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ABSTRACT: Cardiac muscle cells (CMCs) are the unit cells that
comprise the heart. CMCs go through different stages of
differentiation and maturation pathways to fully mature into
beating cells. These cells can sense and respond to mechanical
cues through receptors such as integrins which influence maturation
pathways. For example, cell traction forces are important for the
differentiation and development of functional CMCs, as CMCs
cultured on varying substrate stiffness function differently. Most
work in this area has focused on understanding the role of bulk
extracellular matrix stiffness in mediating the functional fate of
CMCs. Given that stiffness sensing mechanisms are mediated by
individual integrin receptors, an important question in this area
pertains to the specific magnitude of integrin piconewton (pN)
forces that can trigger CMC functional maturation. To address this
knowledge gap, we used DNA adhesion tethers that rupture at specific thresholds of force (∼12, ∼56, and ∼160 pN) to test
whether capping peak integrin tension to specific magnitudes affects CMC function. We show that adhesion tethers with
greater force tolerance lead to functionally mature CMCs as determined by morphology, twitching frequency, transient
calcium flux measurements, and protein expression (F-actin, vinculin, α-actinin, YAP, and SERCA2a). Additionally, sarcomeric
actinin alignment and multinucleation were significantly enhanced as the mechanical tolerance of integrin tethers was
increased. Taken together, the results show that CMCs harness defined pN integrin forces to influence early stage
development. This study represents an important step toward biophysical characterization of the contribution of pN forces in
early stage cardiac differentiation.
KEYWORDS: DNA sensors, rupture probes, integrin forces, cardiomyocyte’s maturation, substrate stiffness, pN forces,
integrin mechanotransduction

The development of the heart is a complex and dynamic
process that can be categorized into two main phases.
The first is differentiation of neonatal stem cells into

various cardiac cell lineages such as cardiac progenitor cells and
cardiac crescent cells.1−3 The second is subsequent maturation
of these lineages into functional cells such as fibroblasts, as well
as different types of mature cardiac muscle cells (CMCs)
which achieve rhythmic beating.4 Maturation is the final phase
of this dynamic process where the CMCs undergo extensive
structural, functional, and metabolic changes as the heart
develops from the fetal to adult stage.5−7 Developing a
fundamental understanding of CMC maturation is important

as it impacts many areas including the development of
therapies to treat heart disease. For example, during a major
cardiac insult, the heart can lose an enormous number of
cardiomyocytes.8 As a treatment, current therapeutic strategies
are heavily focused on repairing the damaged tissue using
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cardiac lineage stem cells.9−11 However, this approach tends to
exhibit limited efficacy as only a small fraction (∼3%) of the
therapeutic stem cells mature appropriately.12,13 The mecha-
nisms of CMC maturation remain unclear, and hence, a major
motivation for studying this process is to improve CMC
potency as a therapeutic for myocardial regeneration.14−17

A key area of particular interest is understanding how
physical and biochemical cues can alter and influence CMC
developmental fate.18−20 While there is a significant body of
literature investigating how different chemical cues can
modulate CMC fate, there is relatively less known about the
role of mechanical cues in controlling maturation despite
evidence that it influences development and function of heart
tissue.4,11,21 Irregularities in mechanotransduction can result in
stiffening of the cardiac tissue, a precursor to multiple cardiac
diseases, such as cardiac fibrosis, congenital heart defects, and
arrhythmia.14,22 Therefore, developing tools to better under-
stand how mechanical cues modulate CMC function is critical
to improving the efficacy of stem-cell based therapeutics.
Prior studies of neonatal rat ventricular myocytes (NRVM),

a subtype of CMC, have reported that CMCs display greater
yields of functional maturation showing higher peak calcium,
aligned sarcomeres, and higher expression of the associated
proteins on surfaces with the appropriate Young’s mod-

ulus.19,23−29 One of the most studied markers of maturation is
the sarcomere, the fundamental unit of mechanical contractility
in CMCs. Each mature sarcomere consists of actin filaments
and sarcomeric α-actinin proteins, with elongated and aligned
z-lines.19,23,32 Another marker of CMC maturation is the
SERCA2a calcium pump which tunes the rate of calcium
transport and hence the amplitude and frequency of calcium
transients. These reports show a link between substrate
stiffness and CMC function, indicating the importance of
adhesion receptor mechanotransduction in CMC matura-
tion.32,33

To study how mechanical cues influence CMC maturation,
the field has generally measured CMC maturation for cells
grown on hydrogels of differing stiffness.19,23,24 Past work
showed a “goldilocks”-like relation between substrate stiffness
and CMC maturation, where intermediate levels of substrate
stiffness enhanced functional maturation of CMCs.18,19,24 For
example, NRVM cells cultured on PDMS gels matured
optimally when the substrate stiffness was 10−20 kPa as
quantified using different markers such as CMC morphology,
SERCA2a, YES associated protein (YAP), and myosin heavy
chain (MHC) expression as well as sarcomeric organization
and Ca2+ signaling.19,24,25,43,44 This demonstrates how tuning
bulk mechanical properties, like stiffness, controls cardiomyo-

Figure 1. DNA probes to control CMC integrin tension. (a) Schematic representation of cardiac muscle cells (CMCs) pulling on the varied
threshold of rupture probe surfaces 12, 56, and 160 pN. The scheme shows the oligonucleotides used in the work where 12 and 56 pN
probes have the same chemical composition but different orientations of the biotin group anchoring the probe to the surface. For 160 pN
probes, the same strand presents the biotin and RGD groups. (b) Chemical structures of modification to oligonucleotides used to construct
rupture probes and (c) rupture probability of probes under different loading times.
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cyte maturation through a mechanosensing response. How-
ever, all past work in this area has focused on tuning the bulk
mechanical properties of the substrate, and it remains
unknown how the force magnitude transmitted through
individual adhesion receptors contributes to the events of
CMC maturation.19,23,32,33 Therefore, a remaining challenge in
this area is to manipulate the traction forces applied by CMCs
with molecular resolution (piconewton, pN) and to study how
these individual molecular forces modulate maturation.
Here, we address this challenge by using cell adhesion

ligands that can rupture mechanically at different thresholds.
We use variants of the tension gauge tether (TGT) and the
biotin−streptavidin rupture tether to control the maximum
threshold of integrin tension and to study how these thresholds
control CMC maturation.30,31,34,35 We find that CMC
integrins show sensitivity to pN forces ranging from ∼12 pN
−160 pN, thereby modulating their maturation fate. The
findings suggest that CMCs can sense pN forces through their
adhesion receptors, and threshold forces that exceed 12 pN
lead to functional maturation, elongated morphology,
synchronized twitching, and more coordinated Ca2+ peaks.
Integrin threshold forces greater than 12 pN also lead to
increased expression of proteins associated with contractility
such as SERCA2a and YAP. This report represents a step
toward studying the relationship of pN integrin forces and
functional maturation of cardiomyocytes.

RESULTS AND DISCUSSION

DNA Probes to Control CMC Integrin Tension. The
rupture probes we used here are comprised of a DNA duplex

anchored to a surface using a “bottom” oligonucleotide that is
complementary to a “top” strand presenting an integrin ligand.
In this work, we used the cyclic arginine-glycine-aspartic acid-
D-phenylalanine-lysine (cRGDfK) ligand (Figure 1b) which
mimics fibronectin and primarily binds to the α5β1 and αvβ3
integrin receptors.36 These integrin receptors are highly
expressed by neonatal cardiac cells and shown to be important
for development and growth.37−43 Additionally, neonatal
cardiomyocytes display the greatest adhesion to fibronectin
compared to that of collagen and laminin.44 Therefore, the
cRGDfK peptide (referred to as the RGD-ligand) was ideally
suited for our current investigation of neonatal cardiomyo-
cytes. When the rupture probes experience mechanical forces
that exceed their tension tolerance (Ttol), the DNA duplex will
rupture, thus terminating the mechanotransduction between
the integrin and ligand. In this way, the rupture probes cap the
maximum tension experienced by the integrin receptor.
Importantly, the magnitude of the Ttol is time-dependent and
can be tuned from ∼12 pN up to ∼56 pN (for a 2 s force
duration) by changing the location of the anchoring group on
the bottom strand relative to the ligand position on the top
strand (Figure 1).30 For example, TGT probes with the ligand
and the anchoring groups on the same terminus of the duplex
have a Ttol = 12 pN, while shearing probes that present the
ligand and anchoring groups on opposite ends of the duplex
display a Ttol = 56 pN (Figure 1a). To record probe rupture
events, we conjugated the anchor strand with a fluorophore
(Cy3B), while the ligand strand was conjugated with a
quencher (BHQ2) (Figures S1 and S2, Supporting Informa-
tion Tables 1 and 2). With this fluorophore−quencher pair,
mechanical melting of the duplex results in a turn-on signal

Figure 2. Cardiomyocytes display elongated morphology with integrin−ligand tension > 12pN. (a) Representative images of CMCs (live) on
12, 56, and 160 pN rupture probe surfaces; the leftmost panel (RICM) channel shows the outline of the attached cells, and the middle panel
(bright field), TRITC channel, shows the signal increase of Cy3B fluorescence due to probe rupture for 12 and 56 pN probes and the
inverted fluorescence loss for 160 pN probes (t = 6−8 h. (b−f) Bar graphs showing the spread area, aspect ratio (x/y), circularity, and mean
fluorescence under the cells and integrated fluorescent density obtained from CMCs that were cultured on 12, 56, and 160 pN probes. Each
data point represents a single cell while the bar shows the average. ****, ***, **, *, and ns indicate p < 0.0001, p < 0.001, p < 0.01, p < 0.05,
and not significant, respectively, as determined from one-way ANOVA. Error bars show standard deviation for n > 3, where each experiment
was averaged from three or more different cell isolations with three different sets of surface preparations. Scale bar = 20 μm.
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with a 10-fold enhancement in fluorescence intensity (Figure
S3).31

This fluorescence intensity reports on the accumulation of
mechanical events with F > Ttol. To extend the Ttol to greater
values, we designed another type of duplex where the RGD−
ligand strand is directly anchored to the surface. Because the
probe is anchored using biotin−streptavidin, we estimate an
effective Ttol (2 s) of ∼160 pN (Figure 1c).45 All three types of
DNA probe surfaces were prepared from streptavidin-modified
glass slides and yielded nearly identical probe densities of
∼1400 molecules/μm2 (Figure S4). Most prior studies using
TGTs use Ttol values estimated using a 2 s duration, but in our
case, given that CMC maturation occurs over longer durations
(∼hours), we plotted the expected Ttol for longer time
durations in Figure 1c (SI Method 1). Assuming that the
applied force magnitude is steady, the 2 s Ttol values of 12, 56,
and 160 pN reported previously are shifted to 6, 28, and 80
pN, respectively, for the 1000 s time duration. We still refer to
the 2 s Ttol values in the text for clarity but with the
understanding that the actual applied forces may vary
drastically based on the mechanical history of the bond
given that cell forces are highly dynamic.
Cardiomyocytes Display Elongated Morphology with

Integrin−Ligand Tension > 12 pN. In our work, we used
neonatal rat CMCs as a model for CMC maturation. This is a
well-studied and established model of CMC matura-
tion.4,19,23,24 We first used CMC morphology as an indicator
of maturation. This is because the CMC spreading area and
cell shape are correlated with maturation. CMCs grow by
elongating,19,21,23 which facilitates the arrangement of con-
tractile proteins in CMCs and results in enhanced contraction
capabilities.4,11 Moreover, the morphology of CMCs is easily
measured and strongly correlated to their maturation and fate.
Initially, we screened the seeding density of these cells to

identify an optimal density of 38 000−45 000 cells/cm2.

Images were taken at 2 h intervals to measure spreading and
the initiation of beating/twitching. To investigate the influence
of morphology on cell function we waited for the cardiac cells
to start beating and imaged cells to measure the spread area,
aspect ratio, and circularity (Figure 2a−d). We observed that
CMCs display twitching ∼6−8 h after seeding on these rupture
probe surfaces regardless of Ttol and used this time point to
measure cell morphology. We found that cells adhered poorly
on the 12 pN Ttol surface compared to the 56 and 160 pN
probe surfaces, and we generally found fewer attached cells on
the 12 pN surfaces (Figure 2a). Moreover, cells were more
elongated on 56 and 160 pN surfaces and had an average
spreading area of ∼900 μm2, significantly greater (ANOVA, P
< 0.001) than cells on 12 pN substrates (Figure 2b). Aspect
ratio and circularity measurements confirmed that CMCs were
more elongated on the 56 and 160 pN surfaces compared to
the 12 pN surface (Figure 2c,d).
We also measured the fluorescence intensity under each cell

as a quantitative readout of the accumulated mechanical events
where F > Ttol under the cell (Figure S5). Note that this signal
is a lower bound estimate of the tension signal as there is DNA
loss due to the activity of nucleases and proteases and due to
the inherent koff rate of biotin−streptavidin45 (Figure S6).
Representative fluorescence images show that the weaker 12
pN rupture probe displayed greater fluorescence and more
dissociation (2.5-fold difference) compared to the 56 pN
rupture probes (Figure 2e). For the 160 pN probes, we
fluorescently tagged the biotinylated strand and hence the
readout is a loss of signal due to disassociation of the biotin−
streptavidin bond (Figure 2e,f).45 We observed that CMCs
generate a tension signal prior to initiating twitching/beating
(Figure S7). This tension signal did not abruptly increase due
to twitching, thus indicating that the forces generated by
twitching fail to significantly drive probe rupture (12, 56, and
160 pN probes). This suggests that CMC twitching generates

Figure 3. Cardiomyocytes displayed a contractile profile consistent with greater maturation on surfaces with Ttol = 56 and 160 pN. (a)
Brightfield images from time-lapse of cardiomyocytes twitching on different probes (t = 8−10 h); the dashed yellow line shows the major
axis of the kymograph. (b) Kymographs of representative cells along the yellow dashed line. The y-axis of the graphs is elapsed time (t), and
x shows the displacement, t = 2 s, x = 10 μm. (c) Bar graphs showing the average number of twitches per cell for each replicate. Ten 1 min
long videos were analyzed in BF; the error bar shows the standard deviation for n = 3. The error bar shows the standard deviation for n = 3.
****, ***, **, *, and ns indicate p < 0.0001, p < 0.001, p < 0.01, p < 0.05, and not significant, respectively, as determined from one-way
ANOVA. (d) Bar graph showing the percentage of attached cells measured from 11 videos per replicate, calculated by the percentage of cells
that had contractility; the error bar shows the standard error of the mean for n = 5. Scale bar = 10 μm.
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weaker tension than that of cell adhesion. In general, we found
that the spatial distribution of integrin tension for the 56 pN
rupture probes was localized at the center of the cells in
fluorescent tension puncta (Figure 2a) with nuclear staining,
showing the location to be around the nucleus (Figure S8).
The tension signal seems inconsistent with the cytoskeleton
and adhesion structures because DNA probe rupture is
irreversible; hence, the tension signal represents a history of
past mechanical events (Figure S9). In order to confirm the
change in morphology and tension is due to integrin
mechanotransduction, we treated the cells with eptifibatide,
RGD binding integrin inhibitor,46 for 30 min before seeding.
The cells had no difference in morphology, and their tension
was significantly reduced (70−75%) (Figure S10), suggesting
the phenomenon observed here is directly connected with
integrin mechanotransduction. To evaluate the role of the
ROCK and myosin II pathways, we treated the cells with y-
27632 (Rho kinase inhibitor) and blebbstatin (myosin II
inhibitor). Drug-treated CMCs had similar morphology and
cell spread area regardless of the probe Ttol (Figures S11 and
S12). When we compared the control (untreated) CMCs to
those of the drug-treated CMCs, we found that the cell on the
12 pN probes showed a 2-fold greater spread area and
significantly lowered tension signal as a result of myosin II
inhibition. This has been noted in previous studies and is likely
the result of loss of rigidity sensing mechanisms.23,27 We also
investigated the effect of ligand density in force sensing of
CMC by controlling the ligand density (Figure S13). This
experiment confirmed the ligand loss or differential ligand
densities among 12, 56, and 160 pN surfaces is not the major
reason for poor attachment or differences in functional
maturation of CMCs on 12 pN surfaces.

Cardiomyocytes Display Contractile Behavior and
Calcium Profiles Consistent with Greater Maturation on
Surfaces with Ttol = 56 and 160 pN. Compared to other
muscle cells, cardiac muscle cells are distinctive in their ability
to generate synchronized beating and spontaneous twitching.
As CMCs mature, the magnitude and frequency of beating
increases. Hence, the twitching profile of CMCs is often used
as another parameter to quantify maturation.24,25 To character-
ize the twitching rate in our experiments, neonatal rat
cardiomyocytes were plated on rupture surfaces with different
Ttol values. Cells displayed spontaneous twitching on all
rupture probe surfaces tested at 8 h after seeding. However, we
did note that spontaneous twitching could be observed at
shorter time points (4−6 h) for Ttol = 56 and 160 pN. Twitch
frequencies for individual cells were measured using kymo-
graphs obtained from time-lapse videos of CMCs (Figure
3a,b). The axis of twitching was assigned based on the
direction of the twitch, which was typically the long axis of the
cells, and then the twitch frequency was calculated by
measuring the time interval of contraction and dividing it by
the time frame (Figure S14). We found that CMCs have
higher twitching frequencies on 56 and 160 pN surfaces
(Figure 3c). Moreover, a significantly (ANOVA, P < 0.005)
greater population of CMCs were twitching and exhibited
spontaneous beating (synchronized twitching within neighbor-
ing cells) on the 56 pN and 160 pN rupture probe compared
to 12 pN substrates (Figure 3d and SI Videos 1−3).
Calcium (Ca2+) is a critical intrinsic modulator of functional

cardiomyocytes and plays a role in connecting the electrical
signals which illicit muscle contraction and rhythmic beating of
the heart, gene transcription, and various other functions.
Previous studies showed that CMCs had higher transient Ca2+

Figure 4. Cardiomyocytes displayed a calcium profile consistent with greater maturation on surfaces with Ttol = 56 and 160 pN. (a−c) FITC
images of CMCs on 12, 56, and 160 pN rupture probes stained with Fluo-4. Images were taken from the time-lapse to measure the transient
Ca2+ sparks (t = 12−14 h). (d−f) Transient Ca2+ flux profile of the outlined CMCs on 12, 56, and 160 pN probes. The dotted yellow line
shows if the Ca2+ sparks have the same τ for the outlined cells. (g−j) Bar graph showing spike intensity, percent active, the time difference
between two spikes (each data point represents a video were n > 10 cells were analyzed for each data point), and spike frequency obtained
from Fluo-4-stained CMCs on 12, 56, and 160 pN probes. ****, ***, **, *, and ns indicate p < 0.0001, p < 0.001, p < 0.01, p < 0.05, and not
significant, respectively, as determined from one-way ANOVA. Scale bar = 10 μm.
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flux and more regular spikes on 10 kPa PDMS substrates
compared to 5 and 50 kPa.23,24 To evaluate the Ca2+ response
as a function of the Ttol, cells were grown on the substrates for
∼8 h and then were stained with the Fluo-4 Ca2+ indicator for
2 h. After dye incubation, transient Ca2+ spikes which
coincided with twitching were measured by time-lapse videos
in the Fluo-4 channel (Figure 4a−c and SI Videos 4−6). The
spike intensities were significantly higher in 56 and 160 pN
substrates compared to that of 12 pN (Figure 4d−f,g). CMCs
also had more synchronized Ca2+ spikes on 56 and 160 pN
substrates with more cells exhibiting spontaneous beating
(Figure 4h−j). This shows that integrin traction forces greater
than 12 pN contribute to more contractile and matured Ca2+

profiles in CMCs.
Cardiomyocytes Have Aligned Sarcomeres at a

Higher Integrin Force. A CMC’s functional maturation is
closely related to the spatial organization of the sarcoplasmic
reticulum (SR), which harbors key elements for calcium
cycling, such as RyR channels that release Ca2+ and SERCA2a
pumps for Ca2+ uptake.47,48 Specifically, elongation and
alignment of the SR indicates CMC maturation.24,32,49

Moreover, recent studies have shown that SERCA2a
organization is substrate dependent, and the expression levels
is upregulated in functional CMCs.24,32,49,50

To understand how molecular cell traction forces influence
the SERCA2a expression, we plated the CMCs on different
rupture probe surfaces with varied Ttol. As described above,
cells were incubated on the 12, 56, and 160 pN DNA rupture
surfaces for 6−8 h. The cells were then fixed and stained with a
SERCA2a antibody. It was observed that SERCA2a was
clustered around the nucleus on the 56 and 160 pN surfaces in
contrast to the 12 pN surfaces which were more diffuse (Figure
5a). Quantification of the total SERCA2a from fluorescence
microscopy images showed that the total and average
SERCA2a expression was significantly higher (2−3-fold
greater) on the 56 pN and 160 pN substrates compared to
the 12 pN substrates (Figure 5b,c). It was also observed that
SERCA2a organization was different in CMCs seeded on the
12 pN surface compared to 56 and 160 pN surfaces (Figure
S15). This data is aligned with the previous work that shows
SERCA2a enhancement on CMCs plated on a gel of optimal
substrate stiffness (∼10 kPa).23

To measure the SR morphology, CMCs were seeded on
rupture probes and stained for sarcomeric α-actinin.
Fluorescence microscopy showed CMCs with organized and
aligned SR on 56 pN and 160 pN surfaces, which contrasts
with the 12 pN surfaces that displayed disorganized and
punctate sarcomeric α-actinin (Figure 5e). The total
expressions of α-actinin were not found to be different

Figure 5. Cardiomyocytes having aligned sarcomeres at higher integrin force. (a) RICM of representative cells on the 12, 56, and 160 pN
surfaces along with overlay immunostaining images showing SERCA2a (red) and DAPI (blue) staining (t = 10−12 h). Plots showing (b) the
average SERCA2a expression and (c) total SERCA2a expression, as measured from immunostaining images. (d) RICM and sarcomeric α-
actinin immunostaining of representative cells on the 12, 56, and 160 pN surfaces. The inset highlights the myofibril widths (z-band), and
the yellow dashed line shows the length of individual z bands. Plots of (e) sarcomere length and (f) myofibril width for CMCs cultured on
12, 56, and 160 pN probes. For (a) through (f), each data point represents one cell, and data was obtained from three biological replicates
where each replicate included analysis of n > 15 cells. (g) and (h) show plots of percentage of cells containing multiple nuclei and average
nuclear diameter, respectively. n = 5 independent replicates. ****, ***, **, *, and ns indicate p < 0.0001, p < 0.001, p < 0.01, p < 0.05, and
not significant, respectively, as determined from one-way ANOVA. Error bars show the standard deviation, where each independent
experiment used cells obtained from cells pooled from >20 animals with three different sets of surface preparations. Scale bar = 20 μm.
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among the different thresholds of rupture (Figure S16), which
is consistent with previous studies growing CMCs on gels of
differing Young’s moduli. Upon measuring the length of the z-
band known as myofibril width and sarcomere length, the
stained CMCs showed almost 2-fold longer myofibril width
and SR length on 56 and 160 pN surfaces compared to 12pN
surfaces (Figure 5d−f). The total number of α-actinin bands
measured by particle tracking showed lower numbers for
CMCs plated on the 12 pN surface compared to the 56 and
160 pN surfaces (Figure S16). These data show nearly
identical cell responses on the 56 and 160 pN probe surfaces in
contrast to the 12 pN surface and thus suggest that integrin
forces > 12 pN result in more mature SR organization in
CMCs, which is essential for CMC function.
Even though adult CMCs are mostly mononucleated, they

have been shown to have multinucleation in postnatal
development stage.51,52 Multinucleation and polyploidy have
been reported as essential for the CMC cell cycle and early
development.53−55 We observed CMCs have increased
amounts of multinucleation when the receptor and ligand
attachment is more stable. CMCs showed an increased nuclear
diameter, eccentricity, area, and multinucleation on 56 and 160
pN surfaces compared to the 12 pN surfaces (Figure 5g,h and
Figure S17). We hypothesize this to arise from the greater Ttol
of the receptor bond on 56 and 160 pN TGTs facilitating
better attachment of multinucleated CMCs.
YAP Is Upregulated When Integrin F > 12 pN. YAP is a

well-known transcription co-activator that is mechanosensitive

and regulated by integrin mechanotransduction.56−58 Past
reports showed upregulated nuclear YAP translocation with
increasing ECM rigidity in various cell lines.59 YAP plays an
important role in the HIPPO pathway, which controls the
proliferation of CMCs and is important in controlling organ
development during mammalian gestation. Increased YAP
expression is essential in early CMC differentiation, which
presents an increasing need to understand the role of YAP in
CMC maturation.50,60,61 A recent study using human induced
pluripotent stem cell derived cardiomyocytes (hiPSC-CMs)
observed higher nuclear YAP levels for cells cultured on stiffer
substrates compared to softer substrates for CMCs.50

We examined YAP upregulation and nuclear translocation
using immunofluorescence and found upregulated YAP
expression on 56 and 160 pN compared to the 12 pN rupture
probes (Figure 6a,b and Figure S18). However, no difference
in YAP nuclear/cytosolic ratio was observed across all the
surfaces tested after 8−10 h of attachment (Figure S18). These
results were surprising, as previous studies observed YAP
nuclear translocation in nonmyocytes as well as in stem cell
derived CMCs.50 To validate our conclusion, we incubated
CMCs on the rupture probe surfaces for additional time (10−
12 h, 12−14 h, and 14−16 h). We observed CMCs to have
higher nuclear YAP on 56 and 160 pN surfaces compared to
the 12 pN probe when incubated on the surface for a
prolonged period (12−14 h) (Figure 6d).
This suggests YAP translocation is highly dynamic and

requires a longer incubation time. Additionally, we measured

Figure 6. YES, associated protein (YAP), is upregulated when integrin F > 12 pN. (a) RICM, YAP, and DAPI immunostaining of
representative cells on the 12, 56, and 160 pN surfaces (t = 12−14 h). (b) Total expression of YAP measured by immunostaining (t = 8−10
h). (c) Average YAP expression (t = 8−10 h). (d) Fraction of nuclear YAP expression over total cellular YAP expression (t ≥ 12−14 h); each
data point represents a single cell while the bar shows the average. ****, ***, **, *, and ns indicate p < 0.0001, p < 0.001, p < 0.01, p < 0.05,
and not significant, respectively, as determined from one-way ANOVA. Error bars show standard deviation for n > 3, where each experiment
was averaged from three or more different cell isolations with three different sets of surface preparations. Scale bar = 10 μm. (e) Proposed
mechanism of YAP upregulation due to integrin activation.
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YAP expression and colocalization in cardiac fibroblasts (CF)
derived from the same NRVM isolation protocol. Briefly, CF
cells were cocultured with CMCs on 12, 56, and 160 pN
substrates for 6−8 h and then stained for YAP protein
expression. We found that CF total YAP levels were similar for
the three probe surfaces tested. However, in agreement with
the literature, we found that YAP accumulated in the nucleus
at levels that corresponded with mechanical stiffness of the
ECM and 160 pN substrates had the greatest YAP nuclear
localization followed by 56 and 12 pN surfaces (Figure S19).
Next, we focused on studying the effectors of YAP

upregulation in CMCs. Prior literature linked integrin
mechanotransduction to YAP translocation/upregulation the
ERK/MAPK pathway.57,62 MEK (mitogen activated protein
kinase kinase) is a key regulator of the ERK/MAPK pathway,
which controls the cytosolic YAP expression and nuclear YAP
translocation.63,64 It has also been shown that inhibition of
MEK resulted in significantly lower YAP expression.65,66 To
better understand the role of MEK in mediating integrin
traction forces and YAP mechanosensing, we treated CMCs
with U0126, a MEK inhibitor.66,67 The treated cells had a
significantly lower spread area and rupture density for all three
probes tested (Figure S20). There was also a significant
reduction of YAP expression as a result of U0126 treatment in
CMCs (Figure S21). These results suggest that upregulation of
YAP expression is tuned by the magnitude of integrin tension
likely through signaling from mature focal adhesions (Figure
6e).
Podosomes as an Early Maturation Marker in CMCs.

Prior studies have shown that CMCs form ring-shaped

actomyosin and vinculin rich structures under stress due to
hypoxic conditions (O2 deprivation).

68 These structures were
described as “rosettes” and more recently as podosomes:
structures of 0.15−1 μm in diameter with actin-rich cores and
cortex domains that contain vinculin, α-actinin, and β1
integrins.68 Podosomes are found in numerous cell types
including dendritic cells, T-cells, and vascular smooth muscle
cells and have been intensively studied.69−72 Nonetheless, very
little is known about their functional roles in cardiac cells and
what cues trigger podosome formation.73−75,87 There has been
some speculation that podosomes play an active role in
developmental remodeling of the neuromuscular junction,
though more work is needed to support this claim.69,75

Moreover, some earlier investigations have suggested neural
and dendritic cells form podosomes at earlier stages of
maturation.76

We discovered that ∼30% of CMCs seeded on the 12 pN
surface formed ring-like patterns of probe rupture with
micrometer scale dimensions, and these patterns appeared
near the center of the cells (Figure 7a). Interestingly, these
tension patterns resembled the tension patterns observed for
podosome assemblies reported by Glazier et al.77 Podosomes
are most often identified by immunostaining of F-actin (central
core), vinculin, and talin (at the rim). To verify whether the
observed tension pattern was generated by podosomes, cells
were stained both with the F-actin stain phalloidin and with
vinculin antibodies after culture on probe surfaces of varying
mechanical stability (Figure 7a, Figures S22 and S23). Puncta
showed the characteristic F-actin core surrounded by a rim of
vinculin and integrin tension, thus suggesting the formation of

Figure 7. Podosomes/podosome-like organelles as an early maturation marker in CMCs. (a) Representative images of CMCs (fixed) having
podosome-like structure on the 12 pN surface (t = 8−10 h), RICM showing the cell of interest, TRITC channel showing the podosome
tension ring, and Phalloidin staining confirming colocalization of actin in the structure. Scale bar = 20 μm (first column) and 6.4 μm (third
column). (b) Number of podosomes in rupture probe surfaces. (c) Percentage of cells having podosomes (where each dot represents one
biological replicate, n = 5). (d) Diameter distribution of podosomes. Each data point represents a single cell, while the bar shows the
average. ****, ***, **, *, and ns indicate p < 0.0001, p < 0.001, p < 0.01, p < 0.05, and not significant, respectively, as determined from one-
way ANOVA. Error bars show standard deviation for n > 3, where each experiment was averaged from three or more different cell isolations
with three different sets of surface preparations.
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podosomes (Figures S22 and S23). Podosomes were
predominantly observed for cells on 12 pN surfaces with an
average of 4 per cell compared to the 56 and 160 pN surfaces
that displayed an average of 1−2 podosome per cell (Figure
7a,b). We found that 30% of cells on the 12 pN surfaces had
podosomes compared to ∼10% of cells on the 56 and 160 pN
surfaces that showed podosomes (Figure 7c). These two
observations suggest that deficiency in integrin tension and
focal adhesion formation is highly correlated with podosome
formation. This is consistent with the observation by Yu and
Sheetz et al. that fibroblasts cultured on fluid membranes show
enhanced podosome formation.78 Podosome size was also
correlated with integrin tension, and podosomes on 12 pN
surfaces showed larger diameters (Figure 7d). Further
confirming that podosome formation is mechanosensitive, we
found that treatment with ROCK inhibitor led to enhanced
formation of podosomes in all substrates tested (Figure S12a).
Surprisingly, we also found a strong correlation between
podosome formation and twitching. While only ∼30% of cells
cultured on 12 pN surfaces were beating (Figure 3b), the
majority (>90%) of this subpopulation displayed podosomes
like puncta (Figure S24). This result along with the literature
suggest that podosomes provide alternate adhesion signaling to
compensate for weak focal adhesions.
Subsequently, we focused on identifying the timeline of

podosome formation. We wanted to know if podosome
formation occurs early in CMCs adhesion and then whether
these structures mediate twitching or alternatively whether
podosomes form in cells that may be more functional and
already twitching. To answer this question, we performed time-
lapse imaging after seeding cells and noticed that podosome-
like puncta formed in cells on 12 pN surfaces at early times
points (2−3 h after seeding, Figure S25a). Podosomes seemed
to form even before cells were fully elongated, which may
indicate their role in aiding in cell spreading on substrates with
labile adhesion sites and weak focal adhesion formation.
Moreover, prior studies have postulated a role for podosomes
in cell−cell junctions.70,71,74 To test if cell−cell interactions
increase podosome assembly, we plated cells at higher densities
to find out if there is more podosome formation with cells
which are in proximity. We seeded 76 000 cells/cm2 and
imaged at the 6−8 h time point (Figure S25b). We found that
cells plated at higher densities displayed more podosome-like
structures. Podosome size and number were correlated to cell
density, and isolated cells displayed the smallest podosomes
compared to cells that were in proximity to their neighboring
cells (Figure S25c,d). We also observed increased formation of
podosome-like structures when ROCK and myosin IIA are
inhibited (Figure S26). Taken together, we find that podosome
formation is highly mechanosensitive, upstream of the
twitching phenotype, and is also sensitive to cell−cell contact.

CONCLUSION
During and after heart failure, a significant number of CMCs
die and are lost.81,82 The native heart has a limited capacity to
recover from this loss by regenerating CMCs from CFs. To
facilitate efficient cardiac regeneration after a cardiac arrest,
researchers recently have focused on stem cell-based
therapeutics.80 However, stem cells fail to efficiently recapit-
ulate the phenotype of myocytes which are lost.79−81 There is a
growing interest in understanding the maturation and
differentiation of CMCs to properly mimic the environment
of native myocardium.4,83 This report addresses how molecular

forces influence the early maturation of CMCs and builds upon
the body of work investigating the maturation and develop-
ment of the cardiovascular system. Our findings have the
potential to greatly aid future efforts to harness CMCs as stem
cell-based regeneration therapies.
Biomechanical stimuli such as ECM stiffness and matrix

rigidity can determine the functional phenotype of cardiac cells
during development.18−23,80 Here, we describe how tuning
integrin forces on the piconewton scale modulate early CMC
maturation using nucleic acid-based probes conjugated to
fibronectin mimic peptides to target integrins expressed in
NRVMs. CMC developmental processes were investigated on
three different rupture probes with distinctive mechanical
tolerance, Ttol (∼12, ∼56, and ∼160 pN), by changing the
geometry of force application to the DNA tether.31 The 12 and
56 pN probes have been commonly used, and these DNA
duplexes denature under tension; in contrast, the 160 pN
probe ruptures upon biotin−streptavidin dissociation. The 160
pN probe was designed to expand the range of adhesion ligand
rupture thresholds. We initially speculated that ligand Ttol with
intermediate levels (56 pN) would offer improved CMC
maturation compared to the low (12 pN) and high (160 pN)
Ttol values. This prediction was based on prior work showing
that gels with ∼10 kPa modulus offered improved CMC
maturation compared to gels with lower (1 kPa) or higher
modulus (50−100 kPa).19,23 Surprisingly, we found that
CMCs displayed a similar phenotype on the 160 pN probes
compared to the 56 pN rupture probes. While it is difficult to
compare molecular rupture thresholds in units of piconewtons
to the modulus of a deformable substrate, our findings suggest
that increasing Ttol from 12 pN to 56 pN/160pN is analogous
to the increasing gel modulus to values that show improved
maturation phenotypes. Moreover, the mechanical stability of
the 56 pN/160 pN probes leads to stable integrin−RGD
bonds that transmit more tension and facilitate CMC
maturation. This results in CMCs displaying more elongated
morphology, higher spreading area, more periodic and
synchronized beating, and more synchronized Ca2+ transients
on 56 and 160 pN surfaces in contrast to the 12 pN surfaces.
The SR is the contractile unit of cardiomyocytes.32

Elongated, well aligned SR is important for proper contraction
of CMCs. Previous literature has shown that the matrix
stiffness affects calcium dynamics, SR organization, and
contractility of CMCs.19,23−25,32,50 It has also been demon-
strated that NRVMs seeded on 10 kPa PDMS gels coated with
collagen develop well-defined SR organization compared to
softer gels (1 and 5 kPa).19,23,24,50 Stiffness tunable PDMS
micro-post-substrates have also been used to show that greater
stiffness of substrates resulted in more organized SR
distribution measured by sarcomeric α-actinin alignment.50

Our findings demonstrate that DNA probes that offer >56 pN
Ttol ligands impact CMC development in an analogous way to
mechanical signaling arising from increased elastic modulus.
YAP, another regulator of cardiac regeneration, is sensitive

to integrin traction forces. However, little is known about how
YAP signaling responds to integrin forces in CMC develop-
ment.67 Our findings indicate that pN integrin forces modulate
YAP expression (8−10 h) and nuclear translocation (12−14
h), suggesting that YAP contributes to functional maturation of
CMCs.
Although previous work suggested that CMCs can form

podosomes like organelles on collagen and laminin sub-
strates,68 the mechanisms underlying this process have yet to
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be described. Our work reveals that CMCs can form
podosome-like structures on fibronectin mimetics and
demonstrates how the threshold of piconewton integrin forces
influence this formation. We find that CMCs mainly form
podosome-like structures when the integrin force threshold is
low (<12 pN), indicating a relationship between podosome
formation and integrin force mediated CMC maturation.
Inhibition of ROCK signaling resulted in similar rates of
podosome formation on all three substrates, indicating that
formation is dependent both on RGD−integrin ligand bond
strength and ROCK signaling. Together, this data demon-
strates that the specific magnitude of piconewton integrin
forces functionally control podosome formation in the early
maturation of CMCs. This should inform future studies
addressing how specific integrin heterodimers (e.g., β1, β3)
influence podosome formation and their specific role in
CMCs.77,78,87

One limitation of the current study is the use of glass
substrates. Stiff substrates boost cell traction forces and lead to
a more fibrotic phenotype when studying CMC matura-
tion.19,23 That said, glass and plastic tissue culture dishes are
still widely used to study CMC biology (for a list of examples
see Supporting Information Table 3) and thus offer a valuable
platform to better understand how the adhesion receptor
forces modulate CMC maturation. We have also worked to
address this problem by integrating the DNA probes into
hydrogel substrates with ∼10−13 kPa modulus (Figure S27).
Unfortunately, CMCs did not spread on these DNA-modified
soft substrates within the 8−10 h of seeding, and longer
incubation times led to DNA degradation. Nonetheless, in all
our experiments, the glass substrate was maintained as a
constant and therefore differences in CMC maturation are
attributed to the molecular biophysics of DNA rupture
thresholds. Another limitation of the current study is that
the DNA probes rupture irreversibly, and hence the probe
influences the biology and reports cumulative signal over time.
Therefore, rupture density cannot be directly compared to
other measures of forces such as traction force microscopy or
the reversible DNA probes that can measure the steady state
tension applied by cells without applying a maximum limit on
ligand tension. These DNA rupture probes are best suited to
control tension rather than to measure it. Also, as the probes are
DNA-based, there is some loss of signal due to nuclease
activity, spontaneous DNA duplex dissociation, and biotin−
streptavidin dissociation. Nonetheless, the work represents an
important step toward developing a molecular level under-
standing of how adhesion receptor forces tune the process of
CMC maturation as measured through physiological and
biochemical markers. The general strategy can also be applied
to other stem cell subtypes and may be broadly useful in that
capacity.

METHODS
DNA Probe Synthesis and Preparation. Rupture probes used

in this project were adapted from previous published work.34,35 Cyclic
peptide Grifka was first coupled to the 5′ end of rupture probe (TGT)
top strand (12/56 pN ligand strand) via copper catalyzed cyclo-
addition reaction. cRGDfK-azide was conjugated onto the top strand
in 25 μL of reaction mixture containing 5 mM of sodium ascorbate
and 0.1 μM preformed Cu-THPTA complex. The mixture was
allowed to react for 2 h, and the product was purified by reverse phase
HPLC. The biotin bottom strands were coupled to Cy3B NHS ester
also via NHS-amine coupling. For the biotin rupture probe, cRGD

was coupled first following HPLC purification, and subsequently
Cy3B-NHS was conjugated and purified using HPLC.

Surface Preparation. All the DNA probes were immobilized to
the surface using biotin−streptavidin interactions. The glass slides
were covalently functionalized with the biotin group and further
incubated with streptavidin by using previously published literature
procedures. Glass coverslips (number 2, 25 mm diameter; VWR)
were sonicated in EtOH and subsequently with Nanopure water for
10 min and then etched in piranha solution (a 3:1 mixture of sulfuric
acid and hydrogen peroxide) for 10−15 min. The glass coverslips
were then washed several times with Nanopure water and EtOH and
then were incubated in 1% (3-aminopropyl) triethoxysilane (APTES)
in EtOH for 1 h. The substrates were immersed in EtOH three times,
subsequently rinsed with EtOH, and dried under nitrogen.
Subsequently, substrates were baked in an oven (∼100 °C) for 10
min. After cooling, the samples were incubated with NHS-biotin
(Thermo Fisher) at 2 mg/mL in DMSO overnight. The substrates
were washed with EtOH and dried in an oven for 20 min. The biotin-
functionalized glass substrates were assembled into cell chambers,
flushed with 1× PBS (3 × 5 mL), incubated with 0.1% BSA (EMD
Chemicals, 100 μg/μL, 30 min), and washed again with 1× PBS (3 ×
5 mL). Streptavidin was then added (5 μg/mL for 45 min, room
temperature) followed by washing with 1× PBS (3 × 5 mL). The
chambers were then incubated with the rupture probes (150 nM) for
1 h and rinsed prior to CMC experiment and imaging.

Cell Isolation. NRVMs were isolated from 2- to 3-day-old
neonatal rat pups and cultured as a monolayer as described
previously.82,84,85 Only the lower one-third of the heart (from the
apex to the midline) was excised in order to minimize contaminating
atrioventricular nodal cells. Each of the biological replicate cells were
isolated from ∼20 neonatal rat pups. For all in vitro experiments,
NRVMs were plated at a density of 25 000−30 000 cells per surface
chamber (circular coverslip with a diameter of 16 mm exposed; area =
804 mm2). The cells were cultured in 2% serum for all experiments.

Immunostaining. For staining on rupture probes, CMCs were
fixed and stained on 12, 56, and 160 pN probes following 8−10 h of
cell spreading. Cells were fixed in 2−4% formaldehyde in 1× PBS for
8−10 min. Cells were permeabilized for 3 min with 0.1% Triton X-
100 and were blocked with BSA for 30 min. Staining was performed
for 1 h at room temperature with 1:1000 Alexa 488-Phalloidin
(ab176753, Abcam), 1:50 Vinculin Antibody SF9 647 (sc-73614
AF647, Santa Cruz Biotechnology), 1:50 Phospho-Paxillin (Tyr1888)
and Polyclonal Antibody (PA5-17828, Thermo Fisher) followed by
1:5500 Alexa Fluor 555 goat antirabbit (A21147, Thermo Fisher) or
10 μg/mL α-actinin antibody (PA5-17308) from Invitrogen,
thermofisher), 10 μg/mL SERCA2a Antibody (SC-376235) from
Santa Cruz Antibody, or YAP1 (SC 376830) followed by 1:1000
Alexa Fluor 647 or 488 goat antimouse IgG2b (γ2b) (A28175 or
A28181) or goat antirabbit secondary antibody (A27034 or A27080)
from Thermo Fisher as indicated in the experiment details.
Immunostained cells were imaged using total internal reflection
fluorescence microscopy (TIRFM).

Drug Treatment. CMCs were pretreated for (>1 h @RT) with
various inhibitors before seeding. Cells were either treated with 25
μM Y27632 dihyrdochloride (Y0503, MilliporeSigma), with 10 μM
eptifibatide (CAS no. 881997-860), with 10 μM Blebbistatin (18-521,
Fisher Scientific), or with 15 μM of U1026 (PD 98059, cell signaling)
for 30 min. We used DMSO as a solvent vehicle for the control group.

Optical Microscopy. Live NRVMs were imaged in 2% serum
buffer at 25 °C using a Nikon Eclipse Ti microscope driven by the
Elements software package. The microscope is equipped with Evolve
electron multiplying charge coupled device (Photometrics), an
Intensilight epifluorescence source (Nikon), and a CFI Apo 100×
NA 1.49 objective (Nikon). It also includes a TIRF launcher with
three laser lines: 488 nm (10 mW), 561 nm (50 mW), and 638 nm
(20 mW). The microscope also has a perfect focus system which can
lock the focus to assist capturing multipoint and time lapse images
without losing focus. All of the reported experiments were performed
using the following Chroma filter cubes: DAPI, TIRF 488, TIRF 561,
FITC, TRITC, Cy5, BF, and RICM.
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Calcium Staining and Automated Analysis of ROI Calcium
Intensity. CMCs were stained with Fluo-4 (F14210, Thermofisher)
using a previously published protocol.86 After staining, the CMCs
were left in the incubator for 2 h to restore spontaneous twitching.
Time lapses were taken in the FITC channel. ROIs were manually
selected at the area of calcium sparks. ROIs were analyzed using an
automated code in MATLAB 2019b. The average fluorescence
intensity and 99th percentile fluorescence intensity of each ROI were
both quantified at each time point. The 99th percentile was used to
check for saturation of the camera; if any time point for a given ROI
had a 99th percentile fluorescence intensity equivalent to the
maximum of the detector (255 arbitrary units), the ROI was
discarded. ROIs with zero-value 99th percentiles were also discarded.
For each remaining ROI, calcium spikes were identified using a

peak finding process. First, the average intensity was normalized to a
901-point median filter with truncated edges using MATLAB’s built-
in “medfilt” command. Next, MATLAB’s built-in “findpeaks” function
was used to identify fluorescence intensity spikes with the “MinPeak-
Distance” and “MinPeakHeight” settings set to 200 and 1.2,
respectively. Finally, peaks that occurred at least 100 points after
the initial time point and 200 points before the final time point were
stored. Specifically, 100 points before the peak and 200 points after
the peak were saved.
Peak dynamics were measured by fitting an equation to the saved

301-point intensity vs time curves
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where Imax is the maximum peak intensity (i.e., spike height), I0 is the
baseline intensity, t is the time, tstart and tend are the times at which the
spikes begin rising an falling, respectively, τrise and τfall are the spike
rising and falling time constants, respectively, and u(x) is the
Heaviside function denoting initiation at time x. Fitting of the
parameter set [Imax, I0, tstart, tend, τstart, τend] was performed using
MATLAB’s built-in “simultaneal” function with initial guesses of the
maximum intensity, the minimum intensity, 50 time points, 100 time
points, 5 time points, and 20 time points, respectively. All fit
parameters were given a lower and upper bound of 0 and ∞ intensity
units, respectively, and fitting was performed with the “HybridFcn”
setting set to “fmincon” and all other settings set to their default
values. The synchronization time was measured from 10 videos per
condition, where each data point represents the synchronization time
measured in one video. We calculated the synchronization time as the
average time between peaks for ROI (n > 10) in the same plane of
view, and the lower time means the time differences between peaks
are small and the CMC beating has a higher degree of temporal
synchronization.
Illustration and Statistical Analysis. All the illustrations of this

manuscript were prepared by either adobe illustrator or BioRender.-
com. Statistical analyses were performed in GraphPad, imagej,
Microsoft excel, and MatLab.
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