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ABSTRACT: Lineage commitment of human mesenchymal stem cells
(hMSCs) could be directed through micro/nanopatterning of the
extracellular matrix (ECM) between cells and substrate. Integrin receptors,
integrator of the ECM and cell cytoskeleton, function as molecular bridges
linking cells to different biophysical cues translated from patterned ECM.
Here we report the distinct recruitment of active integrin β1 (ITG-β1) in
hMSCs when they were committed toward the cardiomyogenic lineage on a
micropatterned surface. In addition, a systematic study of the distribution of
ITG-β1 was performed on focal adhesions (FAs) using a direct stochastic
optical reconstruction microscopy (dSTORM) technique, a super-resolution
imaging technique to establish the relationship between types of integrin
expression and its distribution pattern that are associated with cardiomyo-
genic differentiation of hMSCs. We ascertained that elongated FAs of ITG-β1
expressed in patterned hMSCs were more prominent than FAs expressed in
unpatterned hMSCs. However, there was no significant difference observed between the widths of FAs from both experimental
groups. It was found in patterned hMSCs that the direction of FA elongation coincides with cell orientation. This phenomenon
was however not observed in unpatterned hMSCs. These results showed that the biophysical induction methods like FAs
patterning could selectively induce hMSCs lineage commitment via integrin-material interaction.

KEYWORDS: hMSCs, integrin β1, focal adhesion, cardiomyogenic differentiation, super-resolution imaging

■ INTRODUCTION

Human mesenchymal stem cells (hMSCs) have gained
popularity in the field of tissue engineering due to their ability
to differentiate into specific cell types, vascular progenitor
property and hypoimmunogenicity.1,2 These features make
hMSCs a potential candidate for stem cell based regenerative
therapies. Targeted lineage-specific differentiation and the
surrounding microenvironment are two of several other factors
that play a key role in the accomplishment of such therapies.
Among the aforementioned factors, the microenvironment,
often described as the “stem cell niche”, was shown to play a
pivotal role to guide stem cell differentiation.3−5 Biological and
chemical induction methods for stem cell differentiation,
though classical, have shortcomings such as uncontrolled cell
growth, tumor formation, and cell death.6 On the other hand,
directed stem cell lineage commitment via biophysical means
could potentially avoid these side effects. The patterning
technique, a type of biophysical induction method, has been
extensively used to investigate the stem cell behavior by
controlling the extracellular matrix (ECM) localization.7−9 The

ECM is an essential cell secreted component of the
microenvironment of which cells finally adhere to.6,10 Cellular
interaction with the underlying matrix substratum is mediated
via the transmembrane integrin receptors.11−13 Such cell-matrix
interaction triggers intracellular signaling cascades that recruit
various adaptor proteins like vinculin, paxillin, etc. along with
enzymes, linking actin cytoskeleton to ECM.13−15 These ECM
proteins, integrins, and cytoskeletal proteins assemble into
aggregates and are known as focal adhesions collectively.10,16

Focal adhesions are cell anchorage points at which intra-
cellularly generated contractile forces are exerted onto the
substrate.17

The roles of integrin in different cellular phenomenon like
cell adhesion, proliferation, and differentiation have been
comprehensively established.10,14 Damsky et al. observed that
surface expression of integrin β1 changes when myoblasts fused
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to form myotubes.18 Fassler et al. demonstrated the importance
of integrin β1 for cardiac muscle cell differentiation and
specialization.19 Adam et al. found that integrin α5β1 was
responsible for keratinocyte adhesion to fibronectin during
terminal differentiation of the skin.20 Yim et al. noticed that

nanotopography influences hMSCs behavior by changing
integrin clustering and focal adhesion assembly and in turn
influences cell differentiation.21 Altogether, these findings
showed that cellular differentiation may be modulated via
engineering integrin-substratum interactions.22

Figure 1. (a) Schematic illustration of the micropatterning procedure. The glass surface was treated with APTES and gultaraldehyde followed by
inking with fibronectin. (b) Patterned hMSCs grown on the fibronectin micropattern printed glass substrate were captured 3 days after cell seeding.
The scale bar is 200 μm.
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Directing stem cells fate through ECM micropatterning on
cell substrate was well adapted in stem cell studies.7,9,23

However, a detailed systematic study of cell-ECM interaction at
the integrin receptor level has not been well documented yet.
This is in part due to the diffraction limit of conventional
fluorescence microscopy that does not allow one to visualize
subcellular structures with a size of a few tens of nanometers
and to provide insight into cellular structures. Recently, several
super-resolution imaging methods that rely on precise position
localization of single fluorophores have emerged. These
methods include stimulated emission depletion (STED),24

interferometric photoactivated localization microscopy
(iPALM),25 single particle tracking-PALM (sptPALM),26 and
direct stochastic optical reconstruction microscopy
(dSTORM).27 Stochastic photoswitching of fluorophores offers
temporal separation of fluorophore emission which ultimately
paved the path for one to visualize the molecular level
structures with spatial resolution well beyond the diffraction
limit. For example, researchers used three-dimensional super-
resolution microscopy, an interferometric photoactivated local-
ization microscopy to map the nanoscale organization of
adaptor proteins in focal adhesions.25 Recently, Rossier et al.
published a study in which single particle tracking photo-
activated localization microscopy was used to explore the
dynamic nanoscale organization of integrin β1 and β3 inside the
focal adhesions.26

In our previous work, we demonstrated a positive correlation
between elongated hMSCs induced by micropatterning and
cardiomyogenic commitment.7,9,23,28 Further studies showed
that focal adhesions of myocardial lineage committed hMSCs
displayed distinct patterns as well.8,29 As we attempt to move
into nanolevel characterization of the integrins, conventional
imaging systems could not reveal additional information like
nanoscale distribution of integrins in focal adhesions (FAs). In
this study, super-resolution imaging was used to capture the
evolvement of integrins in hMSCs. It was hypothesized that
integrin distribution pattern will differ significantly as the
micropatterned cells are driven to commit myocardial lineage.
This information would be essential for further elucidation of
cell-material interactions and mechanotransduction events that
follow. Here, we explore the distribution pattern of activated
forms integrin β1 (ITG-β1) using the dSTORM technique in
myocardial lineage committed hMSCs. Active ITG-β1 is chosen
as it was shown to be expressed significantly in hMSCs that
commit to cardiomyogenesis (Figure S1, Supporting Informa-
tion), and the ITG-β1 blocking study using active ITG-β1
antibodies confirmed the role of ITG-β1 in myocardial
differentiation of hMSCs (Figure S2, Supporting Information).
Additionally, in several previous studies, the crucial role of ITG-
β1 during cardiomyogenesis has been highlighted. Fassler et al.
demonstrated the lack of functions in cardiomyocytes differ-
entiated from integrin β1-deficient embryonic stem cells.19

Further, Hescheler et al. observed that the regulation of voltage-
dependent calcium channels via muscarinic (M2) receptor was
absent in integrin β1 knock out embryonic stem cell-derived
cardiomyocytes.30 In another study, Maitra et al. noticed that
integrin β1 could be responsible for cell attachment during
cardiomyocyte cell cycle progression.31

■ EXPERIMENTAL SECTION
Fabrication of Patterned Elastomeric Stamp and Inking.

Polydimethylsiloxane (PDMS) elastomeric stamps were used to ink
the human plasma derived fibronectin (BD, Biosciences) onto

glutaraldehyde (Sigma) treated Lab Tek two well chambered cover
glasses (Nunc). The silicon master templates bearing desired
topographic features were fabricated by standard photolithography7

and were pretreated with 1% octadecyltrichlorosilane (Sigma). Liquid
PDMS (Sylgard 184, Dow Corning) was cured at 100 °C for 2 h after
pouring over the master template. The top view of the fabricated
PDMS stamp bearing 20 μm elevated lanes and 40 μm spacing among
the lanes is shown in Figure S3, Supporting Information. For inking
purposes, fabricated PDMS stamps were immersed with fibronectin
dissolved in phosphate buffer saline (PBS) solution (PAA) (50 μg/
mL) for 1 h followed by blow drying with pressurized purified nitrogen
gas.

Micropatterning of hMSCs. The modified microcontact printing
procedure from the method described by Li et al. was used32 and
illustrated in Figure 1a. Lab Tek two well chambered cover glasses
were treated with freshly prepared piranha solution followed by inking
with 3% (3-aminopropyl) triethoxysilane (APTES) (Sigma) for an
hour. (CAUTION: “Piranha” solution reacts violently with organic
materials; it must be handled with extreme care.) After that, cover
glasses were washed with ultrapure water several times to remove any
excess unbound APTES. Then 2.5% glutaraldehyde solution was
added to treat APTES coated cover glasses for an hour followed by
washing with ultrapure water. The PDMS stamp patterned surface was
then covered with fibronectin dissolved in PBS solution (50 μg/mL)
for 1 h and blown dry with pressurized purified nitrogen gas.
Fibronectin inked stamps were placed in conformal contact with
glutaraldehyde treated cover glasses for 1 h. The unpatterned region
was then passivated with freshly prepared 2% bovine serum albumin
(BSA) (Invitrogen) for 1 h at 37 °C to avoid nonspecific attachment
of the cells on the nonprinted region. Glass substrates were washed
several times with PBS to remove the excess bovine serum albumin
prior to cell seeding. All glass substrates were UV sterilized for 15 min
before cell seeding. Finally, hMSCs were seeded at a density of 2−3 ×
103 cells cm−2. After 20−30 min, unattached cells were washed with
PBS followed by addition of fresh culture medium. Culture medium
was changed after every 2−3 days.

Cell Culture. Human bone marrow derived cryopreserved hMSCs
were obtained from Lonza (Cambrex) and cultured in low glucose
Dulbecco’s Modified Eagle’s Medium (DMEM) containing L-
glutamine (Sigma-Aldrich) supplemented with 10% FBS (PAA) and
1% antibiotic/antimycotic solution (PAA). Cultured hMSCs were
incubated at 37 °C in a humidified atmosphere of 5% CO2. 0.25%
trypsin-EDTA (Invitrogen) was used for cell detachment purposes.
hMSCs from passage 5 were used to perform experiments mentioned
herein.

Immunostaining and Microscopy. The myocardial linage
commitment of hMSCs was revealed by β-myosin heavy chain (β-
MHC) immunostaining. Cells were fixed with 4% paraformaldehyde
solution for 5−10 min followed by permeabilization with 0.1% Triton
X-100 for 5 min. Cells were then blocked with 5% bovine serum
albumin in PBS for 1 h before incubating with mouse monoclonal anti
human cardiac myosin heavy chain primary antibodies (1:400, Abcam)
overnight at 4 °C. Following which, the samples were washed with
PBS and labeled with Alexa Fluor 488 goat anti mouse IgG (1:400,
Molecular probes). Cell nuclei were counter stained with 4′-6-
diamidino-2-phenylindole (DAPI) (1:400, Chemicon). For cell
cytoskeleton staining, cells were stained with tetramethyl rhodamine
iso-thiocyanate (TRITC) conjugated-phalloidin (1:400, Chemicon).
Validation of cardiac myosin heavy chain antibodies performance was
done by using differentiated C2C12 murine myoblasts as a positive
control, and samples without primary antibodies served as negative
control. Images were taken with the Eclipse 80i upright microscope
(Nikon) using a 20× objective lens and analyzed with ImageJ 1.44f
software. Later, in this section, total internal reflection fluorescence
(TIRF) imaging of F-actin was explained in detail.

A sequential multiple immunostaining technique was employed to
label the active ITG-β1 population in hMSCs. Cells were fixed with
paraformaldehyde solution and Triton X-100 solution as mentioned
earlier. Freshly made 5% normal goat serum (NGS) was used as
blocking agent. For active ITG-β1 staining, samples were incubated
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with monoclonal mouse anti integrin β1 IgG (1:200, Millipore) and
counter stained with Alexa Fluor 647 goat anti mouse IgG (1:100,
Invitrogen) followed by washing with PBS containing 0.5% v/v
Tween-20. For β myosin heavy chain staining, samples were again
treated with polyclonal rabbit anti MYH 7 IgG (1:200, Aviva Systems
Biology) and incubated with Alexa Fluor 488 goat anti rabbit IgG
(1:100, Invitrogen).
Imaging of β-MHC, ITG-β1, and F-actin expressions was performed

on a customized free space coupled TIRF system attached to an
inverted Olympus IX-71 microscope capable of single molecule
localization imaging. A 100×/1.49 TIRF Olympus objective lens was
used for TIRF imaging. Lasers were merged using the suitable
dichroics and acousto-optic tunable filter (AOTF) and reflected to the
sample using a Semrock quadband filter. Appropriate emission filters
were used for imaging individual molecules. A high sensitive liquid
cooled Evolve 512 (Photometrics, USA) camera was used for
detecting individual molecules. Further an intermediate zoom lens of

1.6× was used in the light path to generate wide field TIRF images
with a resolution of 100 nm per pixel. Single molecule images were
acquired using the Metamorph software, and the QuickPALM laser
control software was used to control the acousto-optic tunable filter.

Prior to direct stochastic optical reconstruction microscopy
(dSTORM) imaging, cells were embedded in buffer supplement
with β-mercaptoethylamine (MEA, Sigma) with a final concentration
of 100 mM at pH 8. Reconstructed images were obtained by direct
iterative stochastic activation of subsets of Alexa Fluor 647 molecules
and subsequent position determination by applying simultaneous
excitation at 647 and 405 nm. LD 647 nm (150 mW) topitca laser and
LD 405 nm (100 mW) cube coherent laser were used for fluorophore
activation and dSTORM imaging purposes. Laser powers were
selected in such a way that activated fluorophores (fluorescent ON
state) were spaced further apart than their resolution limit to localize
individual fluorophores.27 Typically, 10 000−15 000 frames were
recorded at a frame rate of 60 frames/second, resulting in acquisition

Figure 2. Immunodetection of cardiac marker (β-MHC) after 5 days of culture. Significant expression of β-MHC (green) was observed in the
patterned group (a) but not for the unpatterned group (b). Specificity of primary antibodies was testified by using positive control. C2C12 murine
myoblasts were induced to differentiate in the presence of 2% horse serum and stained for cardiac marker after 5 days of culture (c). Negative control
in the absence of β-MHC primary antibodies was used to validate the specific binding of secondary antibodies (d). The scale bar is 100 μm.
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time of less than 5 min for a single data set. Super-resolution images
were reconstructed using rapidSTORM with a final pixel size of 10 nm.
The above mentioned conditions helped to keep fluorophore
molecules in the fluorescent ON state for several frames after
excitation and, in turn, detected thousands of photons per fluorophore.
Image Analysis and Statistical Study. A total of 20 cells were

analyzed in each experimental group to perform the microscale
distribution study. FA parameters like length and width were
calculated by the “Measure” function of ImageJ software. Six cells
were analyzed in each experimental group for nanoscale distribution
study of integrin clusters. Individual integrin cluster area and total
number of integrin clusters per FA were measured by using the same
ImageJ software. Briefly, we marked the area of a focal adhesion and
removed the remaining portion of the image. Then, the image was
converted to an 8 bit image, and the “Adjust threshold” function was
used to adjust the threshold of the image automatically. Finally, the
“Analyze particles” function of ImageJ was used to analyze the
individual integrin cluster area and to count the number of integrin
clusters. Fluorescence intensity of integrin clusters was measured by
the “plot profile” function of ImageJ. The one-way ANOVA method
was used to perform the statistical analysis. A P-value <0.05 was
considered statistically significant.

■ RESULTS AND DISCUSSION

Microcontact printing is a facile and versatile method to study
the cell-material interactions.8,33,34 Fibronectin micropatterning
efficiency was validated with the immunostaining method
(Figure S3, Supporting Information). hMSCs adhesion onto 20
μm wide fibronectin strips was observed within a few minutes
after cell seeding and elongated cell morphology was confirmed
with an optical microscope (Figure 1b).
MHC genes are one type of significant genes that play a vital

role during the genetic program responsible for myogenesis.35

β-MHC (isoform of MHC) is expressed predominantly in
human ventricular myocardium and serves as a mature marker
of cardiomyogenesis. Conversely, compromised β-MHC
functionality in the form of mutations is responsible for various

cardiomyopathy.36 Therefore, β-MHC was selected as a reliable
indicator of cardiomyogenic activity during experiments.
Immunostaining of β-MHC revealed their restricted expression
to the patterned cells adopting elongated morphology but not
for randomly oriented unpatterned cells after 5 days of cell

Figure 3. TIRF images of cells from both groups showing the positive (a) and negative (e) expression of cardiac marker (MYH-7). Active ITG-β1
FAs distribution from respective location of cells was captured and demonstrated in panels (b, f). Merged images of MYH-7 expression and ITG-β1
FAs distribution were presented in panels (c, g), while panels (d) and (h) indicated the reconstructed super-resolution images of ITG-β1 FAs
distribution. The scale bar is 5 μm in panels (a), (b), (c), (e), (f), and (g) and 2 μm in panels (d) and (h).

Figure 4. TIRF imaging was used to check the ITG-β1 FAs expression
and the alignment of cytoskeleton from both experimental groups.
Patterned cells showed distinct recruitment of ITG-β1 FAs (a) and
well-aligned actin filaments morphology (b). In stark contrast,
punctate and dotlike ITG-β1 FAs (c) along with randomly distributed
actin filaments network were observed in the unpatterned cell (d). The
scale bar is 10 μm.
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culture (Figure 2). This observation is in agreement with our
previous findings, where hMSCs seeded over poly(lactic-co-
glycolic acid) (PLGA) films with 20 μm wide patterned
fibronectin strips showed a similar trend of elongated
morphology with much smaller area of coverage.23 Additionally,
real-time polymerase chain reaction (PCR) data from similar
previous findings showed that, after 5 days of culture, a distinct
increase in various cardiomyogenic genes expression was
observed with MyoD, MyF5, GATA4, NKX2-5, MHC, and
cTnI displaying 4.2-, 3.9-, 3.7-, 3.0-, 3.3-, and 2.9-fold higher
expression, respectively (compared to unpatterned hMSCs).

Further, to check the sustainability of lineage commitment of
patterned hMSCs, hMSCs were cultured on a similar
fibronectin patterned surface for a duration of 3 weeks and β-
MHC immunostaining was performed. It was observed that
patterned hMSCs sustained the myocardial lineage commit-
ment even after 3 weeks (Figure S4, Supporting Information).
To investigate the active ITG-β1 distribution in myocardial

lineage committed hMSCs, we located the β-MHC positive
cells with TIRF imaging followed by the inspection of their
active ITG-β1 population with a super-resolution imaging
technique. A double immunostaining procedure was carried

Figure 5. Reconstructed super-resolution images of ITG-β1 FAs from patterned (a−c) and unpatterned cells (d−f). Panels (c) and (f) displayed the
magnified areas represented in panels (b) and (e), respectively. Histograms showing the integrin clusters distribution inside the marked FA area from
the unpatterned cell (g) and the patterned cell (h). The scale bar is 2 μm in panels (a), (b), (d), and (e) and 500 nm in (c) and (f). The scale bar is
500 nm in panels g and h.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am504407n | ACS Appl. Mater. Interfaces 2014, 6, 15686−1569615691



after 5 days of culture (Figure S5, Supporting Information) to
label β-MHC and ITG-β1 of cells. Immunostaining was done by
using the sequential approach,37 which was more reliable in our
system. The greatest advantage of sequential staining is that the
cross-reactivity of antibodies can be minimized. TIRF images of
myosin heavy chain (coded by MYH-7 gene) expression
(Figure 3a) and ITG-β1 FAs (Figure 3b) from same location in
patterned cells were obtained. It was consistently observed that
long and aligned active ITG-β1 FAs were exclusively expressed
in patterned cells. In contrast, unpatterned cells did not show
any evident up-regulation of cardiomyogenic expression
(Figure 3e) and, also, short and less aligned active ITG-β1
FAs were sighted in an unpatterned cell (Figure 3f). Moreover,
patterned cells not only recruited elongated active ITG-β1 FAs
but also formed a well-organized actin filaments network
(Figure 4). On the other hand, punctate and dotlike active
ITG-β1 FAs along with a randomly distributed cytoskeleton
were observed in the unpatterned cells. These results were
consistent with a previous report where distinct recruitment of
larger and elongated structures of ITG-β3 were observed in
hMSCs grown on micropatterned PDMS with stiffness of 12.6
kPa.8 This study postulated that elongated FAs and aligned
cytoskeleton contribute to up-regulated cardiomyogenic
expression in patterned hMSCs. On the basis of the above
observations, we conclude that the development of integrin FAs

in cells is directed by the geometry of the ECM pattern. Also,
we hypothesize that the ECM patterned surface would direct a
certain spatial integrin distribution pattern formation which is
responsible for the mechanotransduction event of cell differ-
entiation.
To investigate the spatial distribution of active ITG-β1 at the

receptor level, the super-resolution imaging technique was
applied as it can resolve fluorescence images with lateral
resolution down to 20 nm.27,38 dSTORM images of active ITG-
β1 FAs from the same locations in hMSCs cultured on the
ECM patterned surface or without the ECM patterned surface
are shown in Figure 3d,h, respectively. Moreover, we used the
dSTORM images (Figure 5) of ITG-β1 FAs to further study the
microscale distribution of ITG-β1 FAs from both experimental
groups. Variables such as FA length, FA width, FA aspect ratio
(AR), and FA alignment were analyzed using ImageJ software.
A higher AR value indicates more elongated ITG-β1 FAs. AR
can be calculated using the expression mentioned in Figure 6. A
statistical study was performed on a total of 200 ITG-β1 FAs
from three samples of each experimental group. 10−12 ITG-β1
FAs were selected from each cell, and 7−8 cells were selected
per sample from each experiment group.
By day 5, long ITG-β1 FAs were observed in hMSCs cultured

on the ECM pattern surface (Figure 6a). Most of the FAs were
4−8 μm in length, and few FAs registered length up to 15 μm.

Figure 6. ITG-β1 FA morphological studies. Graphs (a−c) represent the length, width, and aspect ratio of FAs from patterned and unpatterned
hMSCs after 5 days. Bars represent standard deviation among three samples of each experimental group (n = 20). *p < 0.05 between patterned and
unpatterned groups.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am504407n | ACS Appl. Mater. Interfaces 2014, 6, 15686−1569615692



ITG-β1 FAs expressed in unpatterned hMSCs differed strikingly
with patterned cells in the case of the length parameter. Most
cells from the unpatterned group showed short ITG-β1 FAs
with length ranging from 1 to 5 μm. In addition, ITG-β1 FAs in
patterned cells showed higher AR values, indicative of
elongated morphology (Figure 6c). On the contrary, AR values
for ITG-β1 FAs in unpatterned cells implied less elongated
morphology. There was no significant difference in the case of
the ITG-β1 FAs width for both experimental groups, mostly
lying in the range of 200−500 nm (Figure 6b). A quantitative
study of integrin FAs orientation was performed on day 5 of
cell culture. Integrin FAs of unpatterned cells were randomly
oriented with degrees of alignment from 0° to 90°, while
integrin FAs of patterned cells were better aligned (Figure 7a).
Alignment of integrin FAs along the micropattern axis was
observed on day 5, with maximum angular distribution of
around 5°−10°. Integrin FAs from both experimental groups
were characterized by 2-D fast Fourier transform (FFT)
analysis which converts spatial information into mathematically
defined optical data. The 2-D FFT frequency plot reflects the
degree of integrin FAs alignment by depicting the grayscale
pixels distributed in patterns around the origin. The 2-D FFT
images (Figure 7d,e) revealed that ITG-β1 FAs in patterned
cells were much more aligned than their unpatterned

counterparts. Also, angular distribution of ITG-β1 FAs from
both groups was determined by the circular analysis method
which reconfirmed the results observed during FFT analysis
(Figure S7, Supporting Information).
Altogether, the patterned group exhibited long, aligned, and

elongated ITG-β1 FAs in comparison to the unpatterned group.
Cardiomyogenic differentiation in patterned cells might result
from the activation of ITG-β1 and other integrins that
subsequently trigger the corresponding downstream signaling
pathways. As reported by another group, 8−30 μm long
supermature FAs consisting of integrins αvβ3 and α5β1 along
with particular anchorage proteins were observed in cultured
myofibroblasts.39 The formation of supermature FAs, which
control the recruitment of α-smooth muscle actin (α-SMA) to
preexisting stress fibers and the recruitment process, was driven
by specific tension generated by a supermature FA itself.40 It is
a well-known fact that mechanical force applied to the focal
adhesion is channeled to the cell nucleus via F-actin.41 This
force acting on the nucleus has the ability to alter the gene
expression and DNA replication which in turn can determine
cell fate. Previously, we reported that elongated FAs triggered
the formation of aligned stress fiber and recruitment of myosin
light chain kinase (MLCK), a regulator of cell contraction.8

MLCK along with actomyosin-IIA complex can generate
optimal cytoskeletal tension by reorganizing the stress fiber
assembly to induce myocardial lineage commitment in
patterned hMSCs. Consistent with these previous findings,
this study also demonstrated the development of elongated
active ITG-β1 FAs in patterned cells which might be regulating
the intracellular tension by affecting the development of
cytoskeletal organization and subsequently driving cardiomyo-
genic differentiation of hMSCs.
Super-resolution imaging revealed that active ITG-β1 FAs

were composed of thousands of tiny active ITG-β1 clusters
(Figure 5). Hence, it is plausible to investigate the nanoscale
distribution of active ITG-β1 clusters inside the FAs from both
experimental groups. Remarkably, in patterned cells, active
ITG-β1 clusters were distributed uniformly within FAs, whereas
active ITG-β1 clusters of unpatterned cells were expressed at
the periphery of FAs. Integrin clusters distribution in a single
FA of unpatterned cell was quantified (Figure 5g) with adjacent
clusters being found to be spaced apart by more than 200 nm.
Integrin clusters distribution from FA of patterned cells
however demonstrated the equal distribution (Figure 5h).
Previous findings showed that FAs were clustered at the edges
of ECM patterns or ECM coated biophysical cues.33,42,43

Researchers coined the term “edge effect” to describe this
phenomenon and concluded that it was the outcome of
equilibrium between the available potential adhesion sites and
cellular traction forces.44 Also, it was noticed that FAs
interacting with these biophysical cues or patterns were
frequently connected to each other by the network of actin
bundles.33,43,44 Actin bundle network helps to withstand
traction forces and distribute the cellular tension exerted by
the cell.45 It has been demonstrated that integrins and
anchorage proteins located directly at the edge of biophysical
cues bear the highest mechanical tension.44 We believe that
forces applied on the substrate by unpatterned cells after 5 days
could be higher than that of patterned cells, as evident by a
higher spreading area. Therefore, to counter traction forces,
unpatterned cells may further recruit more FAs with focal
adhesion components at their periphery. This notion is in line
with a previous study that demonstrated a concomitant increase

Figure 7. (a) Quantitative study of alignment of ITG-β1 FAs from
both experimental groups (n = 5). ITG-β1 FAs from patterned and
unpatterned groups were manually marked as shown in panels (b) and
(c), respectively. (d) FFT analysis of the patterned cell (b) showed the
definite alignment of FAs and (e) FFT analysis of the unpatterned cell
(c) represented randomly oriented FAs. The scale bar is 2 μm in
panels (b) and (c).
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in the recruitment of focal adhesion components (integrins and
anchorage proteins) and traction force when the FAs are
mechanically perturbed.46 Therefore, we quantified the
distribution of integrin clusters in FAs belonging to both
experimental groups. A higher number of integrin clusters were
consistently observed for most of the FAs in the patterned cells
compared to the unpatterned group (Figure 8a). The total
number of integrin clusters in patterned FAs was 5219 ± 461,
whereas it decreased to 2830 ± 276 in unpatterned FAs. The
estimated value of density of integrin clusters in patterned FA
and unpatterned FA was found to be 27 ± 2 and 18 ± 4
clusters per μm2, respectively. It was obvious that the total area
occupied by integrin clusters per individual FA was larger for
FAs from patterned cells (Figure 8b). Most of the patterned
FAs displayed a total area of integrin clusters per FA in the
range of 0.2−0.7 μm2, while the unpatterned FAs were lying in
the range of 0.1−0.3 μm2. In short, the nanoscale distribution
of active ITG-β1 clusters differs widely in FAs from both
groups.

■ CONCLUSION
In summary, we investigated the cell-material interactions at
integrin receptor level during induction of cardiomyogenic
differentiation in hMSCs using the TIRF system as well as
super-resolution imaging. More importantly, we emphasized
the role of active ITG-β1 and its distribution during myocardial
lineage commitment of hMSCs. It was revealed that
distribution of active ITG-β1 FAs was varied considerably in
patterned and unpatterned cells. We confirmed that micro-

patterning was involved in inducing longer and elongated active
ITG-β1 FAs in patterned cells. In addition, it was established
that these long and aligned FAs were involved in myocardial
lineage commitment of patterned cells. We found that ITG-β1
FAs in patterned cells were aligned to pattern direction. Most
of them showed maximal angular distribution around 5°−10°
relative to the pattern axis. The angular distribution study
demonstrated that initial direction of integrins in early
developmental stage of FAs plays an important role in cell
orientation. Nanoscale distribution of active ITG-β1 clusters
within FAs was analyzed using super-resolution imaging. It was
observed that, in patterned cells, ITG-β1 clusters were
distributed uniformly in FAs. On the other hand, in
unpatterned cells, ITG-β1 clusters were expressed at the
periphery of FAs. The revelation of the distinct difference in
the integrin clustering patterns of control and cardiomyogenic
committed cells using advanced microscopic techniques that
enable imaging of pivotal small-scale cellular components such
as the integrins with submicron scale resolution could pave the
way into deeper understanding of cell-material interaction and
subsequent mechanotransduction of signals at the cell-material
interface. From an engineering perspective, this interesting
observation could provide invaluable scaffold design ideas for
better control and manipulation of stem cell differentiation. At
this stage, it is hypothesized that the integrin patterns would
result in significantly different traction forces of the two
experimental groups which in turn would trigger different
signaling pathways. The next stage of work would delve deeper
into the mechanotransduction route.

Figure 8. (a) Histogram showing the number of integrin clusters present in respective FA from patterned and unpatterned cell groups. (b)
Quantitative analysis of total area of integrin clusters per FA from both experimental groups. Bars represent standard deviation among three samples
of each experimental group (n = 6). *p < 0.05 between patterned and unpatterned groups.
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