used. For ACTA2, 
CNN1, and GAPDH the Roche Universal Probe Library Probes N58 (ACTA2), N71 (CNN1), and N60 (GAPDH) 
were used.

Immunofluorescence microscopy.  To analyze protein expression, samples were fixed with 4% formalde-
hyde at 4 °C for 10 min, washed three times with PBS, and permeabilized with Triton-X100 for 20 min, washed 
three times with PBS, incubated for 1 h with the following primary antibodies diluted in PBS containing 0.1% BSA 
(Sigma-Aldrich): 1:100 mouse monoclonal anti-α​SMA (Sigma-Aldrich), 1:100 rabbit polyclonal anti-transgelin 
(Santa Cruz Biotechnology, Heidelberg, Germany), 1:500 rabbit monoclonal anti-calponin (Abcam, Cambridge, 
UK). After overnight incubation at 4 °C, the samples were washed 3x with PBS, and incubated with secondary anti-
body (goat anti-rabbit IgG, Santa Cruz Biotechnology, dilution: 1:100) for 1 h at room temperature (except for the 
anti-α​SMA antibody, which is labelled with Cy3). Cell nuclei were stained with DAPI (working solution: 1 μ​g/mL, 
Sigma-Aldrich), washed 3x with PBS, mounted with mounting medium (Dako Deutschland, Dako, Germany), and 
digitally recorded in a top-down view (Zeiss LSM 510, AxioVison 4.8, manual exposure correction).

Collagen Type I Slot Blot and Western blot analysis.  MSCs and human bladder derived smooth mus-
cle cells (Promocell) as positive control were removed with trypsin from cell culture flasks. MSC removal from 
collagen sheets included Accutase treatment (Life Technologies) and manual scraping. To investigate whether col-
lagen protein from the collagen sheets may have raised the total protein concentration in samples scratched from 
the collagen sheets but not in samples removed from cell culture flasks – potentially biasing the determination 
of protein amounts - a slot blot experiment (MilliBlot Systems, Millipore, Darmstadt, Germany) was performed 
for confirmation.

Cells were lysed in 200 μ​l protein lysis buffer (40 mM Tris/HCl pH 7.4, 300 mM NaCl, 2 mM EDTA, 2% 
Triton-X-100) supplemented with proteinase inhibitor at 4 °C. Insoluble material was removed by centrifugation. 
The protein concentration in the supernatant was determined by Bradford protein assay.

20 μ​g protein was added to each slot respectively and blotted onto the transfer membrane (PVDF Immobilon-P, 
Millipore) without denaturation in its native conformation. After 30 min incubation at room temperature the fluid 
was removed. After washing with Tris-Buffered Saline and Tween 20 (TBS-T) and blocking with 5% powdered milk 
(Carl Roth) in TBS-T, the membrane was incubated overnight at 4 °C with the primary antibody (mouse anti-collagen 
type I, 1:1000, Sigma-Aldrich). The membrane was washed three times with TBS-T for 15 min. Secondary antibody 
(horseradish peroxidase-conjugated anti-mouse pAb, 1:20,000, Jackson Immuno Research, West Grove, PA, USA) was 
added for 2 h at room temperature, and the membrane was washed another three times with TBS-T. Collagen type I was 
detected using ECL Western blotting substrate (Thermo Scientific, Waltham, MA, USA).

To determine the biomaterial- and biomechanically induced increase in SMC marker expression on protein 
level, Western blotting was performed. Protein samples (50 μ​g) were separated by 10% SDS-PAGE and trans-
ferred to a hydrophobic polyvinylidene difluoride (PVDF) membrane (Immobilon-P; Merck KGaA, Darmstadt, 
Germany). After blocking wih 5% powdered milk (Carl Roth, Karlsruhe, Germany) in TBS-T, membranes 
were incubated with primary antibodies (rabbit anti-α​-smooth muscle actin (ACTA2), 1:1000 (Abcam), rab-
bit anti-calponin (CNN1),1:1000 (Abcam), rabbit anti-SM22 alpha (TAGLN), 1:1500 (Santa Cruz), and rabbit 
anti-β​-tubulin, 1:2000 (Cell Signaling, Danvers, MA, USA)) with gentle shaking overnight at 4 °C according to 
the manufacturer’s protocols. Membranes were washed three times with TBS-T. Secondary antibody (horse-
radish peroxidase-conjugated anti-rabbit pAb, 1:20,000, Jackson Immuno Research) was added for 2 h at room 
temperature, and the membranes were washed another three times with TBS-T. Proteins were detected using 
ECL Western blotting substrate (Thermo Scientific) with membranes exposed to Amersham Hyperfilm ECL (GE 
Healthcare, Pittsburgh, PA, USA). A pre-stained protein ladder (PageRuler Plus; Thermo Scientific) was used for 
determination of molecular weights. For quantification ImageJ (NIH) was used.

Statistical analyses.  All data are presented as mean ±​ SEM except when box plots were chosen for data 
presentation. The box plots give the median, 25th & 75th as well as the 10th & 90th percentiles and outlying points. 
Calculations were performed with Microsoft Excel 2010 and SigmaPlot-11.0.0.77 (Systat, Chicago, USA). Data were 
analyzed for normality (Kolmogorov-Smirnov-test). Normally distributed data were subjected to the Student’s t-test; 
non-normal data were subjected to the Mann-Whitney-Rank-Sum-Test. More than two groups were compared 
using ANOVA and appropriate post-hoc tests. Differences were considered statistically significant (*) at p <​ 0.05.
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