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Cardiac tissue engineering constructs are a promising therapeutic treatment for myocardial infarction, which is
one of the leading causes of death. In order to further advance the development and regeneration of engineered
cardiac tissues using biomaterial platforms, it is important to have a complete overview of the effects that
substrates have on cardiomyocyte (CM) morphology and function. This article summarizes recent studies that
investigate the effect of mechanical cues on the CM differentiation, maturation, and growth. In these studies,
CMs derived from embryos, neonates, and mesenchymal stem cells were seeded on different substrates of
various elastic modulus. Measuring the contractile function by force production, work output, and calcium
handling, it was seen that cell behavior on substrates was optimized when the substrate stiffness mimicked that
of the native tissue. The contractile function reflected changes in the sarcomeric protein confirmation and
organization that promoted the contractile ability. The analysis of the literature also revealed that, in addition to
matrix stiffness, mechanical stimulation, such as stretching the substrate during cell seeding, also played an
important role during cell maturation and tissue development.

Introduction

Myocardial infarction is one of the leading causes
of death worldwide, accounting approximately for

30% of the total mortality, yearly.1 The effectiveness of
existing mitigation treatments is low, and heart transplan-
tation is restricted to the limited number of donors.2 Hence,
cardiac tissue engineering constructs (cardiac patches) offer
a promising novel cell-based therapeutic treatment for myo-
cardial infarction.3 Approximately one third of the cells in the
adult myocardium are cardiomyocytes (CMs), occupying 80–
90% of the total myocardium volume, and have a low capacity
to proliferate.4 The remaining two-thirds are non-myocytes,
such as endothelial cells and fibroblasts, which are capable of
proliferating. Thus, for the development, success, and im-
plementation of the cardiac patch, a source of CMs is required.
Furthermore, it is necessary to understand the influence of the
cells’ extracellular environment and, in particular, that of the
patch (matrix) stiffness on the cell morphology and func-
tion.5,6 This has a crucial effect on the design of the bioma-
terial to be used for cardiac patch applications.

In this review, focus is on the effect that mechanical cues
have on the functional maturation and morphology of em-
bryonic and neonatal CMs. Topics that will be discussed are
the effect of substrate elasticity on force production, work
output, calcium handling, and sarcomeric protein confor-

mation and organization, as well as the CM response to
cyclic mechanical strains.

Microenvironmental Effect on CMs

CMs are mechanically anisotropic7–10 and their main
characteristics are their rhythmic beating11 and their in-
ability to proliferate in the postembryonic stage.4 A limited
number of dead CMs are replaced with new ones12 through
a progenitor pool, and in order for the new CMs to maintain
the cardiac function and mechanical demands (i.e., adapt to
tissue stresses due to pressure or volume overload) they
grow in size by elongating and becoming thicker.13

This hypertrophy is achieved by increasing the contractile
protein content, which results in an increase in size as new
myofilaments are added in parallel or in series. Although
one would expect biochemical factors to affect the con-
tractile protein content, mechanical loading also plays a
significant role in this protein’s content. Furthermore, me-
chanical loads also affect the cytoskeletal or sarcomeric
organization in order to regulate the cell shape and align-
ment.14,15 There are various forms of mechanical loadings
that develop in cardiac patches and affect cell maturation
and development, and these are due to the microenviron-
mental cues, including cell shape, extracellular matrix
(ECM), biomolecules, neighboring cells, substrate stiffness,
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applied strain, and topology. The CM development is best
on substrates of comparable stiffness to the native tissue16

(Table 1 summarizes the elasticity of different types of heart
tissue). However, the influence of all mechanical factors
on the CMs maturation should be understood in order to aid
in the development of cardiac cell therapies.17–20 Particularly,
the effect of the intrinsic load (cell contraction) on CMs is
affected by the extrinsic dynamics and the surrounding mi-
croenvironment (Fig. 1).

Specialized proteins such as costameres, adherens junctions,
and titin embedded in the cytoskeleton detect those mechanical
inputs, by remodeling and adapting to the extracellular
boundaries and extrinsic mechanical loads. The cytoskeleton is
responsible for transmitting the mechanical inputs to mediate
other functions, for example, signaling, excitability, impulse
propagation, contractility, and gene expression. CM contractile
forces are produced through the sliding of a-actinin and my-
osin filaments in sarcomeres, as triggered by action potentials
and intracellular calcium signals.

Effect of Matrix Elasticity on Calcium Dynamics
and Contractility

Several in vitro studies have investigated the effect of me-
chanical cues (substrate stiffness or applied strain) on the CM
structure, function, as well as beating forces and velocities,
demonstrating the effect on the expression and organization of
the fiber assembly of contractile proteins.5,6,16,21,22

A main reason that substrate mechanics affect the CMs
function is the fact that CMs are characterized by their
rhythmic beating,11 as previously mentioned. During con-
traction, the calcium transient size and duration regulates the
contractile force. Most of the calcium in adult CMs comes
from the sarcoplasmic reticulum (SR), while calcium release
is controlled by the sarcoplasmic/endoplasmic reticular cal-
cium ATPase 2a (SERCA2a) and the ryanodine receptor
(RyR2). SERCA2a controls the sarcoplasmic storage size and
the release rate of the calcium ions by pumping calcium into

sarcoplasmic stores. Moreover, RyR2 controls the release of
calcium from the SR.23 SERCA2a is mainly regulated by
phospholamban (PLN), which when phosphorylated is self-
suppressed.24

Studies on neonatal rat ventricular myocytes (NRVMs)
(days 1–30) have demonstrated an increase in both RyR225

and SERCA2a26,27 during maturation; however, the PLN
after embryo day 12 does not change significantly.25 Thus,
in those CMs, changes occur in the regulation and amount of
the calcium storage,28 leading to alteration in the calcium
transient shape and size during cell contraction.29 A study
investigated NRVMs that were grown on collagen-coated
polyacrylamide (PA) gel substrates of different elastic
moduli values ranging from 1 to 50 kPa.6 The substrate with
a 10 kPa modulus (around that of native myocardium5) ex-
hibited a maximum contractile force and amplitude of cal-
cium dynamics. This revealed that the magnitude of the
calcium transient, the amount of SR calcium and SERCA2a
are correlated with the magnitude of force generation in
NRVMs. Thus, calcium dynamics as a mechanism of con-
tractile force generation is affected by the substrate stiffness
as shown in Fig. 2A.

Moreover, another study which seeded NRVM on fibro-
nectin-coated micropillar arrays of different elastic moduli
values ranging from 3 to 20 kPa showed that NRVMs cultured
on 15 kPa substrates had a higher calcium activity compared
with the 3 kPa substrates as seen in Figure 2B.22 Furthermore,
as the substrate modulus increased, the twitch (contraction)
force, work, and power generated by a single cell increased,
while the maximum velocity decreased (Fig. 3).22 It was
concluded that the increase in the calcium levels along with
changes in the sarcomeres structure lead to the observed in-
crease in twitch power. This suggests that the substrate stiff-
ness effect on the twitch power may influence the neonatal
CM transition to a more adult phenotype.22

Effect of Matrix Stiffness on Sarcomere Organization
and Contractility

In addition to the matrix stiffness affecting the calcium
dynamics, the sarcomere organization and contractility of
CMs are greatly influenced by the matrix stiffness. A recent
study demonstrated that NRVMs seeded on collagen-coated
PA gel substrates with an elastic modulus (measured by
atomic force microscopy [AFM]) equal to 10 kPa showed
well-defined sarcomeres.6 However, the sarcomeres of those
seeded on matrices with an elastic modulus greater than

Table 1. Elastic Modulus Values of Different

Myocardial Tissues

Myocardium type Elasticity References

Neonatal rat 4.0–11.4 kPa 9,21–23
Adult rat 11.9–70 kPa 5,9,21–23
Adult human 0.02–0.5 MPa 24

FIG. 1. Micromechanical loading in cardiomyocytes (CMs). (a) The intrinsic load as a result of the contractile activity,
(b) an extrinsic load may be applied to stimulate a preload. (c) The microenvironment influences the after-load of tension
that is generated in cells in vitro; it can be controlled by surface chemistry, stiffness, topography, and 3D architecture of
scaffolds.
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10 kPa or smaller than 10 kPa were less defined and un-
aligned and contained stress fibers (Fig. 4).6 These results
suggest that NRVMs fail to mature when plated on sub-
strates that are stiffer than the native myocardium through a
mechanism that results in lower contractile force and in-
volves Rho-associated protein kinase (ROCK pathway), as
stimulation of the ROCK pathway leads to the formation of
a-actinin stress fibers.30 It was observed that hydroxy fasudil
inhibits the reduction in cell traction forces on substrates
stiffer than 10 kPa by blocking the ROCK pathway.6 To
overcome the formation of stress fibers on stiff matrices,
they were treated with fasudil, which is a Rho-kinase in-
hibitor and vasodilator, enabling the development of well-
defined sarcomeres.6 This result coincides with the hy-
pothesis that a-actinin stress fiber formation interferes with
the development of sarcomeres and the maturation of
NRVMs. On the contrary, it has been shown that the role of
individual stress fibers on softer surfaces contributes more
toward intracellular tension and overall cell shape (Table
2).31 A different study demonstrated that a continuous ten-
sional balance between substrate stiffness and internal re-

modeling of the contractile filaments exists, determining at
any given time the cytoskeletal shape (prestress).32

In another study, inert polycaprolactone (PCL) planar
layers of a different crosslinking density of varying Young’s
moduli ranging from 1 to 133 MPa (measured by tensile
testing) were prepared. Interestingly, CMs seeded on softer
substrates in the range of 0.91 – 0.08 and 1.53 – 0.16 MPa
were mostly mature and had assembled sarcomeres.33 On
the contrary, the CMs grown on the stiff PCL (49.67 – 2.56
and 133.23 – 8.67 MPa) expressed immature cardiac cell
genes (Nkx-2.5) and proteins (GATA-4), in addition to a
number of genes involved in inflammatory processes. This
confirmed the hypertrophy that the differentiation of CM
phenotypes is influenced by the substrate stiffness showing
that softer substrates induce a more mature phenotype.33

Furthermore, the effect of substrate stiffness on CM
beating has also been investigated,16 by seeding CMs, de-
rived from embryonic (day 8) chicks, on PA gel substrates
of different stiffness for 1–5 days. The PA gel substrates that
were considered had a stiffness of 1, 18, and 50 kPa. In-
itially, the CMs beat fastest on the 18 kPa substrate,

FIG. 2. (A) The calcium transients of different matrices was measured as shown in the inset; it is seen that the magnitude
of calcium transients on 10 kPa gels was significantly greater than transients on 1 and 50 kPa gels *p < 0.05 (reproduced with
permission from Liu et al.34). (B) The intracellular calcium increases with substrate stiffness. The basal levels, maximum
calcium concentration, and the amplitude of the rise in calcium for a twitch contraction increase with substrate stiffness.
*p < 0.05 (reproduced with permission from Moorman et al.26).

FIG. 3. (A) The relationship between twitch force and velocity was plotted for the twitch contraction of CMs cultured on
arrays with a stiffness of 3 kPa (blue diamonds), 8 kPa (green squares), 10 kPa (red triangles), and 15 kPa (black circles).
Maximum velocity versus the instantaneous force at which maximum velocity was reached; (B) Twitch power was plotted
as a function of the resistive load and shows that the maximum power of 200 femtoW increased with substrate stiffness
(reproduced with permission from Moorman et al.26). Color images available online at www.liebertpub.com/teb
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confirming previous studies that myocytes beat fastest on
substrates that mimic the native tissue.16 CMs beat syn-
chronously when there is direct contact between each other,
exerting more force compared with individual cells34;
hence, after the fifth day of culture, the beating frequencies
across the different substrates became more uniform, as the
CMs had proliferated and came into contact with each other,
with the fastest beating on the 50 kPa gel. This explains why
some studies show that CMs function better on relatively
stiffer substrates compared with other studies. The same
study showed immunofluorescent imaging (Fig. 5) of the
CMs focal adhesion (FA) formation and growth of the dif-
ferent cultures, demonstrating an increase over time in the
FA area and number of myocytes on stiff matrices, and a
decrease over time in the FA area and number of myocytes
on soft matrices. The decrease in the FA number and area
size indicates a less-organized sarcomeric cytoskeleton.
Thus, soft matrices over time showed less organized sar-
comeres as compared with the stiff matrices that had well-
organized and aligned myofibrils.16

Although myofibril formation in CMs has been extensively
studied in vitro, the difficulty of obtaining a rhythmically
contractile phenotype on hard substrates is clearly illustra-
ted.5 Rhythmic beating of cultured CMs depends on the ef-
ficient spreading of the cells on the substrate and on myofibril
reassembly.35,36 The effect of substrate stiffness on the mor-
phological and the functional behavior of isolated chick em-
bryonic CMs seeded on collagen-coated PA gels has been
investigated,5 indicating that cells on stiff substrates appear to
be well spread (Fig. 6A and 6B); however, striation was ob-
served in very few cells. The optimum substrate stiffness al-
lowed the cells to reassemble their striations and transmit the
maximum contractile work to the matrix. It was shown that the
a-actinin for the first-day culture on the 10 kPa substrate

showed the maximum sarcomeres striations of cells. Another
study confirmed the effect of substrate stiffness on the beating
kinetics of the CM, by introducing nano-topography to poly-
urethane substrates of a different elasticity in order to induce a
more organized and aligned cytoskeleton. The nanotopo-
graphy mainly affected the orientation and elongation of the
CMs and was enhanced with an increasing groove depth. It
was again demonstrated that CMs maintained better contrac-
tions on softer substrates with deep grooves.37

CMs beat at *1 Hz and as they contract, they exert cyclic
strains (intrinsic forces) on the substrate (Fig. 1). The
amount of work done by the cells on the substrate can be
estimated as the square mean matrix strain (local strain), eL,
multiplied by the matrix elastic modulus, Em. Engler et al.
approximated the work done by the cells as ½Em eL.5 This
estimate predicts that cells seeded on substrates with stiff-
ness below 10 kPa do little work, while cells seeded on
substrates with stiffness above 10 kPa cannot strain the
substrate. The strain exerted by the cells was relatively
constant in substrates with a modulus of *10 kPa. When the
substrate modulus increased above 10 kPa, the strain exerted
by the cells decreased, reflecting that there must exist a
rigidity beyond which the cells cannot contract. Hence, it
can be suggested that an optimum matrix elastic modulus E*
allows the matrix strains and cell strains to be similar in
magnitude (Fig. 5), while a high elastic modulus (stiff ma-
trices) results in straining/overstretching of the cell (Fig. 6).
Optimal matrix elasticity shows a close correspondence with
tissue elasticity and supports the CM function for longer
times. Scar tissue arises after a myocardial infarction in
adults is rigid, which is known to impede the contractile
function of the heart.

It should be noted that the substrate stiffness can also
affect the cytoskeleton, which can sense and react to

FIG. 4. Neonatal rat ven-
tricular myocytes on collagen-
coated polyacrylamide gels
and labeled for a a-actinin
have poorly defined striations
on soft 1 kPa substrates, well-
defined and aligned striations
on 10 kPa substrates, and un-
aligned striations with long,
large stress fibers on stiff
50 kPa gels (reproduced with
permission from Jacot et al.6).

Table 2. Summary of Reported Effects of Substrate Stiffness on Cardiomyocytes

Maturation and Growth

Soft matrix (<1 kPa) Intermediate matrix (5–10 kPa) Stiff matrix ( < 30 kPa) References

Lower spread of cells Less spread of cells High spread of cells 5
Poorly defined sarcomere Well-organized sarcomere Less-aligned sarcomere 6,16
Cells adopt an axially aligned shape Cells adopt an axially aligned shape Cells spread into irregular shapes 6
Low aspect ratio Highest aspect rations Low aspect ratio
High disorganized myofibrillar

architecture
Organized myofibrillar architecture Striated myofibrils 5,25

Beating Beating Not beating 5
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intrinsic and extrinsic cellular mechanical stimuli. Hence,
different substrate stiffnesses lead to structural and organi-
zational changes, which control the structural and mechan-
ical output of CMs. CMs respond to mechanical stimuli
through a variety of molecular mechanisms: (1) Integrins in
sarcomere and FA transmit loads from the ECM to the cyto-
skeleton, (2) cadherins connect myofibrils between cells at
adherent junctions, and (3) sarcomere spanning proteins
such as titin respond to intracellular stresses.21

CMs have many mechanosensors associated with the
actomyosin cytoskeleton. At costameres, integrins and FA
complexes link the ECM to the Z-disc and detect extracel-
lular stress. Cadherin/catenin complexes link the ends of
myofibrils from neighboring cells to detect intercellular
loads at adherens junctions. Within the sarcomere, titin
spans between the Z-disc and M-band acts as an intracellular
strain sensor. Since these mechanosensors have different
ligands and orientations relative to the axis of alignment, the
cytoskeleton can discriminate the direction and source of
mechanical inputs.21 A recent study quantified the striation
of CMs on microposts through measurements of sarcomere
spacing and Z-disk width. This study demonstrated that
sarcomere spacing is a sign of myofibril maturity and an
indicator for force output.22 Force output of the CM on
different substrates fell within accepted values for mature

myofibrils and showed an increase with an increase in
substrate stiffness. Particularly, it was reported that the z-
disc width (Fig. 7), which indicates coupling of sarcomeres
within a myofibril, increases with an increase in stiffness.22

Effect of Static and Dynamic Stretching
on CMs Maturation

Another important factor that was shown to increase CMs
maturation and proliferation is stretching of the substrate. A
brief summary on the studies that have illustrated this effect
is given next. One study was concerned with the effect of
cyclic strain on embryonic (day 7) white leghorn chicken
CMs cultured on collagen coated rubber.38 Results showed
that stretching the substrate enhanced proliferation and
maturation of the CMs functional properties. In another
study, embryonic (day 7) and fetal (day 14) white leghorn
chicken ventricular cells were embedded in type I collagen
gel, and the gel was stretched uniaxially by 8% strain for the
embryonic and by 4% strain for the fetal at 0.5 Hz. The
stretched cultures showed an increase in the active stress
compared with the unstretched cultures. Particularly, for the
fetal cell stretched cultures, an increase was observed in the
passive stress, while for the embryonic cell cultures an in-
crease was observed in proliferation.39

FIG. 5. Relative fluorescent inten-
sity of a-actinin and vinculin for cells
on the substrates. Sections of cardiac
cells expressing vinculin and a-actinin
proteins on the different substrates are
shown. Fluorescence intensity profiles
depict the area of the line drawn in the
merged images. The arrows show
well-defined mature focal adhesions.
Scale bar: 10 mm (reproduced with
permission from Bajaj et al.16). Color
images available online at www
.liebertpub.com/teb
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Others studied the effect that stretching of the substrate had
on the maturation of differentiated CMs from embryonic stem
cells. In one study, CMs that differentiated from embryonic
stem cells were seeded on poly(lactic-co-caprolactone) scaf-
folds. When these scaffolds were cyclically stretched at 1.0 Hz
for 2 weeks at 10% strain, an increase in cardiac a-myosin
heavy chain (a-MHC), a-actinin, GATA-4, and Nkx2.5
mRNA was observed, compared with unstretched control
scaffolds. Furthermore, the stretched cultures were beating in a
synchronized manner and were integrated electrically into the
myocardium of infarcted rat hearts, whereas on the unstretched
cultures synchronized beating did not occur.40

Another study found that contractile markers in Murine
embryonic stem cell-derived CMs (selected by transfection of
[a-MHC]-promoter-driven gene conferring resistance to
genetecin [G418] and embedded in a collagen-fibronectin
scaffolds) were highly sensitive to the frequency, during 10%
mechanical stretching. While the cardiac a-actinin increased
with a stretch frequency of 1, 2, or 3 Hz, the skeletal a-
actinin, a-MHC, and b-MHC decreased after 3 days of
stretching at 1 Hz, but increased after 3 days of stretching at
3 Hz. The transcription factor GATA-4 decreased with
stretching at 1 Hz, but was not significantly different after
higher stretch frequencies.41

FIG. 6. (A) Myocardial elasticity during embryogenesis. Histograms of elastic moduli (*150 locations per sample)
determined from quail embryos show two peaks, one indicating passive elasticity of contractile myocardium (E-Stiff) and a
softer, second peak (E-Soft) that surrounds the myocardium and increases in frequency with development. Results for
normal and infarcted rat myocardium are indicated for comparison5,9; (B) CMs and fibroblast spreading. CMs and peri-
cardial fibroblasts were plated from 10-day-old embryonic myocardium without purification, and spread areas were mea-
sured after 4 or 24 h5; (C) In vitro striation of CMs. Purified CMs from 10-day-old embryonic myocardium were plated onto
substrates of varying elasticity to observe striated cytoskeletal organization with skeletal a-actinin. Many cells on both soft
gels and intermediate E* gels reassembled myofibrils, whereas cells on hard matrices exhibited less myofibril reassembly.
Inset images show magnified views of the larger images (reproduced with permission from Engler et al.5).
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Effect of Substrate Stiffness and Mechanical Stretch
on Mesenchymal Stem Cell Differentiation into CMs

Embryonic stem cells in serum containing media can
differentiate spontaneously into CMs, and can further dif-
ferentiate into major components of heart muscle tissue or
the conduction system. In general, cardiogenesis in embry-
onic stem cell cultures is indicated by spontaneous beating,
the shape of action potentials and calcium transients, the
presence of specific ion currents, and by the expression of
specific cardiac cell markers. The differentiation into
cardiac tissue is denoted by the termination of certain
pluripotency markers (such as Oct-3/4, fibroblast growth
factor-5, and Nodal), the formation of early cardiac markers
(such as the transcription factors Nkx2.5 and GATA-4, and
SERCA2a), and the formation of some late-stage cardiac
markers (such a-MHC, the ryanodine receptor, cardiac
troponin-T [cTnT], and calsequestrin). An overview of dif-
ferentiation times and markers has been reported as focusing
on mouse embryonic stem cells.42

One study has shown the effect of the substrate on mes-
enchymal stem cell differentiation into myogenic cells. Re-
sults showed optimal marker protein expression on substrates
with an elastic modulus of 10 kPa, while no marker protein
expression was detected on substrates with a modulus greater
than 20 kPa and below 2 kPa.43 In a recent study, PA hy-
drogels were used to demonstrate the sensitivity of human
pluripotent stem cells (hPSCs) to substrate stiffness during
early mesendoderm specification. Substrates of stiffness
mimicking those of native tissue were found to promote more
CM differentiation as compared with very soft or stiff sub-
strates. However, substrate stiffness did not impact the effi-
ciency differentiation to cTnT CMs when cells were split
from tissue culture plates to hydrogels at the Nks2.5 + /Isl1 +
cardiac progenitor stage. This confirmed the hypothesis that
human embryonic stem cells hESCs sense and respond with
biased differentiation decisions in a developmental stage-
specific manner to their mechanical microenvironment.44

Furthermore, studies have shown an increase in the per-
centage of beating cells and cells expressing sarcomeric a-
actinin derived from embryonic stem cells when statically
stretched for 2 h, till radial strains of 5%, 10%, 15%, and
20%. When stretched by 10% strain, the cells showed an
increase in the expression of cardiac markers MEF2c and
GATA-4. Angiogenesis increased with increasing the strain
till 10%, and then decreased again with a further increase in
the strain till 20%.45

On the contrary to the increase in beating, differentiation
has been shown to be inhibited by stretching the substrates.
Indeed, differentiation of human embryonic stem cells was
shown to decrease when a 10% strain was applied at 10
cycles/min, keeping them in a pluripotent state.46 However,
shear stresses tend to induce early cardiac and smooth
muscle cell markers, all of which are downstream of a re-
modeling of chromatin structure; for example, vascular en-
dothelial growth factor receptor 2, smooth muscle protein
22-a, myocyte-specific enhancer factor 2C (MEF2c),
smooth muscle actinin, sarcomeric a-actinin, and platelet
endothelial cell adhesion molecule-1 (PECAM-1).47

Conclusions

This review covered current investigations on the effect
of mechanics (substrate stiffness and cyclic stretching) on
CM structure and function development. The analysis of the
literature revealed that recent research has generated con-
siderable knowledge on the effect of substrate mechanics on
CM maturation and growth. CMs beat best on substrates
whose mechanical properties mimic those of native cardiac
tissue, as the CMs sense the microenvironment mechanics
and adapt to them by alterations in their structural and
functional properties. The summary presented in this review
helps in understanding the physical requirements for the
preferred CM microenvironment and provides important
guidance for the design of biomaterials, for example, heart
patches, that can be used in cardiac tissue engineering. One

FIG. 7. Resting sarcomere length and Z-band width increase with stiffness. (A) Cells on the softest arrays (3 kPa) and (B)
on the stiffest arrays (15 kPa) were fixed and stained for a-actinin (green) and nuclei (blue). Insets: Same cell with a bright-
field image showing the microposts. (C) Sarcomere length and (D) Z-band width increased with substrate stiffness. Error
bars represent the 95% confidence intervals. Scale bars = 5 mm (reproduced with permission from Moorman et al.26). Color
images available online at www.liebertpub.com/teb
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of the major limitations in all of the presented in vitro
studies is that they modeled the processes in 2D when in
reality they occur in 3D. Mechanotransduction is very
complex in the heart, due to the various dynamic mechanical
loads applied to CMs, as they experience complex cyclic
mechanical strains. Therefore, it is also crucial to understand
the effect of the different mechanical stimulations on the
CMs functional maturation.
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