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Abstract: To date, a myriad of strategies has been suggested for
targeting the chemical signaling of cancer cells. Also, biomechanical features are gaining much more attention. These features can
be used as biomarkers which inﬂuence cancer progression. Current approaches on cancer treatment are mainly focused on
changing the biochemical signaling of cancer cells, whereas
less attention was devoted to their biomechanical properties.
Herein, we propose targeting of cancer cell mechanics through
the microenvironmental mechanical and chemical cues. As such,
we examined the role of substrate stiffness as well as the effect
of epidermal growth factor receptor (EGFR) blockade in the
cell mechanics. As a mechanical stimulus, stiff and soft polydimethylsiloxane substrates were utilized, while as a chemical
stimulus, EGFR blockade was considered. Thus, breast cancer cell
lines, MCF7 and MDA-MB-231, were cultured among chemical
and mechanical groups. The local elasticity of cancer cells was

assessed by atomic force microscopy nanoindentation method.
Furthermore, we evaluated the effect of mentioned mechanical
and chemical treatments on the morphology, actin cytoskeleton
structures, and cancer cell migration abilities. The stiffness and
migration ability of cancer cells increased by substrate stiffening
while Cetuximab treatment demonstrated an elevation in the elastic modulus of cells followed by a reduction in the migration
ability. These ﬁndings indicate that cancer cell mechanics is modulated not only by the mechanical cues but also by the chemical
ones through EGFR signaling pathway. Overall, our results illustrate that manipulation of cell mechanics allows for the possible
modulation of tumor cell migration. © 2019 Wiley Periodicals, Inc. J
Biomed Mater Res Part A: 107A: 1569–1581, 2019.
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INTRODUCTION

Cell mechanics correlates with various cellular behaviors
and functions such as differentiation, migration, motility, and
invasion. Changes in the physical properties of cells can lead
to alterations in biological functions. Investigating the relation between cell biomechanics and human abnormalities
has garnered much interest in recent years.1,2 In particular,
discovering the relation between the cancer cell mechanics and
their invasiveness has recently emerged as a research topic
of interest. Previous studies show that cancer cells express different mechanical and physical properties compared to healthy
cells.3,4 The smaller Young’s modulus and increased cell
deformability are major characteristics of cancer cells.5,6 There
are several studies that have demonstrated softening of cancerous cells such that mechanical properties of cancer cells correlate to their invasiveness.3,7 Young’s modulus of highly invasive
breast cancer cells was reported signiﬁcantly lower than noninvasive breast cancer cells.8 These ﬁndings suggest that cellular
mechanics strongly correlates with the cancer invasiveness, and

Young’s modulus might be an indicator of cancer cell invasiveness. Since changes in the cell stiffness alter biological functions
of cells, targeting mechanical properties of cancer cells can lead
to alterations in important cellular behaviors such as migration
and invasion ability.9
Cell stiffness is strongly affected by the microenvironment
in which cells live. Cells alter their morphology, stiffness, and
cytoskeletal structure in response to biochemical and biomechanical cues. Since a key determinant of cell mechanical properties is the actin cytoskeletal network,3,10 changes of cellular
stiffness correlate with alteration in actin structure and content.
Thus, actin targeting has therapeutic potential and affects cell
mechanics and consequently cell metastasis potential.11 Cross
et al. investigated the anticancer effect of green tea on regulating
mechanical properties of live metastatic cancer cells through
atomic force microscopy (AFM) analysis.12 They found that the
stiffness of treated tumor cells increased signiﬁcantly and concluded that restoration of mechanical properties might contribute to the inhibition of metastasis. In another effort, Surcel et al.
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presented an approach to modulate cancer cell mechanics using
small molecule 4-hydroxyacetophenone (4-HAP).13 They showed
that 4-HAP affects myosin II and could convert the mechanical
proﬁle of metastasis-derived pancreatic cancer cells toward a
normal state.
Cell functionality is regulated not only by biochemical factors but also by the mechanical microenvironment. Among cellular behaviors, cell migration and motility are strongly affected
by mechanical signals from the microenvironment. Also, substrate mechanics plays an important role in modulating cell
mechanical properties. It has been shown that cellular stiffness
alters in response to the rigidity of substrate on which cells are
adhered.14,15 Although the extracellular matrix rigidity is a regulator of cancer cell behavior, its role in regulating breast cancer
cell stiffness is not well investigated. There are several studies
reporting changes in the cellular behavior of various cell types
on different substrates such as polydimethylsiloxane (PDMS)
and polyacrylamide gels.15–18 All these studies concluded that
substrate stiffness regulates the cell morphology, adhesion, stiffness, migration, and motility. Solon et al. showed that the substrate stiffness signiﬁcantly affects the organization of actin
cytoskeleton of ﬁbroblasts and likely their mechanical properties.16 In another attempt, Shukla et al. investigated how changes
in the substrate stiffness alter the migratory phenotype of lung
adenocarcinoma cells.15 They demonstrated that matrix stiffness
alters the cytoskeletal structure and mechanical properties of
lung cancer cells, and substrate stiffening leads to a slower and
more directional migration of cells. Studies that investigated the
effect of substrate rigidity on the cancer cell behavior concluded
that substrate stiffening leads to more organized actin stress
ﬁbers, increase in the cell proliferation and epithelial to mesenchymal transition markers.18–20
In this study, we propose that regulating cancer cell mechanics through the chemical and mechanical microenvironment
cues concurrently has a treatment potential via alteration in cell
biological behaviors such as motility and invasion. Here, such
relation was examined by regulating the elastic behavior, actin
structure, morphology, and motility of breast cancer cells via the
mechanical and chemical signals of microenvironment. As a
mechanical stimulus, culturing cancer cells on the substrates
with different elastic moduli was considered, while as a chemical
stimulus, targeting the epidermal growth factor receptor (EGFR)
signaling pathway was performed. We investigated the inﬂuence
of those treatments on mechanical properties, cytoskeleton
organization, cell shape, and migration ability of two breast cancer cell lines with low and high invasiveness potentials. We present and discuss the results showing that substrate stiffness
greatly inﬂuences cell mechanics and cell migratory behavior.
These observations suggest that restoring the mechanical properties of cancer cells plays a signiﬁcant role in regulating cancer
cell migration and invasion.
MATERIALS AND METHODS

Cell culture, mechanical, and chemical treatments
Two human breast cancer cell lines, MCF7 (noninvasive) and
MDA-MB-231 (invasive), provided from Stem Cell Research
Center of Iran, were grown in Dulbecco’s Modiﬁed Eagle
Medium supplemented with 10% fetal bovine serum in 5%
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CO2 and 37 C incubator. To study the effect of EGFR
targeting on cell mechanics, two groups of nontreated and
Cetuximab (Merck, Germany) treated were deﬁned. To examine the effect of substrate stiffness on the cell behavior, two
PDMS substrates with different elastic moduli were utilized
and deﬁned as soft and stiff groups. For all experiments,
both cell lines were seeded 24 h before the experiment in
four mentioned groups, named nontreated, treated, stiff, and
soft. Figure 1 illustrates the schematic of workﬂows.
PDMS substrates were prepared by mixing the silicone elastomer with the curing agent (Sylgard 184; Dow Corning). The
substrate stiffness was tuned by varying the ratio of elastomer
to curing agent. Two ratios of 10:1 and 50:1 were used to obtain
stiff and soft substrates, respectively. The mixture was degassed
to expel bubbles and cured for 24 h at 80 C. The Young’s modulus of PDMS substrates was measured by uniaxial tensile test on
three PDMS sheets of each group (SANTAM universal tensile
testing device [Iran, SPM20]). To improve cell adhesion, the
substrate surface was treated by oxygen plasma through a
low-frequency plasma generator (40 kHz; Diener Electronics,
Germany) at 50 W for 2 min, sterilized by ultraviolet for 30 min,
and coated by 0.5 mg/mL type I Collagen (Sigma, Germany) for
2 h in room temperature. Then, substrates were rinsed with
phosphate-buffered saline (PBS) to remove the excess protein
and were immediately used for cell seeding.
To evaluate the effect of plasma treatment on the hydrophobicity of PDMS substrates, contact angle measurement was performed on the sheet of soft and stiff substrates, before and after
plasma treatment. The contact angle was measured using the
sessile drop method. Deionized water droplets of ~10 μL were
deposited via a syringe. The drop shape was recorded, and the
angle was measured by the ImageJ DropSnake plugin. Three
measurements per substrate were performed.
For chemical stimulation, Cetuximab, an anti-EGFR antibody was chosen. EGFR is a transmembrane protein that its
overexpression and overactivity in cancer cells leads to
changes in biological, chemical, and physical activities of
cells.21,22 EGFR and its various downstream signaling pathways have been considered as a therapeutic strategy in the
cancer treatment.21,23 In this study, EGFR was targeted by
Cetuximab which bound to the extracellular domain of EGFR
and prevented the receptor dimerization. To treat the cancer
cells by Cetuximab, cells were exposed to a culture medium
supplemented with 10 μg/mL Cetuximab (Merck) for 24 h.
The chosen concentration was below the reported peak
plasma concentration of this drug.23,24

Live/dead assay
Live/dead assay was performed to determine the cell viability
among study groups. A cellstain double staining kit (Sigma
Aldrich) was used according to the manufacturer’s protocol.
Brieﬂy, both cancer cell lines were seeded among four different
groups, and after 24 h the cells were incubated with a staining
solution (5 mL of PBS containing 10 μL of calcein AM and 5 μL
of propidium iodide) at 37 C for 15 min. An inverted ﬂuorescence microscope (OLYMPUS IX71) was utilized to capture
live/dead ﬂuorescence images.
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FIGURE 1. Schematic illustration of the workﬂow. Two breast cancer cell lines were cultured among two chemical groups (nontreated and CTX
treated) and two mechanical groups (stiff and soft substrates), cancer cells were assessed to obtain changes in the mechanical properties, cellular
height, morphology, actin cytoskeleton, and migration ability.

AFM measurements
Topographical imaging. To analyze topographical features
and the surface morphology of substrates at the nanoscale,
AFM imaging mode was utilized. In this mode, while a ﬂexible cantilever with a sharp tip scans the surface, a laser
beam is reﬂected from the back of cantilever to a photodiode. The surface roughness is sensed by the deﬂection of
cantilever, and a change in the laser beam;25 hence, the
topography of surface is obtained. A NanoWizard 3 AFM
device (JPK Instruments AG, Germany) was used to measure
the surface roughness of soft and stiff substrates. Scanning
was performed by CSC17 cantilever (MikroMasch) with a
frequency of 13 kHz in contact mode. In each sample, three
areas of 10 × 10 μm2 were scanned, and the roughness
parameters were reported as mean  SD. Two roughness
parameters, the average roughness (Ra), and the root mean
square (RMS) roughness (Rq) are the common parameters
for the roughness characterization of surface.26 Parameter Ra
is mathematically given by Eq. (1):
Ra =

N  
1X
Z j 
N j=1

ð1Þ

where N is the total data points of the measurement and Zj is
the vertical deviation measured from the average height of the
surface.26 The RMS roughness value (Rq) is the RMS of the
average height of the surface and is calculated by Eq. (2):
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
P  2
Zj
Rq =
N

ð2Þ

where N is the total data points, and Zj is the vertical deviation of jth point with respect to the mean line.26 These two
parameters were calculated in each image and reported as
mean  SD.
Furthermore, to investigate the effect of chemical and
mechanical stimulations on the cellular height, AFM imaging
mode was conducted. Cancer cells in each group were ﬁxed
by 4% formaldehyde, followed by gently washing thrice with
PBS. Five cells in each group were randomly selected, and
their heights were measured by use of CSC17 cantilever in
the contact mode. The scanning area and scanning force
were set to 40 × 40 μm2 and 2 nN, respectively.

Evaluation of cell elastic modulus. AFM was also used to
evaluate the stiffness of cancerous cells using the indentation
method. Samples of two cell lines were cultured among the
four mentioned groups and allowed to spread for 24 h before
starting the experiment. NanoWizard 3 AFM device was used
to measure the elastic moduli of cultured cells. During experiments, the culture medium was replaced by a medium supplemented with 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid to provide a CO2 independent medium, and the temperature of medium was maintained at 37 C. The V-shaped silicon
nitride cantilever with a spring constant of 0.046 N/m
(HYDRA6V-200NG, APPNANO) was used to indent single cells
[Fig. 2(A)]. The maximum indentation depth of 0.5 μm and the
contact force of 3 nN were set to minimize the cell damage
during experiments.8
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During the indentation, cell–cantilever interaction led to a
vertical deﬂection of cantilever. This deﬂection was converted
to the force by multiplying the sensitivity and the spring constant of cantilever and was recorded against the indentation.
Figure 2(B) displays a typical force–indentation curve. The
force–indentation curve was used to obtain Young’s modulus
according to the modiﬁed Hertz model for a quadrilateral pyramid tip27 [Eq. (3)].
F ðδÞ =

1:49E cell tan α 2

 δ
2 1− ϑ2cell

ð3Þ

where F is the force, δ is the indentation depth, and α is the half
angle of pyramid tip, which was set at 17.5 . The Poisson’s ratio
of cell (νcell) was assumed to be 0.5 considering the incompressible material property for the cells.4
For each group, 10–15 cells were indented, and up to
200 force–displacement curves were recorded. The ﬁnal Young’s
modulus of each group of cells was calculated by averaging all

values obtained in each group. Data analysis was performed
using the JPK-DP software package (JPK Instruments AG).
Morphological measurements
To investigate the effect of mechanical and chemical treatments on the cytoskeletal structure of cancerous cells and
their morphology, both cell lines were cultured among four
groups for 24 h and were assessed by ﬂuorescence microscopy and scanning electron microscopy (SEM). The Image J
software was used to determine the ﬂuorescent intensity,
cell spreading area, perimeter, and shape index.28 The shape
index, as a dimensionless parameter, was calculated by
S = 4πA/p2, where A is the projected cell area and P is the
cell perimeter. The S value varies from 1 for a circular shape
to 0 for a highly rufﬂed shape. The cell spreading area and
perimeter were determined by calculating the area of at
least 30 cells per condition in a randomly selected ﬁeld. To
obtain F-actin ﬂuorescent intensity, ﬂuorescent images were
changed to the grayscale, the cells were detected, and their

FIGURE 2. Evaluation of elastic properties of individual cells by AFM. (A) HYDRA6V cantilever over MDA-MB231 cells. (B) A representative force–
displacement curve obtained from AFM indentation experiment with the schematic illustration of the indentation method. (C) Characterization of
PDMS substrates with AFM topographical images of (I) stiff and (II) soft substrates (scan area is 10 × 10 μm2).
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integrated intensity was obtained. The corrected total cell
ﬂuorescence (CTCF) was calculated according to Eq. (4).28


CTCF = I cell − Acell :I background

ð4Þ

where Icell is the integrated intensity of a cell, Acell is the cell
area, and Ibackground is the background intensity.
To analyze the actin cytoskeleton structure, each cell line
was cultured and treated as mentioned previously. After 24 h of
culture, cells were ﬁxed with 4% paraformaldehyde (Sigma) for
15 min followed by washing with PBS and increasing the permeability of cells using Triton-X100 (Sigma). After washing the
cells with PBS, F-actin was speciﬁcally labeled with phalloidin
(Invitrogen) in PBS for 2 h. The stained cells were then used for
the ﬂuorescence examination.
SEM (Seron Technologies, AIS2100, Korea) was further
used to obtain topography images of cancer cells in different
groups. First, cells were ﬁxed with 2.5% glutaraldehyde
(Sigma) for 2 h at room temperature. Then, different dilution
series of ethanol from 50 to 100% was used to dehydrate
the ﬁxed cells. Finally, samples were coated by 20 nm of
gold for conductivity, and the images were taken.
Migration assay
To analyze the change in the migration ability of two cancer
cell lines by chemical and mechanical stimuli, cell migration
assay was performed using the cell exclusion zone method.
The assay was performed in 24-well plates, and each cell line
was investigated among the chemical and mechanical groups.
The surfaces were ﬁrst modiﬁed by the plasma treatment and
collagen coating. A circular stopper with 1 mm diameter was
constructed using PDMS and blocked with 1% BSA in PBS for
1 h to prevent cell and matrix adhesions.29,30 A single PDMS
stopper was placed at the center of each well to prevent the
adhesion of cells to the surface below the stopper. To track the
migration of cancer cells, the cells were stained by Hoechst
(Sigma). Brieﬂy, cells were detached from the surface with
trypsin and prepared in a density of 106 cells/mL. Then, the
nuclei of cells were labeled by Hoechst for 10 min in the incubator and ﬁnally were centrifuged to remove the excessive dye.
A total number of 12 × 104 cells were seeded in each well and
kept in an incubator overnight. To start the cell exclusion zone
assay, the PDMS stoppers were removed with sterile tweezers
to create a cell exclusion zone. Cells were then allowed to
migrate into the cell-free region29 for 24 h. Fluorescent images
of cell migration area were taken at two time points of
0 (immediately after removing the PDMS stopper) and 24 h.
The cell-free area was calculated by exclusion zone edge tracing in each time point using the ImageJ software.28
Statistical analysis
To evaluate Young’s modulus of each cell line in chemical
and mechanical groups, 10–15 cells were examined, and up
to 200 force–displacement curves were obtained. The mean
 SD values of each group were calculated and analyzed by
t test to compare the effect of substrate, and chemical treatment on the cellular stiffness. The morphological features

and ﬂuorescent intensity were obtained by averaging among
30 cells and compared using t test. The cellular height and
migration ability of cancerous cells were assessed from three
independent experiments and comparison was performed
using t test. All tests with p < 0.05 were assumed to be statistically signiﬁcant.
RESULTS

Characterization of PDMS substrates
Since cell traction forces and the consequent deformations
are small, the initial linear part of the stress–strain curves
(related to 5% strain) was used to determine the elastic
modulus of PDMS substrates. Young’s moduli with average
values of 50  5 KPa and 1  0.09 MPa were obtained for
soft and stiff PDMS substrates, respectively. The contact
angle, as an indicator of hydrophobicity of the surface, represents the wettability of the substrate. As previously reported,
a contact angle above 90 is related to a hydrophobic substrate, whereas a contact angle value below 90 is related to
a hydrophilic substrate.31 Evaluation of surface modiﬁcation
by contact angle measurement showed that the hydrophobicity of PDMS substrates was changed by the plasma treatment. Contact angles of 101  2 and 103  5 for stiff and
soft substrates were decreased to 65  4 and 65  2 after
plasma treatment, respectively.
Topographical images of substrates are shown in
Figure 2(C). Roughness parameters indicated that the topographical differences of substrates are in order of nN. The Ra
value of 1.063  0.43 and 0.56  0.34 nm, and the Rq value
of 1.749  0.65 and 0.779  0.38 nm was obtained for stiff
and soft substrates, respectively.
Live/dead assay
Figure 3 indicates the high viability of cancer cells. The high
percentage of green cells with a few red cells depicted that
the PDMS substrates and Cetuximab treatment did not
induce apoptosis and maintained the cell viability.
Alteration in the cellular height
Figure 4 describes the alterations in the height of target
cells. Results indicate that substrate stiffness was strongly
inﬂuenced the cell height as a signiﬁcant increase in the
height was observed for both cell lines on the soft substrate
(*p < 0.05). Comparing stiff and soft substrates, MCF7 and
MDA-MB-231 cells showed 37 and 26% increase in the cell
height by the substrate softening indicating the marked
dependence of cell height to the substrate rigidity. Moreover,
lower heights were observed for MDA-MB-231 cells compared to MCF7 in all groups, and chemical treatment did not
signiﬁcantly affect the cell height (p > 0.05).
Alterations in the mechanical properties of cancer cells
The measured Young’s moduli of breast cancer cells in nontreated, Cetuximab-treated, stiff, and soft groups are shown
in Figure 5. MDA-MB-231 cells showed lower stiffness compared to MCF7 cells in all groups that is consistent with their
highly invasive potential [Fig. 5(B)]. Both cell lines altered
their stiffness in response to the substrates rigidity and
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FIGURE 3. Live/dead images of breast cancer cells among four study groups. The live cells were stained with calcein AM (green), and the dead cells
were stained with PI (red), as described in the Materials and Methods section. The red arrows show some of the dead cells. The images were
obtained by ﬂuorescent microscopy, and scale bars denote 100 μm.

showed the higher stiffness on the stiff substrate. Comparing
soft and stiff PDMS substrates, a signiﬁcant change in the
cellular stiffness was observed for MCF7 cells (*p < 0.05) but
not for MDA-MB-231 cells (p = 0.07), showing that noninvasive MCF7 cells are more sensitive to the substrate rigidity
compared to highly invasive MDA-MB-231 cells [Fig. 5(A)].
Comparing Young’s modulus of cancerous cells with and
without Cetuximab treatment indicates that EGFR blocking by
anti-EGFR antibody caused a signiﬁcant stiffening of both cell
lines (*p < 0.05). An increase of 25 and 33% in the elastic modulus was obtained for MCF7 and MDA-MB-231 treated cells,
respectively. The results indicate that Cetuximab-treated cancerous cells became signiﬁcantly stiffer than untreated cells suggest
that EGFR blockade restores the cell mechanical properties.
Morphological changes of cancer cells
The results indicate that chemical and mechanical treatments, affect the cellular morphology, and the actin cytoskeleton structure. Staining of F-actin structures displayed in
Figure 6(A) shows that the actin cytoskeleton expression
and organization are considerably inﬂuenced by chemical
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and mechanical stimulations. Both cancer cells exhibited
more organized stress ﬁbers in the Cetuximab-treated group
compared to the nontreated group. Furthermore, cancer cells
formed richer stress ﬁbers in response to the substrate stiffening. In contrast, they exhibited less dense and organized
stress ﬁbers on the soft substrate. The ﬂuorescent intensity
of actin, an indicator of actin cytoskeleton changes, has been
reported in Figure 7(D). In agreement with the aforementioned results, the calculated ﬂuorescent intensity in
Cetuximab treated cells was higher than nontreated cells for
both cell lines (*p < 0.05). Similarly, the substrate stiffness
signiﬁcantly affected the ﬂuorescent intensity of MDA-MB231 cells (*p < 0.05), as invasive cancerous cells demonstrated higher intensity and more organized structure on the
stiff substrate compared to the soft substrate [Fig. 7(D)].
These ﬁndings are consistent with the previous studies conﬁrmed that cells change their cytoskeleton and morphology
in response to the substrate stiffness.20,32,33
Figure 6(B) represents the SEM images of both cancer
cell lines among four study groups. Cancer cells had more
spread morphology on the stiff substrates compared to the
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FIGURE 4. Height measurement of breast cancer cells by AFM imaging mode. The representative images indicate an alteration in the height of
MCF7 and MDA-MB-231 cells by chemical and mechanical stimulations. The bar in the bottom shows cell height and the scan area is 40 × 40 μm2.

soft substrates. As shown by Figure 7(A,C), the substrate rigidity led to considerable changes in the shape index and cell area.
The cell spread area increased by increasing the rigidity of substrate followed with an increase in the shape index (*p < 0.05).
On the contrary, the cell perimeter did exhibit a signiﬁcant
change among different groups [Fig. 7(B)]. Table I indicates

how substrate stiffening (mechanical stimulation) and EGFR
targeting (chemical stimulation) affect the ﬂuorescent intensity
of actin cytoskeleton and shape index. In general, both stimuli
caused alterations in cytoskeleton and morphology of cells.
Mechanical stimulation cased marked change in the ﬂuorescent
intensity of invasive cells, while chemical stimuli caused intense

FIGURE 5. Effect of chemical and mechanical treatments on Young’s modulus of cancerous cells measured by AFM indentation method. Comparing
Young’s moduli among (A) study groups of MCF7 and MDA-MB-231 cells and (B) two cell lines for statistical analysis. In each case, values represent
the mean  SD of up to 200 indentation curves (*p < 0.05).
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FIGURE 6. Morphological assessment of breast cancer cells. (A) Actin staining and (B) SEM representative images of MCF7 and MDA-MB-231 cancer cells in nontreated, Cetuximab-treated, stiff, and soft groups. Scale bars present 50 and 20 μm for the ﬂuorescent and SEM images,
respectively.

alteration on the intensity of low invasive cells. On the other
hand, mechanical stimulation resulted in lower shape index
more likely due to reorganization of cytoskeletal ﬁbers due to
cell–substrate interaction, while chemical stimulation caused
elevation of shape index.
Analysis of cancer cell migration ability
To evaluate the effect of substrate rigidity and chemical treatment on the migration ability of cancerous cells, the migration
assay was performed. Figure 8(A) displays a schematic of the
migration assay. The cell-free area that referred to as the
migration area has been shown in Figure 8(B) at a time of
0 and 24 h of the cell exclusion zone assay. The cell-free area
decreased from 0 to 24 h by the migration of cancer cells in
all groups [Fig. 8(B)]. The calculated migration area at each
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time point and the percent of decrease in the same area as
indicators of migration ability of cells are reported in Table II.
Cetuximab treatment reduced the migration of both cancer
cells (*p < 0.05). The percentage of decrease in the migration
area was obtained as 85 and 80% among MDA-MB-231 and
MCF7 nontreated samples and decreased to 47 and 45% for
treated cells, accordingly. These results indicated that antiEGFR antibody could signiﬁcantly inhibit the migration of
both cancerous cells. On the other hand, the substrate rigidity
as a mechanical stimulus also inﬂuenced the migration ability
of cancer cells. The results showed that the migration of cancer cells increased by substrate stiffening. Both cancer cells
showed less migration ability on the soft substrate compared
to the stiff substrate (*p < 0.05). The percent of decrease in
the migration area was calculated as 39 and 40% in stiff
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FIGURE 7. Cell morphological parameters of MCF7 and MDA-MB-231 cells in chemical- and mechanical-treated groups. (A) Average cell area,
(B) perimeter, (C) shape index, and (D) ﬂuorescent intensity (*p < 0.05).

TABLE I. Comparing the Effect of Mechanical (Substrate
Stiffening) and Chemical (EGFR Targeting) Stimulations on
the Actin Cytoskeleton and Cellular Morphology
Cell Type
MCF7
MDA-MB-231

Variable

Mechanical
Stimulation

Chemical
Stimulation

Intensity
Shape index
Intensity
Shape index

+7.7%
−13.2%
+63.2%
−17.6%

+33.3%
+8.1%
+12.8%
+19.1%

groups and increased to 67.5 and 59% in the soft groups of
MDA-MB-231 and MCF7 cells, respectively.
DISCUSSION

It is well established that biological cells respond to the
mechanical and chemical signals of their microenvironment.
Previous studies have shown that a change in the substrate

stiffness leads to considerable changes in the cellular morphology and biological behavior. They focused on the effect
of substrate rigidity on the cell shape, actin cytoskeleton,
cell–substrate adhesion, and differentiation.17,34 In this
study, we investigated how mechanical and chemical signals
can inﬂuence cancer cell mechanics. By analyzing the cancer
cell elastic modulus, morphology, actin cytoskeleton, and
migration, we showed that cancer cell mechanics could be
inﬂuenced not only by mechanical cues but also by chemical
signals. The synergetic effect of both chemical and mechanical signals introduces a new approach in controlling cancer
progression by changing the mechanical function and consequently the biological function of cells.
Several studies investigated the effect of substrate rigidity on the cellular behavior by culturing different types of
cells on PDMS and polyacrylamide gels with different elastic
moduli.15,17,27 To probe the effect of substrate stiffness, the
substrates should exhibit different stiffness, whereas all
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FIGURE 8. Analysis of cancer cell migration ability. (A) Schematic of the migration assay, (I) a thin layer of collagen was coated on the surface, (II) a
single PDMS stopper was placed at the center of each well in all groups to prevent cell adhesion to the surface below the stopper, (III) cancer cells
were stained with Hoechst and seeded in the well containing stopper, (IV) they were kept in the incubator overnight, (V) then migration assay was
started by removing the PDMS stoppers to create a cell exclusion zone, (VI) cancer cells were allowed to migrate into the cell-free region for 24 h.
(B) Migration of cancer cells to the detection zone during 24 h in nontreated, Cetuximab-treated, stiff, and soft groups. The scale bar is 50 μm.

other physical and chemical properties should remain constant. In this study, PDMS substrates were achieved with different stiffness while AFM imaging indicated the negligible
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changes in their surface topography which is in agreement
with the previously published data.33 The results indicate
that breast cancer cells exhibit rounded to more spread
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TABLE II. Premigration and Postmigration Area (mm2) in Two
Time Points of 0 and 24 h for MCF7 and MDA-MB-231 Cells in
Nontreated, Cetuximab-Treated, Stiff, and Soft Groups
Cell Type
MCF7

Time Point (h)

0
24
The percentage of
decreased area
MDA-MB-231
0
24
The percentage of
decreased area

CTX
Glass Treated

Stiff

Soft

0.77
0.15
80%

1.12
0.61
45%

0.88
0.36
59%

0.84
0.5
40%

0.82
0.12
85%

0.88
0.46
47%

0.74 0.76
0.24 0.46
67.5% 39%

The percent changes are bold to emphasize the difference in migrated
area between study groups.

morphologies on the soft to stiff substrates, respectively, which
is in agreement with the previously published data.20,32,33 Further, the results revealed stiffening of cancer cells on the stiff
substrate which was measured by the AFM. The effect of substrate stiffening on the cellular stiffness has been investigated
by different methods including AFM, optical tweezers, and
micropipette aspiration.14–17 These studies concluded that cells
display reduced stiffness on soft substrates. Here, we showed
that substrate rigidity altered not only cell elastic properties but
also the cellular height. A 37 and 26% decrease in the cell height
were obtained by substrate stiffening for MCF7 and MDA-MB231 cells, respectively. In addition, noninvasive MCF7 cells
exhibited more sensitivity to the substrate stiffness in terms of
Young’s modulus and cellular height. It has been reported that
cell spreading results in the reduction of cell height and increment of cell area.35 Our results revealed that the decreased
shape index and the increased cell surface area on the stiff substrate were accompanied with the reduction of cellular height.
The chemical treatment by Cetuximab also showed signiﬁcant changes in the cell stiffness, actin cytoskeleton structure,
and migration ability. EGFR targeting leads to a change in
downstream signaling pathways that can be related to the
mechanical function of cells by changing the expression and/or
organization of actin cytoskeleton, leading to a change in the
ﬂuorescent intensity.36 The results showed that Cetuximab
treatment led to a 25 and 33% increase in the cellular stiffness
of MCF7 and MDA-MB-231 cells, respectively. Our data revealed that although MDA-MB-231 cells were less sensitive to
the substrate rigidity compared to MCF7 cells, drug conditioning caused these cells to become more stiffened compare to
MCF7 cells. One reason for this observation is the higher
expression of EGFR in MDA-MB-231 cells that provides more
targets for anti-EGFR antibody.
The mechanical properties of cells and their migration ability strongly depend on actin cytoskeleton structures.3,10 Regarding the obtained results, cell stiffening by substrate rigidity
was accompanied by more stress ﬁbers and increased migration ability. In addition to cell cytoskeleton that deﬁnes
mechanical integrity of cells, the extended structures that are
necessary for migration differ among treated and nontreated
cells. SEM images as well as actin staining results illustrate
obvious differences in the cellular morphology speciﬁcally in

lamellipodia and ﬁlopodia, among different groups of cells.
Lamellipodia is the leading edge of cells which is mediated by
actin polymerization and followed by extended thin structures
which are called ﬁlopodia.37 Cell migration ability is strongly
affected by these membrane protrusions at the cell front. The
results demonstrate that MCF7 and MDA-MB-231 cancer cells
have different morphology such that invasive breast cancer
cells exhibit more lamellipodia structures compare to noninvasive cells [Fig. 6(B)]. This observation followed by high migration ability of invasive MDA-MB-231 cells that was steered
with lamellipodia structures (Table II).
Lamellipodia is dependent on cell mechanics and regulated by the formation of stress ﬁbers connecting to the edge
of cell structure. We showed that substrate stiffening
increased the formation of stress ﬁbers that accompanied by
regulation of lamellipodia [Fig. 6(A,B)]. On the other hand,
increased migration of cancer cells on stiff substrate suggest
that substrate stiffening increased the cell migration ability
through regulation of lamellipodia which is mediated via
stress ﬁber formation and cell mechanics.
EGFR targeting also led to changes in lamellipodia structures [Fig. 6(B)]. Cetuximab treatment decreased length and
number of lamellipodia and ﬁlopodia structures in breast
cancer cells followed by the reduction of migration ability of
both cells. It has been shown that growth factor receptor signaling regulates lamellipodia and ﬁlopodia structures.38
Stimulation of EGFR induces Src, Rho, and Rac pathways that
result in activation of lamellipodia.38 Here, we revealed that
EGFR blocking modulated the migration ability of cancer
cells via regulation of lamellipodia and ﬁlopodia structures.
Overall, a decrease in the migration of Cetuximab treated
cells is not only due to the cell stiffening but also because of
inhibiting the downstream signaling pathways that lead to
change in lamellipodia structures.
Increased cellular stiffness can lead to a decrease in their
deformability and consequently their invasion ability. However,
in this study, we performed a two-dimensional (2D) migration
assay that involves motility of the cells rather than their
deformability. The results showed that substrate softening as
well as chemical treatment decreased the cell motility; consequently, decreased the migration ability in a 2D environment.
Cell cytoskeletal structure is responsible for both the cell
stiffness and migration. The ﬁbrous structure within the cell
body deﬁnes cell mechanical properties, while the extended
structures next to adhesion sites are mostly responsible for
cell migration. The entire integrated structure is prone to
external stimuli, either in mechanical or chemical forms.
Effective external stimuli cause remodeling of cell structure
and consequently cell stiffness and migration, as we examined separately in this study. It should be noted that such
remodeling inﬂuence cell behavior in two ways. While external stimuli directly alter cell cytoskeleton, they also alter the
ability of cells to generate traction forces which is necessary
for cell function, most notably in cell motility. An enhanced
actin structure results in higher actin–myosin interactions
which are sites of force generation. Although invasive cancer
cells are softer, higher migration ability of invasive cancer
cells might be due to the generation of higher traction
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forces.39 Such ability is most likely due to altered actin structure, and not necessarily actin content of cells as described
in Figure 6. The softening of invasive cells of the initial
tumor in the human body together with higher ability to
move enables them to pass more easily through the endothelial junctions of vessel wall and journey within the blood
stream toward secondary tissues, which is the main feature
of metastasis. Targeting such abilities by chemical and
mechanical stimuli through stiffening of the cell body and
lowering cell motility, might be new insights in targeting
functionality of cancer cells.
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13.

14.
15.

16.

CONCLUSION

In conclusion, the cell mechanical and chemical microenvironments have a strong impact on cell mechanics. The data
presented here argue that different biochemical and biomechanical mechanisms can be involved in the alteration of cell
stiffness and related biological behaviors. Our observations
imply that targeting the mechanical defects of cancer cells by
chemical and mechanical approaches has therapeutic potential by altering cancer cell deformability and migration ability. Further experiments will elucidate the relation of cell
mechanics with cell invasiveness and can introduce a new
approach in controlling cancer progression.
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