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Interrogating cardiac muscle cell mechanobiology
on stiffness gradient hydrogels†

Ian L. Chin, a Livia Hool a,b and Yu Suk Choi *a

Extracellular matrix (ECM) remodeling is a major facet of cardiac development and disease, yet our under-

standing of cardiomyocyte mechanotransduction remains limited. To enhance our understanding of car-

diomyocyte mechanosensation, we studied stiffness-driven changes to cell morphology and mechano-

marker expression in H9C2 cells and neonatal rat cardiomyocytes (NRCMs). Linear stiffness gradient poly-

acrylamide hydrogels (2–33 kPa) coated with ECM proteins including Collagen I (Col), Fibronectin (Fn) or

Laminin (Ln) were used to represent necrotic, healthy, and infarcted cardiac tissue on a continuous

stiffness gradient. Cell size, cell shape and nuclear size were found to be mechanosensitive in H9C2 cells,

as was the expression or nuclear translocalization of the mechanomarkers Lamin-A, YAP, and MRTF-A.

Minor differences were observed between the different ECM coatings, with the same overarching

stiffness-dependent trends being observed across Col, Fn and Ln coated hydrogels. Inhibition of mechan-

otransduction in H9C2 cells using blebbistatin or Y27632 resulted in disruptions to cell shape, nuclear

shape, and nuclear size, however, trends in cell size and mechanomarker expression were not significantly

attenuated. Mechanosensation in NRCMs was much less marked, with no significant changes in cell mor-

phology being detected, although YAP did become increasingly nuclear localized with increasing

stiffness. In α-actinin positive cells, striations formed with regular structure and frequency at all stiffnesses

for Col and Fn coated hydrogels, but not Ln coated gels. In this study, we used our stiffness gradient

hydrogels to comprehensively map the relationship between ECM stiffness and cardiac cell phenotype

and found that less mature H9C2 cardiac cells are more sensitive to ECM changes than the more devel-

oped neonatal cardiomyocytes.

Introduction

Growing appreciation of mechanobiology has led to a greater
understanding of the mechanotransduction process.
Conventionally, it is understood that cells interact with the
extracellular matrix (ECM) via membrane bound integrins,
which enable the cells to generate traction forces that ulti-
mately lead to phenotypic changes within the cell.1–3 We
believe that cells use this dynamic process to sense and
respond to remodeling of the ECM and their local microenvi-
ronment. In the heart, ECM remodeling is a component
of normal tissue; during organogenesis, soft mesoderm
(∼0.5 kPa)4 develops into firm (∼10 kPa) cardiac tissue and
mimicking this process can promote the maturation of
cardiomyocytes.5,6

ECM remodeling is also a major facet of cardiac disease
progression and can involve both ECM degradation and depo-
sition (reviewed by Frangogiannis7) – a marked example of this
is the post-infarct scar formation, which can be four-fold
stiffer (18 kPa vs. 55 kPa) than healthy myocardium.8 In the
context of ischemic injury to the heart, tissue death and sub-
sequent ECM remodeling exposes cardiac cells to dramatic bio-
physical change,8 which has been associated with the onset of
heart disease and could be the source of aberrant signaling
that drives maladaptive changes to cardiac cells. The knowl-
edge of mechanobiology is already being used to enhance
growth and maturation of stem cell-derived cardiomyocytes6

and embryonic cardiomyocytes.5 Despite these advances, the
mechanisms behind mechanosensation in cardiac cells
remains unclear, especially with respect to the current under-
standing of integrin-mediated mechanotransduction.

The bulk of our understanding of mechanosensation has
been developed using adult stem cells, which have shown that
cell growth, morphology, differentiation, and cell viability can
all be controlled through integrin-mediated biophysical
cues.2,9 Past studies have illustrated that cardiac cells are
mechanosensitive: shape, sarcomere organization10,11 and
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muscle contraction12 have all been shown to change with sub-
strate stiffness, however it is unclear whether the mechanisms
of mechanosensation are shared between cardiac cells and the
stem cells used to develop our current understandings.

To unpack mechanotransduction process in cardiac cells,
we used immature rat myoblast H9C2 cardiac-derived cells and
neonatal rat cardiac cells (NRCM) as our representative cardiac
muscle cells. In this study, we combined our polyacrylamide
stiffness gradient hydrogel platform13 with collagen I (Col),
fibronectin (Fn), and laminin (Ln) protein coatings to recapitu-
late biophysical elements of aberrantly soft and pathologically
stiff cardiac tissue on a single continuous stiffness gradient.
Using this platform, we directly compared a range of biophysi-
cal conditions to provide insight into cardiomyocyte–ECM
interactions and the mechanisms behind mechanosensation
in cardiac muscle cells.

Methods
Fabrication of stiffness gradient PA hydrogels

The technique for fabricating stiffness gradient polyacrylamide
(PA) hydrogels was adapted from.13 A pair of 3D-printed molds
were designed for fabricating the gels [Fig. 1A]; a primary (1°)
mold to produce a wedge-shaped hydrogel and the secondary
(2°) mold for producing a 12 × 12 × 1 mm hydrogel incorporat-
ing the first hydrogel.

First, 15 × 15 mm glass coverslips (Menzel-Gläser) were
ozone cleaned (Bioforce Nanosciences UV/Ozone ProCleaner)

for 1 min on each side. Coverslips were than functionalized for
5 min in a solution containing 100 µL 3-(trimethoxysilyl)propyl
methacrylate (Merk), 600 µl glacial acetic acid and 20 ml
ethanol before rinsing in ethanol for 1 min. This process
enables the polyacrylamide hydrogels to covalently attach to
the glass coverslips. The pair of hydrogel molds and a separate
set of coverslips were coated with dimethydichlorosilane
(DCDMS) to prevent hydrogel adhesion to these surfaces.

A polymer solution was prepared with final concentrations
of 12% (v/v) acrylamide monomers (Bio-Rad), 0.4% (v/v) N,N′-
methylene-bis-acrylamide cross-linker and 1× Dulbecco’s PBS
(Mg2+ and Ca2+ free) (Life Technologies). To initiate the
polymerization process, 10 µl of 0.1 g ml−1 ammonium persul-
fate (APS) (Merk) was mixed in to a 1 ml aliquot of polymer
solution before 1 µl of N,N,N′,N′-tetramethylethylenediamine
(TEMED) (Bio-Rad) was also added to the solution. After
mixing for 1 s, 120 µl of this solution was added to the 1°
mold and a functionalized coverslip was placed on top. The
solution was allowed 20 min to polymerize before a wedge-
shaped gel was extracted from the mold. The 2° mould was
then placed over the top of the wedge-shaped gel to act as a
retaining wall before APS and TEMED were mixed in to a
second 1 ml aliquot of polymer solution, as previously
described. One hundred and twenty microliters of this solu-
tion was added to the 2° mold and a DCDMS-coated coverslip
was placed on top. The solution was allowed 20 min to poly-
merize before the DCDMS-coated coverslip and the 2° mold
were removed, leaving a 12 × 12 × 1 hydrogel adhered to the
15 × 15 mm functionalized coverslip.

Fig. 1 Fabrication and characterization of stiffness gradient hydrogels. (A) Hydrogels were fabricated through a two-part polymerization. First a 1°
wedge-shaped hydrogel is made by filling a custom 3D-printed mold with PA and covering it with a methacrylated coverslip (i–iii). Once the 1°
hydrogel has set and been retrieved (iv and v), a second mold is placed around the 1° gel (vi and vii) so that the 2° hydrogel can be formed on top of
the 1° hydrogel. The mold is filled with PA, covered with a DCDMS-coated coverslip (viii and ix) and allowed to set. The 1° + 2° hydrogel is retrieved
by removing the DCDMS-coated coverslip (x), then removing the mold (xi) leaving the final stiffness gradient hydrogel (xii). (B) Stiffness measure-
ments made using AFM indentation resulted in a linear stiffness gradient of 4.6 kPa mm−1 (linear regression, P < 0.0001, R2 = 0.89, n = 8). Over the
area that cells were analyzed, substrate stiffness ranged from 2–33 kPa. Data is presented as mean ± SEM.
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Stiffness characterization of hydrogels

The compressive Young’s moduli of gradient hydrogels were
characterized using an MFP-3D atomic force microscope
(Asylum Research), using 200 µm chromium/gold-coated,
pyrex-nitride cantilevers with triangular-shaped tips (Nano
World model PNP-TR-50). Hydrogels were immersed in 1× PBS
and probed with 2 nN indentations at an approach velocity of
2 µm s−1 and with a retraction velocity of 10 µm s−1. A custom-
written code in Igor Pro was used to determine Young’s
modulus from the linear portion of contact-generated force
curves, as previously described.13

To confirm the presence of a stiffness gradient, 8 indenta-
tions were made at 1 mm intervals along the axis of the
stiffness gradient, starting 2 mm away from the softest edge.
All indentations were made in triplicate and averaged to give
an average stiffness per location indented. Stiffness measure-
ments in kilopascals were then plotted against displacement
from the edge of the hydrogel in GraphPad Prism.

Cell culture

H9C2 cells (ATCC CRL1446) were cultured in growth media
containing DMEM (Life Technologies) with 10% FBS (Life
Technologies) and 1×antibiotic–antimycotic. H9C2 cells were
seeded into hydrogel-containing 12-well plates, at an initial
density of approximately 3.95 × 103 cells per cm2 to achieve
60% confluence after 2-days of culture; this was the time
required to achieve complete spreading, consistent with past
studies.11,12,38 Media was changed after the first day of culture
and cells were fixed after 48 hours.

Neonatal Rat Ventricular Myocytes (NRCM) (Lonza
R-CM-561) were cultured in RCBM Basal Medium (Lonza) sup-
plemented by a Rat Cardiac Myocyte Growth Medium
SingleQuots Kit (Lonza). As above, NRVCMs were seeded into
hydrogel-containing 12-well plates, at a density of approxi-
mately 8.76 × 104 cells per cm2 to achieve 100% confluency
after 4-days of culture. Media was changed every day of culture
and cells were fixed after 96 hours.

Mechanosensation inhibition

Inhibition of mechanosensation was performed on H9C2 cells
by treating cells for 48 hours with either the myosin II inhibi-
tor blebbistatin (Merk) or the Rho-associated protein kinase
(ROCK) inhibitor Y27632 (Merk). Cells were seeded on hydro-
gels and cultured in growth media for 5 hours before the
media was changed for growth media containing either bleb-
bistatin (50 µM) or Y27632 (10 µM). Inhibition media was
changed after 24 hours and cells were fixed after 48 hours of
exposure to inhibitors.

Single-cell AFM

Single-cell AFM was performed on H9C2 cells cultured on
stiffness-gradient hydrogels for 4-days. Using the same AFM
configuration as for characterizing hydrogels, cells were
indented every 1 mm along the stiffness gradient of the gel
from 2 mm to 9 mm from the edge of the gel. For each cell

indented, a nearby portion of hydrogel was also indented to
confirm the stiffness of the hydrogel. Cells were indented close
to the center of the cell and force curves were analyzed as pre-
viously described.

Results and discussion
Fabricating stiffness gradient hydrogels

The fabrication process for producing stiffness gradient hydro-
gels was adapted from a previous study13 and is schematically
illustrated in [Fig. 1A]. We improved the ease of use of the
molds and the success rate of hydrogel fabrication by re-
designing mold geometry. Computer aided design software
(Autodesk Fusion 360) was used to design 12 × 12 × 1 mm
form factor, which fits in a standard 12-well plate, which were
then 3D printed (Form Labs Form 2). The new molds made it
easier to avoid trapping bubbles during the fabrication process
and reduced that amount of hydrogel-tearing experienced
when retrieving the hydrogels from the molds.

Using 12% acrylamide and 0.4% bisacrylamide for the first
and second hydrogels, we produced a linear stiffness gradient
ranging from 2 kPa to 33 kPa (Young’s elastic modulus)
(Pearson’s correlation coefficient, R2 = 0.89, P < 0.001, n = 8),
as characterized by AFM indentation [Fig. 1B]. This was the
same stiffness range observed in the original 20 × 24 × 1 mm
hydrogels13 but with a stronger stiffness gradient (4.1 kPa
mm−1 vs. 2.9 kPa mm−1), indicating that this fabrication tech-
nique can effectively scale the size of the hydrogel while still
maintaining the highly tunable stiffness range.

It was important to target a stiffness range that extended
above and below the stiffness of healthy cardiac tissue (10–18
kPa)8 as ECM varies across the different stages of heart
disease; for example following a myocardial infarction, the
ECM becomes soft during wound healing and is stiff after scar
formation.7,14,15 In the present study, the softer and stiffer
regions of hydrogel are representative of these compromised
environments. Although this platform does not incorporate
any temporal elements, which have been shown to be impor-
tant in cardiomyocyte maturation,5 stiffness gradient hydrogels
allow for a comprehensive study cardiomyocyte mechanosensa-
tion across a range of disease states.

H9C2 morphology and mechanomarker expression correlate
with stiffness

After 48 hours of culture, H9C2 cells were distributed relatively
evenly across the stiffness gradient [Fig. S1†].
Mechanosensation in H9C2 cells was measured through
changes in cell morphology and changes in mechanomarker
expression, with comparisons being made across the different
stiffnesses and between the different ECM coating types.
F-Actin and DAPI stains were analyzed in CellProfiler [Fig. 2A]
to measure cell size and nucleus size, respectively, showing
positive, non-monotonic, trends with increasing substrate
stiffness. Cell and nucleus sizes increased steadily between 2
kPa and 12 kPa, where it plateaued [Fig. 2B]. H9C2 cells main-
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Fig. 2 Morphological changes of H9C2 based on ECM stiffness and proteins. H9C2 Cells were cultured on stiffness gradient hydrogels coated with
either collagen (CoI), fibronectin (Fn) or laminin (Ln) for 48 hours before being fixed and stained. (A) CellProfiler™ was used to automatically identify
cells bodies and nuclei (top half of example) from immunofluorescent images of F-actin and DAPI, respectively (bottom half ). Stiffness was positively
correlated with (B) cell size (Pearson’s correlation: Col R2 = 0.65, n = 5; Fn R2 = 0.50, n = 4; Ln R2 = 0.77, n = 5) but not (C) cell aspect ratio and (D)
form factor. Stiffness was also positively correlated with (E) nucleus size (Pearson’s correlation: Col R2 = 0.47, n = 5; Fn R2 = 0.47, n = 4; Ln R2 =
0.64, n = 5) but not the (F) aspect ratio of the nuclei or (G) the form factor of the nuclei. (H) Nuclear area was found to be weakly correlated with cell
area (Pearson’s correlation, R2 = 0.18, P < 0.001, N = 5 hydrogels, n > 1000 cells). (I) The stiffness of single cells, measured via AFM, was found to
increase with increasing substrate stiffness (Pearson’s correlation, R2 = 0.39, P < 0.05, N = 18 hydrogels, n = 48 cells). All graphs show mean ± SEM.
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tained the same general shape across all stiffnesses, although
with substantially greater variability on soft substrates (<10
kPa) [Fig. 2C and D]. While nuclear size followed a similar
trend to cell size, increasing with substrate stiffness [Fig. 2E],
nucleus shape remained uniform across the stiffness gradient
[Fig. 2F and G]. There was no clear relationship between nuclei
area and the corresponding cell area, although it tended to be
that larger cells had larger nuclei [Fig. 2H]. When mechani-
cally probed with the AFM, we found a positive correlation
between cell stiffness and underlying substrate stiffness, where
cells cultured on stiff substrates adapted to be stiffer [Fig. 2I].
These morphological changes are consistent with past studies,
where cell size and aspect ratio increased markedly as sub-
strate stiffness increased from soft to moderately stiff (1 kPa–
10 kPa) and continued to increase, but then rapidly plateaus at
greater substrate stiffnesses (>10 kPa).11,12

To unpack the mechanotransduction process, we used
immunofluorescent analysis to examine MRTF-A, YAP and
Lamin-A expression; three well studied mechanomarkers
believed to play a role in communicating mechanical signals
from the ECM to the nucleus. Traditionally, MRTF-A and YAP
will be found in both the cytoplasm and the nucleus, but will
become increasingly nuclear localized with increasing sub-
strate stiffness13,16–18 and Lamin-A, which is only found in the
nucleus, becomes expressed more intensely with increasing
substrate stiffness.13,18,19 In the present study, MRTF-A and
YAP became increasingly nuclear localized with increasing
stiffness, as indicated by their respective nuc/cyt ratio [Fig. 3A–
D], and Lamin-A expression decreased with increasing
stiffness on Col and Fn coated substrates [Fig. 3E and F].
Unlike the changes in cell size, the nuclear localization of YAP
and MRTF-A increased linearly with increasing substrate
stiffness, similar to what we observed in our previous study
using the same platform with adipose-derived stem cells
(ASC).13,18

Surprisingly, cell area did not seem to be correlated with
mechanomarker expression [Fig. S2†], as has been observed in
past stem cell studies.13,16,20 The relationships between cell,
nucleus size and mechanomarker expression can be cell-
specific and the cause of this discrepancy is unclear in this
case. Both MRTF-A13,17,21 and YAP16,20,22 are known to respond
to microenvironment-driven changes to cell morphology and
potentially may play a role in driving cell morphology.16,21

However both MRTF-A23–25 and YAP (reviewed by Heng et al.26)
are also known to regulate differentiation in stem cells. It is
possible that after differentiation in to myocytes, MRTF-A and
YAP activity may become less sensitive to changes in cell mor-
phology due to lineage-specific activation and inactivation of
transcription pathways, such as MRTF-A-SRF mediated matu-
ration of contractile apparatus27 or inactivation of YAP
mediated proliferation.28

No major differences were observed between each of the
ECM coatings, with stiffness-based trends being conserved
across the collagen, fibronectin, and laminin coated substrates
[Fig. 3]; an observation that held true in the subsequent inhi-
bition study and investigation of NRCM cells. Whilst minor

differences do exist (e.g. collagen-cultured cells were slightly
smaller [Fig. 2A and B], fibronectin-cultured cells expressed
more Lamin-A [Fig. 3E and F]), overall trends were consistent
across the three different types of ECM coating, which
remained true for the subsequent inhibition study and NRCM
culture we performed. Past studies have indicated that cells
can have ECM specific responses, for example fibroblasts have
been found to respond to durotactic gradients when substrates
were coated with fibronectin but not laminin29 and human
embryonic stem cell, differentiation into cardiomyocytes is
most efficient on tissue culture plastic coated with a mixture
of fibronectin and laminin,30 however in our study, the H9C2
cells appear to be insensitive to the ECM protein they were
exposed to while being mechanosensitive to the underlying
substrate stiffness.

Disruption of traction force generation altered
H9C2 mechanotransduction

To further investigate traction force-mediated mechanosensa-
tion in H9C2 cells, we used blebbistatin and Y27632 to
pharmacologically targeted two critical elements of the integ-
rin-mediated mechanotransduction pathway: actin-myosin
activity31 and Rho/ROCK activity.32 In a conventional model of
mechanosensation, substrate stiffness mediated activation of
ROCK results in contraction of cytoskeletal actomyosin via
myosin light chain kinase activity, leading to the generation of
traction forces and mechanosensation. We have used blebbis-
tatin and Y27632 in the past to impair mechanonsensation in
ASCs, observed through changes to cell shape, cell size and
YAP expression.18

Blebbistatin had a marked effect on H9C2 cell shape, yet no
discernible impact on YAP expression when compared to
control samples [Fig. 4]. In blebbistatin treated samples, H9C2
cells were less elongated and less rounded than control
samples [Fig. 4C and D], as shown by the reduced aspect ratio
and form factor measurements at all stiffnesses; evidence that
blebbistatin had disrupted acto-myosin structure in treated
cells. By comparison, Y27632 samples had a comparable cell
shape to control cells, where the aspect ratio and form factor
of the cells were comparable to those of control samples. In
both blebbistatin and Y27632 treated cells, nuclei were smaller
and more circular, shown by reduced nuclear aspect ratio, and
increased nuclear form factor [Fig. 4E–G] compared to the
control samples. Surprisingly, trends in cell size and YAP local-
ization did not appear to be altered by blebbistatin or Y27632
treatment: both treatment groups had similar cell areas and
expressed similar YAP ratios to the control samples [Fig. 4H].

As blebbistatin primarily targets myosin II activity,33,34 it
has the capacity to affect both muscle actomyosin as well as
the stress fibres that form the cytoskeletal network. The loss of
actomyosin contractility has been demonstrated to impair
focal adhesion clustering and maturation,35,36 resulting in a
disrupted cytoskeleton. On the other hand, Y27632 inhibits
RhoA/ROCK signalling, which regulates stress fibre actomyosin
activity37 but not muscle actomyosin activity, it has been
suggested that cardiomyocytes sense their microenvironment
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Fig. 3 YAP, MRTF-A and Lamin-A Expression in H9C2 cells. Immunofluorescent images were analyzed using CellProfiler™, where the fluorescent
intensity was measured for MRTF-A, YAP, and Lamin-A. (A) Nuclei and cytoplasm locations identified based on F-actin and DAPI stains were used to
measure cytoplasmic and nuclear MRTF-A fluorescent intensity. (B) The degree of MRTF-A localization to the nucleus, expressed as the nuclear :
cytoplasmic (nuc : cyt) fluorescent intensity ratio. No correlation between stiffness and MRTF-A localization and substrate stiffness was detected in
cells on collagen (Col) coated hydrogels, however a positive correlation was observed in cells cultured on fibronectin (Fn) and laminin (Ln) coated
hydrogels (Pearson’s correlation, Col – R2 = 0.6, P = 0.069, n = 4; Fn – R2 = 0.73, P < 0.05, n = 4; Ln – R2 = 0.67, P < 0.05, n = 4). (C) A similar ana-
lysis was performed on YAP localization, where the nuclear localization of YAP was calculated as a ratio of nuclear YAP fluorescent intensity to cyto-
plasmic YAP fluorescent intensity. (D) A positive correlation was observed between nuclear YAP localization and substrate stiffness on Col and Ln
hydrogels but not on Fn hydrogels (Pearson’s correlation, Col – R2 = 0.96, P < 0.001, n = 4; Fn – R2 = 0.43, P > 0.05, n = 4; Ln – R2 = 0.90, p < 0.05,
n = 4). (E) Lamin-A expression was measured by the fluorescent intensity measured from the nucleus. (F) Trends were observed between Lamin-A
and stiffness on Col and Fn coated hydrogels, but not on Ln coated hydrogels (Pearson’s correlation, Col – R2 = 0.90, P < 0.05, n = 6; Fn – R2 =
0.92, P < 0.05, n = 5; Ln – R2 = 0.06, P = 0.63, n = 5). All graphs show mean ± SEM.
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Fig. 4 Inhibition of H9C2 mechanosensation. Immunofluorescence was used to analyze H9C2 cell morphology and mechanosensation following
exposure to the inhibitors blebbistatin and Y27632. (A) Representative images of H9C2 cells cultured on Fn coated hydrogels. Immunofluorescent
images of DAPI and F-actin (bottom half ) and the cell bodies and nuclei identified by cell profiler (top half ) are shown. Data represented is a pooled
average of cells cultured on Col, Fn, and Ln coated hydrogels. (B) Inhibited cells demonstrated similar cell sizes to control cells at equivalent stiff-
nesses (two-way ANOVA, P > 0.05, n = 10). (C) H9C2 cells treated with blebbistatin had a significantly reduced aspect ratio compared to controls but
Y27632 treated cells were not (Dunnett’s multiple comparisons, Bleb – P < 0.05, n = 10; Y27632 – P > 0.05, n = 10). (D) Similarly, the form factor of
blebbistatin-treated cells, but not Y27632-treated cells, was significantly lower than control (Dunnett’s multiple comparisons, Bleb – P < 0.001, n =
10; Y27632 – P > 0.05, n = 10). (E) Blebbistatin and Y27632 treatment reduced nuclei size (Dunnett’s multiple comparisons, Bleb – P < 0.001, n = 10;
Y27632 – P < 0.05, n = 10), (F) reduced nuclear aspect ratio (Dunnett’s multiple comparisons, Bleb – P < 0.001, n = 10; Y27632 – P < 0.05, n = 10)
and (G) increased form factor (Dunnett’s multiple comparisons, Bleb – P < 0.001, n = 10; Y27632 – P < 0.001, n = 10). (H) Trends in YAP localisation
were not attenuated by blebbistatin or Y27632 (Pearson’s correlation, Bleb – R2 = 0.82, P > 0.05, n = 10; Y27632 – R2 = 0.85, P < 0.05, n = 10)
however blebbistatin-treated cells had reduced nuclear YAP localization compared to control cells (Dunnett’s multiple comparisons, P < 0.001, n =
10). All graphs show mean ± SEM.
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Fig. 5 Morphology and Mechanomarker Expression in Neonatal Rat Cardiomyoctes (NRCMs). Representative immunofluorescent images of NRCMs
cultured on Col-coated substrates, stained for DAPI, F-actin and (A) Lamin-A or (B) YAP. (C) Analysis DAPI stain did not reveal any significant relation-
ships between substrate stiffness and nuclei size (Pearson’s correlation Col – R2 = 0.01, P > 0.05, n = 5; Fn R2 = 0.10, p > 0.05, n = 7; Ln R2 = 0.20, P
> 0.05, n = 5), (D) substrate stiffness and nuclei form factor (Pearson’s correlation Col – R2 = 0.06, P > 0.05, n = 5; Fn R2 = 0.11, p > 0.05, n = 7; Ln R2

= 0.01, P > 0.05, n = 5) and (E) substrate stiffness and nuclei aspect ratio (Pearson’s correlation Col – R2 = 0.02, P > 0.05, n = 5; Fn R2 = 0.01, p >
0.05, n = 7; Ln R2 = 0.01, P > 0.05, n = 5). (F) A positive correlation was observed between Lamin-A expression and stiffness for cells cultured on Fn
coated hydrogels, but not on Col or Ln coated hydrogels (Pearson’s correlation, Col – R2 = 0.11, P > 0.05, n = 4; Fn – R2 = 0.85, P < 0.05, n = 5; Ln –

R2 = 0.21, P > 0.05, n = 5). (G) Similarly, YAP was increasingly nuclear localised with increasing stiffness on cells cultured on Fn-coated hydrogels but
not Col- or Ln-coated hydrogels (Pearson’s correlation, Col – R2 = 0.37, P > 0.05, n = 4; Fn – R2 = 0.79, P < 0.05, n = 5; Ln – R2 = 0.004, P > 0.05, n
= 5). All graphs show mean ± SEM.
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through a mixture of muscle and non-muscle contractions,38

so it is possible that H9C2 cells behave similarly, whereby the
actomyosin in the cytoskeleton behaves more like muscle acto-
myosin than stress fibres, potentially explaining why
Y27632 had such a small effect on cell shape. In explaining
YAP expression, the literature has suggested that myosin II
contractility is not necessary for YAP translocation in some
cells39 and that the function of healthy cardiac cells may not
be affected by mild ROCK inhibition.40 The results of blebbis-
tatin treatment are more difficult to explain as the consensus
is that stable F-actin must still be present for nuclear YAP
accumulation to occur16,18,39 and in the present study, the
F-actin of blebbistatin cells was clearly disrupted. The reason
and significance of this result remains unclear.

Neonatal cardiomyocytes and substrate stiffness

Culture of cardiomyocytes of any form has been a consistent
challenge within cardiac research. Cardiac cell culture requires
a complex combination of biomechanical and biochemical sig-
naling from both the ECM and neighboring cells. Under the
conditions used, we found cells needed to be cultured near to
100% confluence and would often form a multilayered culture,
where striated cells could often be found growing on a dense

bed of cardiac fibroblasts. As a consequence, analysis of cell
morphology was extremely challenging as it was very difficult
to distinguish between neighboring cells, which could be
above and below in addition to being lateral to each other. At a
glance, NRCM nuclei area reduced until ∼18 kPa before gradu-
ally increasing with increasing stiffness [Fig. 5C] and inversely
the nuclei became increasingly elongated up to 18 kPa (on Col-
and Fn-coated substrates) with reduced aspect ratios above
and below that substrate stiffness [Fig. 5E]. NRCM nuclear cir-
cularity [Fig. 5D] and Lamin-A expression [Fig. 5F] were rela-
tively constant as stiffness but YAP became more nuclear loca-
lized with increasing stiffness, particularly on Fn-coated
samples [Fig. 5G]. Similar to the H9C2 cells, NRCM adopted
similar trends across all substrate coatings with minor differ-
ences, such as slightly elevated expression of Lamin-A and
greater nuclear localization of YAP in cells cultured on Fn-
coated samples [Fig. 5F and G]. In NRCMs presenting with
myofibrils, sarcomeres regularity was measured by the dis-
tance between Z-disks [Fig. 6]. The distance between Z-disks
was relatively constant across the stiffness gradient on Col-
and Fn-coated hydrogels, but with increased distance between
Z-disks on soft (<10 kPa) Ln-coated substrates [Fig. 6C]. Of the
trends observed, none of the changes to nuclear morphology

Fig. 6 Stiffness does not affect striation regularity. (A) Representative images of neonatal rat cardiomyocytes (NRCMs) cultured on Fn-coated
stiffness-gradient hydrogels stained for DAPI and α-actinin. Examples show cells cultured on a (i) 4 kPa, (ii) 13 kPa and (iii) 46 kPa substrates. (B)
Example histograms of α-actinin expression from NRCMs shown in (A). Peaks in fluorescent intensity were used to identify the location of Z-bands
and the size of sarcomeres within cardiomyocytes. (C) Averaged sarcomere lengths were plotted against substrate stiffness. No correlation was
detected between substrate stiffness and sarcomere length (Pearson’s correlation Col – R2 = 0.37, P > 0.05, n = 62; Fn – R2 = 0.037, P > 0.05, n =
102; Ln – R2 = 0.003, p > 0.05, n = 64) and no significant difference was detected between cells cultured on different substrates (two-way ANOVA, P
> 0.05, n = 228). Data shown as mean ± SEM.
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had statistically significant relationships with substrate
stiffness, however for cells cultured on Fn-coated substrates,
there was a positive correlation between substrate stiffness and
Lamin-A expression and substrate stiffness and YAP localiz-
ation [Fig. 5F and G].

Like the H9C2 cells, some properties of NRCMs appear to
be mechanosensitive, such as the expression of mechanomar-
kers like Lamin-A and YAP [Fig. 3D, F and 5F, G], and some
properties are relatively stable with changes to substrate
stiffness, such as with nuclear shape [Fig. 2E–G and 5C–E].
Likewise, whilst all ECM protein coatings induced similar
trends, trends appeared to be more sensitive to stiffness
changes depending on the ECM coating, such as with Lamin-A
expression in both H9C2 and NRCMs cultured on Fn-coated
substrates. As an analogue for cardiac muscle cell mechano-
biology, H9C2 cells provided us with useful insights towards
the trends we observed in the NRCMs but do not necessarily
replicate the exact behaviors of a primary cell culture.

Conclusion

In this study, we used stiffness gradient hydrogels to directly
compare the effects of stiffness on cardiac cell morphology
and the expression of mechanosensitive proteins. We assumed
that, under the circumstances, we would observe conventional
integrin-mediated mechanosensation, whereby mechanical
cues from the ECM would be transmitted to the cells via mem-
brane-bound integrins and then transduced into biochemical
signals by elements of the focal adhesion complex and the
actin cytoskeleton, ultimately resulting in changes to gene
transcription.

Changes to cell morphology and to the expression of the
mechanosensitive proteins YAP and MRTF-A in H9C2 cells
supported our belief that cardiac cells are mechanosenstive,
however our proposed mechanotransduction pathway did not
provide a satisfactory explanation for our data. The retention
of trends in cell size and YAP expression despite clear disrup-
tion to the actin cytoskeleton suggested that these character-
istics of H9C2 cells are not solely dependent on actin-mediated
forces and possibly even Rho/ROCK activity. We also found
that the H9C2 cells were largely insensitive to the type of ECM
they were exposed to and did not observe any protein-coating
specific trends or phenomena.

When we expanded our scope to the primary culture of neo-
natal cardiac muscle cells, some of the trends we observed in
H9C2 cells were also present in NRCMs, whereas some
deviated from what we observed in the H9C2 cells. We may
have been able to increase the sensitivity of our experiment if a
purer culture of cardiomyocytes or cardiac-fibroblasts had
been used, allowing us to more stringently examine inter-
actions between the given cell types and their microenvi-
ronment, however this would not represent the reality of the
cardiac microenvironment. Myocardium is a complex arrange-
ment of cells not recapitulated by our model, including endo-
thelial cells and vascular smooth muscle cells. It is possible

that cell–cell interactions derived from both the composition
and arrangement of cells provide the dominant cue in cardiac
cells, defining the expressed phenotype.

Our study has outlined a basic relationship between ECM
stiffness and cardiac cell phenotypes; however, it has also illus-
trated the challenges involved in studying isolated elements of
the cardiac microenvironment- the physiological significance
of ECM stiffness or composition can be very different when
comparing simple cell culture platforms to more complex com-
binatorial systems or even the in vivo context. Though we see
our stiffness gradient platform as an improvement over tra-
ditional cell culture plastic, it does not capture the intricacies
of naturally deposited ECM, let alone the temporally dynamic
compositions observed in vivo. Several studies have identified
that heterogenous ECM coatings can elicit cell responses not
detectable from homogenous ECM coatings30,41,42 and cells
have been shown to respond to the arrangement of ECM
ligands on a nanoscale,43,44 illustrating that the composition
and spatial arrangement of the ECM can provide important
environmental cues. Furthermore, we only studied cardiac
cells in a 2D context, where cellular arrangements are limited
to various forms of monolayers. With the emergence of bioma-
terials that support three-dimensional (3D) cell growth, it has
become apparent that the dynamics of 3D cell culture are very
different to that of 2D culture20–22,45 as more 3D cellular con-
structs are adopted, such as organoids and spheroids, it has
become increasingly important that we understand how cells
respond to these environments. We hope that emerging
systems and methods enhance our recapitulation of the
cardiac microenvironment and unlock new understandings of
the role of the ECM in the development and treatment of heart
disease.
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