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Introduction 
Biological cells are capable of sensing and reacting to 
their environmental conditions such as substrate stiffness. 
The nature of adherent cells allows them to feel various 
physical signals via ligand-receptor interactions when they 
spread on a surface.1 This process occurs by force exertion 
and elastic reaction of the substrate, and subsequently 
translation of mechanical signals into biochemical signals 
that is called mechanotransduction.2 Within the human 
body, there are various hard and soft tissues with a wide 
range of stiffness moduli, from 10 GPa for bone to 3 kPa 
for liver.3,4 Hence, cells experience in vivo environments 
with diverse stiffness values that directly influence 
mechanotransductive events.

Endothelial cells (ECs) form a lining on the wall of blood 
vessels, regulate the diffusion of compounds within blood 
to the tissues, and inhibit blood clotting. Endothelial 
dysfunction is a major source of cardiovascular diseases 

which are the main cause of human mortality.5 Within the 
circulatory system, ECs are exposed to different stiffness 
values in physiological and pathological conditions that 
directly influence their functionality.6 Some cardiovascular 
diseases such as atherosclerosis and hypertension are 
correlated with stiffening of blood vessels.7,8 Furthermore, 
blood vessels stiffen with aging.6 It has been reported 
that endothelial function and morphology can change in 
response to variations of the intimal membrane.5 In vitro 
experiments also demonstrated the change in endothelial 
function cultured on substrates with different stiffness 
values suggesting the possibility of using such models for 
studying disease pathology and its effect on ECs formed 
barrier.9,10 

To examine effects of substrate stiffness on cell behavior, 
there are several materials as culture substrates such as 
polyacrylamide11 and collagen.12 Polydimethylsiloxane 
(PDMS) is a widely used material, which is nontoxic, 
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Abstract
Introduction: Substrate stiffness regulates cellular 
behavior as cells experience different stiffness values 
of tissues in the body. For example, endothelial cells 
(ECs) covering the inner layer of blood vessels 
are exposed to different stiffness values due to 
various pathologic and physiologic conditions. 
Despite numerous studies, cells by time span sense 
mechanical properties of the substrate, but the 
response is not well understood. We hypothesized 
that time is a major determinant influencing the behavior of cells seeded on substrates of varying 
stiffness. 
Methods: We monitored cell spreading, internal structure, 3D topography, and the viability of 
ECs over 24 hours of culture on polydimethylsiloxane (PDMS) substrates with two different 
degrees of elastic modulus. 
Results: Despite significant differences in cell spreading after cell seeding, cells showed a similar 
shape and internal structure after 24 hours of culture on both soft and stiff substrates. However, 
3D topographical images confirmed existence of rich lamellipodia and filopodia around the cells 
cultured on stiffer PDMS substrates. 
Conclusion: It was concluded that the response of ECs to the substrate stiffness was time 
dependent with initial enhanced cellular spreading and viability on stiffer substrates. Results can 
provide a better comprehension of cell mechanotransduction for tissue engineering applications.    
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biocompatible, and offers tunable stiffness, surface 
plasticity, transparency, and flexibility.13-15 The elastic 
modulus of PDMS can be easily tuned from 0.1 kPa to 2 
MPa by manipulation of base monomer: cross-linker ratio. 
As other chemical and physical properties of the surface 
including the roughness and hydrophobicity can also 
change cell behavior, results have confirmed using this 
method just change elastic modulus of PDMS.11,16,17 Hence, 
different studies have used PDMS substrates to study 
effects of substrate stiffness on cellular behavior. Surface 
stiffness can influence multiple cell behavioral parameters 
such as morphology,18-20 proliferation,16,19,20 migration,20 
viability,18 attachment16 and cell differentiation.20 It has 
been indicated that when cells were seeded on soft and 
stiff substrates, the actin filaments were often observed 
to be thick and thin respectively. On the other hand, cells 
appeared small and rounded, and lost most of their stress 
fibers on softer substrates.17-19 Study of cancerous cells 
cultured on PDMS substrates with two distinct elastic 
moduli demonstrated changes in the morphological 
parameters by substrate rigidity, while other chemical and 
physical properties of the substrates were kept the same.21

Despite, many investigations regarding effects of 
substrate stiffness on cell behaviors, the time dependent 
mechanism by which cells sense and respond to their 
substrate stiffness has not been well studied. Here, we 
hypothesized that endothelial responses to the substrate 
stiffness are time dependent. To test this hypothesis, we 
investigated morphological alterations of ECs in response 
to the rigid and soft PDMS substrates in specific time 
points of 24-hour culture. The elongation of cells due to 
altered substrate stiffness is an important morphological 
parameter that can affect major cell behavioral parameters 
such as adhesion and motility.22 This morphological 
feature is the primary kinetic process following cell 
attachment events when cells sit on the substrate.23

Methods and Materials
Materials
Monomer and Cross-linking agent (Sylgard 184®), high-
glucose Modified Eagle’s Medium, Fetal Bovine Serum, 
Fibronectin, Triton X-100, Alexa Fluor 488® phalloidin, 
4’-6-Diamidino-2-phenylindole (DAPI) and LIVE/
DEAD® viability/cytotoxicity kit were obtained from 
Dow Corning (Midland, Michigan, USA), Gibco (New 
York, NY, USA), Gibco (New York, NY, USA), Sigma (St. 
Louis, Missouri, USA), Merck (Darmstadt, Germany), 
Invitrogen (Waltham, Massachusetts, USA), Invitrogen 
(Waltham, Massachusetts, USA) and Invitrogen (Waltham, 
Massachusetts, USA) respectively. Human umbilical vein 
endothelial cells (HUVECs) were provided from National 
Cell Bank of Iran, Pasteur Institute of Iran.

PDMS fabrication
PDMS films of varying Young’s moduli were synthesized 
following manufacturer's protocol. Briefly, monomer and 
cross-linking agent were thoroughly blended at the ratios 
of 10:1 and 50:1. The mixtures were kept in a desiccator 

for 1 hour for removal of the trapped air bubbles. Then, 
films were cured at 80°C for 1 hour. 

Characterization of elastic modulus of substrates 
For the evaluation of the stiffness, uniaxial tensile tests 
were performed on three standard PDMS sheets of each 
group in dimension of 100 mm, 20 mm and 0.5 mm for 
sheet’s length, width and thickness respectively. Briefly, 
each sample was clamped with tensile device’s clips 
and stretched in the longitudinal direction. The force-
displacement data were acquired and considering the 
dimensions of samples, stress (F/A) – strain (L/∆L) data 
were calculated. Here, F, A, L and ∆L are force, cross-
section area (width * thickness), original length and the 
change in length respectively.

Cell culture
HUVECs were cultured in high-glucose modified Eagle’s 
medium enriched by 10% fetal bovine serum. Cells were 
passaged once the culture was less than 70%. Cells were 
used with the passage number of less than 6 throughout 
the experiments. 

Fibronectin coating and cell seeding
To follow up the morphology of HUVECs during 24 
hours of culture, a region of the elastic membrane was 
specified by markers for corresponding image capturing 
during time intervals. This region was coated by 2 µg/mL 
fibronectin and incubated at 37°C for 1 hour for surface 
modification. After removing redundant fibronectin, cells 
were cultured with the density of 104 cells/cm2. 

Image processing and cell elongation evaluation
To quantify alterations in the cell elongation on 
substrates with different elastic moduli, cell images were 
captured and processed during culture period. At least 
5 images were taken from each sample every 4 hours 
using an optical phase-contrast inverted microscope. 
Image J (v1.43e) software was utilized for calculation of 
morphological parameters. The image processing steps 
included conversion of captured images to gray scale, 
separation of cells from their background, and finally 
generation of binary images. Then, the processed images 
were used to quantify alterations in the cell circularity 
(CC) determined for each cell according to Eq. (1),24

Cell Circularity = 4πS/P2 (1)
Where P indicates cell perimeter and S describes the 

area of the cell. The magnitude of circularity parameter 
is within the range of 0 to 1 representing a line and a 
circle respectively. When cells become elongated their 
corresponding circularity value decreases. The cells of 
each image were clustered in four groups based on cell 
circularity named spindle (CC: 0.1 to 0.299), semi-spindle 
(CC: 0.3 to 0.499), semi-round (CC: 0.5 to 0.699) and 
round (CC: 0.7 to 0.999). 

Actin staining 
After 24 hours of cell seeding, the internal cytoskeletal 
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structure of cells was stained and displayed by an inverted 
fluorescence microscope. Cells were washed twice 
with phosphate buffered saline (PBS) and rinsed with 
4% paraformaldehyde diluted in PBS for the fixation. 
After 10 minutes, cells were washed by PBS again and 
permeabilized by 0.1% Triton X-100 in PBS for 15 minutes. 
Cells were then further washed with PBS carefully. For 
blocking process, samples were incubated for 1 hour with 
1% BSA in PBS. Then, F-actin fibers were stained with 
1/40 dilution of Alexa Fluor 488® phalloidin in PBS for 
45 minutes. Finally, cells were washed with PBS twice. In 
order to visualize cell nuclei, cells were rinsed in 1/1000 
diluted 4’-6-Diamidino-2-phenylindole (DAPI) for 5 
minutes. Cell images were then captured by an inverted 
fluorescence microscope (Nikon TE 2000-U, Nikon 
instruments Inc., USA). 

Fractal dimension calculation
Fractal dimension is an indicator of morphological 
complexity. This quantitative measurement provides an 
estimation of cell structure properties, especially their 
alignment.25,26 The lower fractal dimension indicates 
higher arrangement. The arrangement of actin filaments 
was examined using fractal analysis tool of Image J 
software (v1.43e). Initially, actin staining images were 
processed by the software as mentioned above. Then, 
fractal dimension of each image was calculated using ‘‘box 
counting” method as reported by other studies.24 

Scanning electron microscopy 
A 3D morphological topography of cells was implemented 
using SEM (SERON TECHNOLOGIES, AIS2100). 
Initially, cells were rinsed in 2.5% glutaraldehyde for 
20 minutes at room temperature. Samples were then 
dehydrated in different dilution series of ethanol from 
50 to 100%, each step 10 minutes. Subsequently, the 
substrates were coated by 20 nm of gold for making them 
electrically conductive and avoiding electric charging (20 
kV) during imaging.

Cell viability assay
To characterize the rate of live cells, a fluorescence-based 

kit (LIVE/DEAD® viability/cytotoxicity assay) was used 
according to manufacturer’s protocol after 24 hours of 
seeding. Briefly, 0.5 µL/mL calcein (green-fluorescent) 
and 2 µL/mL ethidium homodimer-l (red-fluorescent) 
were thoroughly dissolved in PBS. Then, cells were rinsed 
with 1 mL of the obtained solution after removing cell 
media without any cell washing to rule out the wash of 
dead cells. Live and dead cells can be observed after 30 
minutes. An inverted fluorescence microscope (Nikon TE 
2000-U, Nikon instruments Inc., USA) was utilized for 
cell imaging. The cell viability percent was quantified by 
counting green points representing live cells and dividing 
it by total number of cells.

MTT assay
The metabolic activity of cells seeded on both substrates was 
quantified by 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl 
tetrazolium (MTT) assay. Briefly, cells were incubated at 
37◦C with a 0.5 mg/mL concentration of MTT solution 
for 4 hours. Then, the solution was removed and cells were 
rinsed in 150 µL of dimethylsulphoxide (DMSO) solution 
for up to 15 minutes. Finally, the absorbance was obtained 
at 570 nm by an ALISA reader.20,27

Experimental protocol
HUVECs were cultured on two PDMS membranes with 
stiffness moduli of 2MPa and 50KPa as stiff and soft 
substrates and their morphology, cytoskeleton, topography, 
and cell viability of two groups were examined. Cell 
imaging was performed 4, 8, 12 and 24 hours after culture 
on specified regions. For each sample, five images were 
captured and analyzed. All experiments were repeated 
at least three times. T-test analysis was conducted with 
significance level set at P = .05 for comparing parameters 
between both groups.
 
Results
Elastic modulus of substrates
Fig. 1 shows stress-strain graphs for one sample of each 
group of substrates. The slope of the line representing stress-
strain data determines elastic modulus of the sample and 
has direct relation to the stiffness of the substrate. Softer 

Fig. 1. The stress-strain data for typical samples of stiff (left) and soft (right) substrates. The slope of the fitted line is higher for the stiff 
substrate, indicating higher elastic modulus. Conversely, soft substrate has less slop and elastic modulus.
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samples show lower slopes describing higher extensibility 
under the same applied force. For all test samples, straight 
lines were well fitted by the data (with correlation values 
higher than 0.99) and the corresponding average values of 
elastic moduli were 2000 ± 0.31 kPa and 50 ± 6 kPa for stiff 
and soft substrates respectively.

Cell circularity
Fig. 2A shows morphology of cells after 8 and 24 hours 
of culture on stiff and soft substrates. Qualitatively more 
cells were elongating on stiffer surface, unlike cells on the 
softer substrate that mostly remained round. Quantitative 
cell morphological clustering, i.e., the percentage of each 
morphological group, is presented in Fig. 2B. Results 
demonstrated that despite various magnitudes of cell 
circularity in early hours of cell seeding for two test groups, 
after 24 hours almost 50% of cells were spindle and there 
was no significant difference between total percentages of 
semi-spindle and semi-round cells on 2 types of substrates 
(P > 0.05). Virtually no cells remained in round shape after 
24 hours within 2 groups. 

Our results suggested that cells on both stiff and soft 
surfaces had a tendency to become elongated during 
seeding time though with different rates. Cells on stiffer 
substrate showed a higher rate of elongation in initial 
hours of culture, while in later hours of culture elongation 
of cells on soft substrates was accelerated with higher rate 
compared to stiffer substrates. Although stiffer substrates 
initially had fewer round cells, it was observed that cells 
on soft surfaces had a tendency of rapid elongation after 
8 hours of culture compared to cells on stiff substrate. 
In other words, the response of cells on stiff substrates 
through morphological remodeling started earlier, 
however cell remodeling on soft substrates started later 
and progressed more rapidly. The CC results are presented 
in Table 1 by numbers. 

Actin arrangements
The internal structure of cells cultured on 2 substrates 
was observed 24 hours after seeding. As described in 
Fig. 2, cells remodeled themselves in response to seeding 
on substrates with 2 elastic moduli by elongation on the 
surfaces differently during first day of culture. After 24 
hours of culture, cells reached almost similar percentages 

of elongated morphology for both types of substrates. 
Results of the actin staining confirmed such similarity 
through comparable internal structure arrangement of 
cells among 2 test groups (Fig. 3A). The number of actin 
fibers and bundles of stress fibers remained virtually the 
same among semi-round and spindle cells (Fig. 3A). As 
Fig. 3B shows, the fractal dimension of different clusters is 
the same between 2 groups. In other words, actin structure 
of the cells has the same complexity after 24 hours of 
culture and the substrate stiffness did not affect them.
  
Scanning electron microscopy
To visualize 3D cellular topography, cell images were 
taken by SEM after 24 hours of seeding. Fig. 4 shows 3D 
images of semi-round and spindle cells after 24 hours 
of seeding on soft and stiff substrates. Unlike internal 
structure shown by actin staining (Fig. 3), there were clear 

Table 1. Quantitative presentation of cell circularity (CC) at 4 time pointsa

Time points Round (%) Semi-round (%) Semi-spindle (%) Spindle (%)

4 h (Stiff) 47.5±4 30±4 22.5±3 0

4 h (Soft) 97.8±2 2.2±1 0 0

8 h (Stiff) 38.6±5 43±2 14±2 4.4±2

8 h (Soft) 57.7±8 39.4±5 2.8±1 0

12 h (Stiff) 0 42.1±4 36.8±6 21±4

12 h (Soft) 51±3 25.5±4 23.5±5 0

24 h (Stiff) 0 23.1±2 27.7±1 49.2±5

24 h (Soft) 0 11.7±3 31.7±5 56.7±8
a The sign ± indicates standard deviation of each cluster.

Fig. 2. Cell elongation on stiff and soft substrates.  A) The mor-
phology of cells 8 and 24 h after seeding. Cells labeled by 1, 2, 
3 and 4 are spindle, semi-spindle, semi-round and round respec-
tively. (Scale bar: 50 µm), B) Quantitative presentation of cell cir-
cularity (CC) at four time periods; the numbers are an average of 
CC of each cluster.  Despite statistical significance between clus-
ters of two groups at initial hours, there is no marked difference 
after 24 h of culture. Vertical axis shows percentage of each clus-
ter. The numerical data for different clusters are shown in Table 1.
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differences between 3D images of cells cultured on PDMS 
of varying stiffness. Although HUVECs became elongated 
after 24 hours of culture (no significant difference between 
CC values of cells on 2 substrates after 24 hours), cells on 
stiff substrate had many lamellipodia and filopodia that 
tightly connected them to the substrate. Soft matrix did 
not enable cells to anchor to the substrate firmly.

Cell viability
Cell viability was evaluated 24 hours after culture. Results 
indicated higher ratio of cell viability among cells cultured 
on stiffer substrates (92.21%) compared to soft substrates 
(72.4%) with significant difference (P < 0.05) (Fig. 5A, 
B). To better quantify the function of cells cultured on 
different substrates, the metabolic activity of cells was 
further measured using MTT assay. The metabolic 
activity of cells cultured on stiffer substrates was higher, in 
agreement with the live/dead assay data (Fig. 5C).
 
Discussion
The interaction between cells and their mechanical 
environment guides cellular responses that play essential 
roles in controlling their behavior and is addressed by 

Fig. 4. Three dimensional topography of cells by SEM after 24 h 
of culture on stiff and soft substrates for semi-round and spindle 
cell shapes. (Scale bar: 10 µm).

Fig. 3. Quantitative and qualitative presentation of the actin fibers 
arrangement 24 h after seeding on stiff and soft substrates A) 
Fluorescent images, And B) Fractal dimension calculation of actin 
structure. As the images show, there is no statistical difference 
among the clusters in each group (Scale bar: 5 µm).

Fig. 5. A, B) Cell viability on stiff and soft substrates after 24 h of 
culture. Red points represent dead cells (Scale bar: 200 µm). C) 
Metabolic activity of cells measured by MTT assay. OD number 
has direct relation to metabolic activity. Increased elastic modulus 
enhanced metabolic activity of cells. The star sign shows signifi-
cant difference between two groups. 

mechanotransduction.1,2 Elastic modulus, as the major 
mechanical feature of the cell substrate among in vitro 
experiments, may simulate the mechanical condition of 
tissues in which biological cells function in vivo. Hence, 
in vitro study of cellular responses to the substrate 
stiffness expands the understanding of cell remodeling 
due to environmental stimuli and assists in obtaining 
cells with optimized function for tissue engineering and 
cell therapy applications. It appears that the opposing yet 
sustained results between various studies might be due 
to differences among test conditions and experimental 
protocols including surface protein coating, hydrophobic 
surface correction by plasma treatment, fabrication 
technique, utilized ranges of PDMS elastic moduli, cell 
type, cell crowdedness and/or proliferation, and checked 
time points. It seems that strong cell signaling through 
substrate occurs when suitable culture conditions trigger 
cell remodeling in specific time span. 

As an example, an adequate density of cells (depending 
on cell phenotype) is required to cause cell signaling 
between adjacent cells due to substrate stiffness.28 Both 
highly confluent or disperse cell population reduce effects 
of proper signaling through substrate.28 Moreover, surface 
conditioning in terms of method of coating and thickness 
of surface protein might be another determinant. 
Thick coating layer might result in lack of sense of 
substrate stiffness by cells.21 Hence, despite the fact that 
hydrophobic nature of PDMS requests an intermediate 
protein for cell attachment,16 in some cases even the usage 
of PDMS substrate without coating has been suggested 
to properly investigate effects of bulk stiffness on cell 
behavior.21 Additionally, it has been argued that some 
surface modifications such as plasma treatment can create 
a thin layer with different elastic behavior from the bulk 
of substrate which might undermine effect of substrate 
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properties on cell behavior.29 Here we coated substrates 
with a very thin layer of fibronectin to allow cell interact 
with the substrates and sense their stiffness. 

Some studies have used other materials such as 
polyacrylamide as the cell substrate and concluded that 
PDMS is not a proper material for study of substrate stiffness 
since it does not effectively influence cellular behavior.11 
However, as a holistic view, it can be hypothesized that 
each substrate can modulate behavior of cells provided 
that culture conditions including checked time points, 
cell density, surface modification and fabrication 
technique are adequately balanced. Furthermore, studies 
which concluded no effects of substrate stiffness on cell 
morphology, did not examine cell elongation among the 
initial hours of seeding, which is a major determinant 
of cell behavior after primary attachment.23 The short 
term culture provides an appropriate time to examine 
effects of substrate stiffness on cell behavior. Due to cell 
growth after first day of culture, cell confluence becomes 
high especially among ECs which naturally have high 
confluence potential. While during first day of culture cell 
signaling through the substrate is prominent, by higher 
cell confluence cells receive strong signals from each other 
and less from the substrate.

Here, we utilized PDMS substrates with two different 
elastic moduli for analyzing the morphology of 
HUVECs at 4, 8, 12 and 24 hours after seeding. Cells 
responded to PDMS stiffness in term of cell elongation 
with a time dependent trend. While cells from two test 
groups experienced different elongation algorithm 
within the initial hours of culture, after 24 hours they 
practically reached similar elongation and actin filament 
arrangement, although SEM images revealed that there 
were clear differences among two groups of cultured 
cells, where cells showed better adherence to the stiffer 
substrate. This was in agreement with viability results 
showing significantly higher rate of survival for cells 
attached to stiffer substrates. Previous results have also 
confirmed that stiffer substrates can increase cells survival 
rate.30 

Time dependency of the mechanosensing still remains 
an open question. Such a trend has been already observed 
among epithelial cells cultured on polyacrylamide gels 
with different elastic moduli. Although cells were round 
and flat on soft and stiff substrates respectively in first two 
days after culture, at the fifth day of culture they achieved 
similar flat morphology on all substrates.31 Furthermore, 
when fibroblasts were cultured on gels of varying stiffness 
with the same adhesiveness, the earliest time point at 
which cells reacted differently was after 2 minutes.32 In 
general published results on effects of substrate stiffness 
on cellular behavior have basically shown that substrate 
stiffness has an elementary effect on cell behavior.33

Conclusion
The response of cells to substrate stiffness was shown to 
be a time dependent process. In current study the time 
dependency was within the time span of 24 hours. The 

cell-substrate interaction through stiffness of substrate 
diminished after this period based on the general 
morphology and cytoskeleton of cells. However, clear 
difference was observed between 3D topographical 
images of cells in two test groups, describing different 
patterns of cell anchorage to the substrate. The enhanced 
anchorage of cells to the stiffer substrate may improve cell 
adherence and spreading, the possible reason for higher 
viability of cells on stiffer substrates. In conclusion, stiffer 
substrates enhance cell viability and attachment through 
enrichment of lamellipodia and filopodia among ECs that 
can subsequently affect other cell behaviors. Results of 
this study may contribute to promotion of our knowledge 
in achieving functional cells in cell therapy and tissue 
engineering.
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