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ARTICLE INFO ABSTRACT

Keywords: The quest for novel methods to mature human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-
Substrate stiffness CMs) for cardiac regeneration, modelling and drug testing has emphasized a need to create microenvironments
hiPSC

with physiological features. Many studies have reported on how cardiomyocytes sense substrate stiffness and
adapt their morphological and functional properties. However, these observations have raised new biological
questions and a shared vision to translate it into a tissue or organ context is still elusive. In this review, we will
focus on the relevance of substrates mimicking cardiac extracellular matrix (cECM) rigidity for the understanding
of the biomechanical crosstalk between the extracellular and intracellular environment. The ability to oppor-
tunely modulate these pathways could be a key to regulate in vitro hiPSC-CM maturation. Therefore, both hiPSC-
CM models and substrate stiffness appear as intriguing tools for the investigation of cECM-cell interactions. More
understanding of these mechanisms may provide novel insights on how cECM affects cardiac cell function in the
context of genetic cardiomyopathies.
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1. Introduction

Despite the high potential of cardiomyocytes derived from human
induced pluripotent stem cells (hiPSC-CMs) for cardiac disease model-
ling, drug testing, and heart regeneration, their use is limited by their
immature structural and functional features [1]. A simple observation
about this problem is related to the current methods for cell culture that
are far from recapitulating the physiological tissue conditions, in which
chemical and mechanical cues actively orientate cardiac cell fate. The ex
vivo reproduction of chemical and mechanical determinants related to
cardiac function is challenging as preload and afterload conditions need
to be considered in concert with neurohormonal influences. However,
the in vitro cardiac microenvironment can be modelled to make the
biomimetic substrate as close as possible to the native cardiac extra-
cellular matrix (cECM).

The reproduction of cECM can be designed with a multitude of
controlled variants ranging from matrix composition, topography, and
other chemo-physical features [2]. In this review, we particularly focus
on the impact of substrate stiffness for cardiac cell engineering.

Modulating substrate stiffness plays a crucial role for cell growth and
maturation in vivo, as demonstrated through several cell models ranging
from non-myocytes (e.g., myotubes, fibroblasts) to embryonic stem cell
derived- or neonatal/fetal from human, rodent or avian origin car-
diomyocytes. In this context, myocardial elastic modulus ranges from
the low kilopascal range (1-6 kPa) in the embryonic heart to approxi-
mately 10-15 kPa in the healthy adult heart. Also, the myocardium with
elastic moduli beyond 50 kPa, which can be caused by increased
expression and cross-linking of cECM components, are characteristic of
many cardiomyopathies [3,4].

To date, more than 100 published papers have analyzed the inter-
action of cardiomyocytes with substrate stiffness from a functional,
structural, and proteomic perspective (Pubmed search (car-
diomyocytes)) AND (substrate stiffness)). Despite this large amount of
works, the effects of matrix stiffness on cardiomyocytes remains rather
unclear. For this reason, this review focuses on the biophysical and
molecular aspects of cardiomyocyte-cECM interaction. The specific aim
is to gather together elements that may help to recreate as close as
possible the 3D native cardiac microenvironment using combined
extracellular matrix proteins or innovative biomaterials. The role of
cardiac stiffness determinants and cECM properties is discussed with
special attention to the elements involved in the tridimensional tissue
scenario. The role of parallel elastic elements (classically described in
the Hill’s three-element muscle model) are evaluated together with
transverse elastic elements represented by the cECM and costameres.
Transverse elements are in the spotlight for their role in the adaptiveness
of cardiomyocytes to increased substrate stiffness. In conclusion, the
relevance of tuning substrate stiffness using in vitro models paves the
way of a better understanding of the biomechanical role of cECM that
undergoes continuous remodelling during development, aging and car-
diac diseases (including genetic cardiomyopathies). Indeed, in patho-
logical conditions it is observed that a progressive increase of tissue
stiffness is responsible for a dysfunctional and fibrotic myocardium [5].
Since the study of tissue remodelling and stiffening has limited under-
standing so far, novel in vitro models that may recapitulate these aspects
are of fundamental importance.

2. Determinants of cardiac tissue stiffness

To fully understand the importance of cardiac cell and tissue stiff-
ness, the underlying concepts that regulate the elastic properties in
response to load and deformations need to be explored. According to
Hooke’s law, for a linear elastic body that can deform under a certain
load (F) with a single degree of freedom (e.g., stretching or compression
of a spring), the stiffness is a parameter that describes its resistance to
deformation and is defined as:
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where, F is the force applied on the body and AL is the displacement
produced by the force along the same degree of freedom (for instance,
the change in length of a stretched spring).

The stiffness is a property of a specific structure (or elastic body), and
it depends on its geometrical dimensions and on the material of which it
is composed. The characteristics of the latter, described by its modulus,
derived from load versus deformation relationship obtained from stan-
dardized tests on samples of standardized size and shape. Such tests
consider different loading configuration (shear, compression, or elon-
gation) that reflect themselves in different responses of the material
upon stress application.

In the case of a homogenous unidimensional bar composed of a
single linear elastic material subjected to uniaxial elongation, the
intrinsic elastic properties of the material are described by the elastic
modulus (or Young’s modulus), that can be measured as:

g F/A _FL

AL/Ly ~ AAL
where E is bar elastic modulus, F is the applied force for deforming the
body, AL is the displacement of the application point of the force and Ly
is bar initial length. Rearranging the terms, the relation F = k AL holds,
and k = AE/L is bar axial stiffness. Under those assumptions, an analogy
between Hooke’s law for force-displacement relationship and the stress-
strain curve in solid deformation can be made, and the elastic modulus is
reflected in the stiffness of the final structure. Thus, when describing the
stiffness of two linear isotropic elastic materials, the higher the elastic
modulus, the stiffer the material (considering the same uniaxial
stretching and geometrical constraints). This law can be applied for
Hookean solids and provides a general idea of the concept underlying
spring-like linear elasticity of materials.

In biological tissues the scenario is more complicated. Firstly, any
biological tissue is a composite material whose individual components
have specific and rather disparate elastic moduli. In addition, while
biological tissues can be prepared as individual bodies of specific size
and shape (e.g., muscle bundles or strips) for experimental purposes, in
the organ context the 3D force vector orientation is complex and almost
impossible to be replicated ex vivo. Thus, natural materials do not usu-
ally display linear stress-strain relationship and could exhibit a de-
pendency of stress on strain rate. To further complicate the scenario, the
intrinsic directionality of the majority of synthetic and biological ma-
terials should be considered. The anisotropy of a material allows it to
change or assume different properties in different directions (Fig. 1A). In
the case of elastic bodies constituted by anisotropic materials, the elastic
moduli can be completely different if the forces are applied longitudi-
nally or transversely to its preferential axis. By looking at the striated
muscle structure, we can identify different components with different
active and passive properties, respectively [6]. The Hill’s three-element
muscle model is a representation of the muscle mechanical response. It
considers a contractile element (CE) and an elastic element in series (SE)
to describe the active unit of the fiber and another elastic element in
parallel (PE) to the former to model its passive properties.

This model, although powerful, fails to completely outline the
behaviour of an entire muscle, as it does not consider passive contri-
butions of transverse elements, such as ECM. For instance, Marcucci and
coworkers provided an extension of Hill’s model, describing ECM
contribution as an elastic element in parallel to muscle fiber (Fig. 1B). In
the context of a finite element (FE) model of a muscle, separated meshes
for the muscle and the ECM can better describe intra- (PE, red finite
element regions) and extra- (Pgcy;, blue finite element regions) sarco-
meric components of the passive forces in muscle bundles [6].

The phenomenological description of striated muscle behaviour
through Hill-type three-element model have been extended to a two-
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Fig. 1. Determinants of cardiac tissue stiffness. Longitudinal and transversal elements determining the structural property and stiffness of anisotropic materials as
compared to those of the myocardium. (A) Schematic representation of homogeneous body composed by a single elastic material and a “multi-material” body
composed by different elements in size and shape. The elastic moduli can be different if the forces are applied longitudinally or transversely. (B, C) Intracellular and
extracellular elements which are stressed in the longitudinal or transversal direction contributing to cardiac tissue stiffness. Specifically, the transverse elements are
represented by the extracellular matrix in the interstitial space between cells (light blue rectangles) and intracellularly by costamere domains (pink rectangles)
(Modified from Marcucci L.,2020 [6] and Rienks M., 2014 [8]). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

and three- dimensional scale [7], well defining the components that are
stressed in the longitudinal direction (i.e., the force vector given by the
contractile apparatus).

However, less attention was given to the transversal elements
(Fig. 1B) often simplified as points of application of the forces involved
in the contractile process. Indeed, these structures are elastic elements
that are stressed, though, in a transverse direction or produced bending
or twisting movements.

Specifically, the transverse elements are represented intracellularly
by costameres and by the ECM in the interstitial space (Fig. 1C) [8].

2.1. cECM stiffness

The cECM provides not only structural support, but it has a much
broader foundational role by regulating numerous cellular functions,
such as proliferation, migration, metabolism, survival and differentia-
tion [8]. In the myocardium, cardiomyocytes occupy about 75% of the
entire volume and are organized as thin laminae of 2-5 cell layers [5].
The surrounding cECM is mainly composed by fibrillary collagen and
elastin proteins and it does not have only passive mechanical properties,
but it is also functionally involved in tissue development, injury, and
disease remodelling, owing to the presence of resident cells such as fi-
broblasts and macrophages (Fig. 1C). Cardiac fibroblasts, the main
matrix-producing cells, are the largest cell population in normal
mammalian hearts and are typically enmeshed in the endomysium and
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perimysium [9].

Collagen is the most abundant structural cECM protein and provides
structural support and tensile strength. In the cECM, type I collagen
represents 75-80% of the protein content whereas type III collagen
represents approximately 15-20% of the total collagen isoforms. In the
rat myocardium, both collagen I and III expression rises throughout the
fetal, neonatal, and adult stages [10]. Collagen I expression can
dramatically change during aging or injured myocardium [11]. Inter-
estingly, collagen IV is the only collagen secreted by cardiomyocytes and
is mainly collected in the basal membrane in association with laminin
and fibronectin [12,13]. In human adult ventricular myocardium,
collagen IV, laminin and fibronectin span the inner lining of the T-
tubular network and are thought to prevent the collapse of T-tubules
during cardiac contraction [12,14,15]. Also, the regulation of collagen
composition is an important feature of valve formation [16]. A potential
role of type VI collagen in atrioventricular (AV) valve morphogenesis is
supported by its expression during the developing myocardium [17]. In
human myocardium, collagen VI is located in the endomysium and
perimysium surrounding blood vessels and individual myocytes and
enlarge its distribution in failing myocardium [18]. Indeed, type VI
collagen expression is first commensurate with cell migration within the
AV cushions and then it forms an extracellular network within the valve
leaflets [19]. Overall, 28 collagen isoforms are currently described and,
considering both single molecules and fibrils, collagen elastic modulus
was estimated in the Giga Pascal (GPa) range [20]. For instance, in the
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mammalian tendon, collagen elastic modulus (90% of resilience) is
approximately 1.2 GPa. In contrast, in the porcine aorta elastin elastic
modulus (77% of resilience) is about 0.81 MPa. The process of collagen
crosslinking can be initiated by enzymatic and non-enzymatic reactions
[21]. For instance, lysyl oxidases (LOX) as well as LOX-like proteins
(LOXL-1 and LOXL-2) and lysyl hydroxylases are some of the well-
known enzymes that trigger collagen crosslinking [22]. It has been
demonstrated that collagen crosslinking contributes to the passive ten-
sion of rat trabeculae at physiological sarcomere lengths in the heart
(1.9-2.2 pm), and even more at longer sarcomere lengths [23].
Increased cardiac passive stiffness is associated with diastolic dysfunc-
tion. Notably, increased LOX expression has been reported in patients
with myocardial fibrosis and correlates with enhanced passive stiffness
as well as diastolic dysfunction due to excessive collagen crosslinking
[24,25].

The other important fibrillar ECM molecule is elastin, whose name
accounts for the intrinsic elastic properties. Elastin contributes to tissue
flexibility and elasticity by reducing the elastic modulus and making a
tissue structure more compliant. The elastic modulus of elastin fibers is
approximately 1.1-1.2 MPa [20].

Under intrinsic or extrinsic-induced injuries, activated fibroblasts are
the crux for myocardial fibrosis. Conversion of fibroblasts into secretory,
matrix-producing and contractile cells, called myofibroblasts, is a
crucial cellular event in many fibrotic conditions, as widely reviewed by
Frangogiannis [5].

2.2. Cell stiffness

The major intracellular contributors to passive stiffness are titin,
intermediate filaments, and the microtubule (MT) network [23]. Titin is
the largest human protein that spans from the Z-disc to the M-band of the
sarcomere. The I- and A-band domains impart the major biophysical
properties of titin [26,27]. The I-band is responsible for the elastic
behaviour of titin and accountable for the passive elasticity of cardiac
muscle. The A-band is an inextensible domain rigidly attached to the
myosin filament with no or minimal possibility for elongation. In the I-
band, titin consists of two immunoglobulin-like (Ig) domains (distal and
proximal) and the spring-like domains N2A and PEVK-element [28].
These four spring elements react in different ways under a stretching
force, suggesting that these regions have different mechanical proper-
ties. When force is applied, the distal (Ig) domains stretch through an
unfolding intermediate state. This unfolding intermediate state provides
increased mechanical resistance [28,29].

Studies performed in rat cardiac muscle have shown that at similar
physiological sarcomere lengths, cardiac titin is able to develop much
higher passive tensions than in skeletal muscle [23]. Notably, in contrast
to the skeletal isoform, the titin isoform expressed in rat cardiac muscle
has a lower molecular mass and it is characterized by a much shorter
flexible I-band domain. Therefore, the extensible I-segment of cardiac
titin can be strained to a higher degree at any given sarcomere lengths,
and this is the main support for the idea that cardiac titin is able to
develop higher tensions at shorter sarcomere length [30,31]. Several
proteins interact.

with the titin-N2A element, such as SMYD2, P94/calpain3, and the
muscle ankyrin repeat proteins (MARPs). Titin—-N2A might also interact
with the actin-based thin filament, presumably in a Ca®'-dependent
manner [32]. Recent findings in skeletal muscle identified MARP-
induced locking of titin-N2A to actin and the resulting increase in
passive force might be a mechanism to stabilize sarcomeres and protect
them from mechanical stress. Compared with skeletal muscles, the role
of the locking mechanism might be more finely tuned in the heart [33].
During heart development, titin’s elasticity is flexible due to expression
of different I-band components, including the N2B and PEKV spring,
which are differently expressed in human heart [34-36]. Interestingly,
titin elasticity can be modulated by mRNA splicing events that generate
isoforms of different size and protein phosphorylation by calcium
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binding kinases such as PKC and PKA [27,37]. Overall, collagen and titin
can be considered the most important elements in determining cardiac
passive stiffness and tension, with titin dominating at shorter lengths of
the working range of sarcomeres in the heart. In summary, titin plays a
crucial role in the functioning of striated muscles, and it is a main
contributor to passive tension [23,27,38]. The elastic nature of the I-
band and the wide range of extensibility depending on force applied
contribute to length-dependent activation described in the Frank-
Starling curve [39].

In addition to titin, the extra-sarcomeric cytoskeleton, including the
MT network and intermediate filaments (IFs), contributes to the passive
mechanical properties of cardiomyocytes. Owing to their viscoelastic
properties, microtubules counteract deforming stress, and this event is
particularly enhanced through crosslinking with actin and intermediate
filaments to impose resistive intracellular load on the shortening
sarcomere [40]. It has been demonstrated that this event mainly de-
pends on a specific post-translational modification of microtubules,
namely detyrosination initiated by tubulin carboxypeptidase (TCP),
which leads to crosslinking with the protein desmin at Z-discs and causes
high-resistance during cardiomyocyte contraction [41,42]. However,
the role of microtubules is still under debate. High resolution imaging of
microtubules during cardiomyocyte contraction revealed their defor-
mation under contractile load into sinusoidal buckles and this event was
found to be dependent on the detyrosination of a-tubulin. Detyrosinated
MTs associated with desmin are more tightly anchored to sarcomeres
leading to reduced force-generation [41]. Lastly, intermediate filaments
in cardiac cells mainly consist of desmin, a muscle-specific IFs protein,
that is highly expressed in the myocardium compared to skeletal muscle.
It has been reported that IFs contribute to passive stiffness especially at
shorter sarcomere lengths between 1.9 and 2.1 pm in the heart with a
declining contribution at longer lengths [23].

Limited understanding of the relative contribution of cECM and
intracellular elastic elements to passive properties of cardiac muscle is a
major obstacle to unravel the molecular mechanisms of subcellular
structures. Overall, intracellular and extracellular determinants act as
elastic elements in parallel to the active contractile elements (actin and
myosin). Passive biophysical properties of cardiac muscle/myocytes
have been primarily assessed along the longitudinal direction. Instead,
the compression of transverse elastic elements has been less investigated
and may play a major role in the interaction between cells and cECM.
For instance, tension/compression asymmetry was observed in skeletal
muscle. A comparison between compressive and tensile tests by Takaza
et al. indicated that the stress-strain response in tension is always around
two orders of magnitude greater than in compression [43]. Therefore, a
clear comprehension of the role of elastic elements is relevant for the
design of an in vitro microenvironment mimicking the physiological
condition, as the engineered biomaterials need to have mechanical
properties that match those of the replaced native tissue.

2.3. Developmental changes of cardiac stiffness

Adding further complexity, the extracellular and intracellular com-
ponents undergo spatial and temporal changes during cardiac develop-
ment. Throughout the lifespan from embryonic to adult stage [44], the
architecture and the composition of cECM undergo continuous cell-
mediated turnover, ensuring the dynamic remodelling of the cECM
niche [5,11,14,45]. It is well known that cardiac fibroblasts are the main
source of depositing proteins within the cECM to form a network around
cells that reinforces cardiac architecture. The way in which cardiac fi-
broblasts sense and modify the cECM has widely been reported. At
cellular level, the fetal heart is characterized by dramatic changes in the
isoform pattern of many sarcomeric proteins [46,47]. In particular,
embryonic isoform switching includes titin [47,48]. For instance, em-
bryonic titin exists in the prenatal heart as a unique, compliant (long
spring), large size N2BA-isoform. Before or around birth, this fetal iso-
form is replaced by a smaller, less extensible, N2BA-isoform co-
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expressed with a stiffer N2B-isoform, which is most abundant in the
postnatal hearts (left ventricles) of many mammalian species [46].
Generally, the sarcomeres of fetal or neonatal hearts are much more
compliant than those of adults [49]. For instance, the elastic modulus of
individual human embryonic stem cells (hESCs) and hESC-derived car-
diomyocytes are reported as 5 and 15 Pa respectively as estimated by
optical tweezer technique [50]. Together with increasing stiffness, the
myocardium undergoes significant remodelling during development
leading to faster beating frequency, elevated end-diastolic pressure,
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stroke volume, left ventricular (LV) dimensions and increased ejection
fraction. Furthermore, as confirmed by in vivo measurements using
cardiac magnetic resonance elastography (MRE) and ultrasound cardiac
shear-wave elastography (SWE), cardiac stiffness was observed to vary
between individuals and animal species as well as between different
regions of the heart [51,52].

Laminin=2

Fig. 2. Cardiac ECM-cell interaction. Costameres are subsarcolemmal, Z-lines associated structures found in striated muscle and composed of proteins that are
involved in the cECM-cell interaction. The dystrophin-glycoprotein complex (DGC) is one of the major protein complexes associated with Z-disc structures. Dys-
trophin, sarcoglycans, sarcospan, dystroglycans and syntrophins constitute core components of the DGC. Dystrophin binds both actin and $-dystroglycan, connecting
the transmembrane components of the DGC to the cytoskeleton. The second complex present at the cardiac costameres is the integrin-vinculin-talin complex.
Integrins are heterodimeric transmembrane receptors which once bound to their specific cECM ligands, are responsible for the formation of focal adhesions (FAs) that
link the cECM to the cytoskeleton.

40



S. Querceto et al.

3. cECM-cell interaction: the costamere

The functional role of the ECM in transmitting passive tension at the
whole muscle level is still unclear. Heart functionality is tightly linked to
a complex crosstalk based on chemical, electrical and mechanical
coupling between cells. The processes of mechanosensing and mecha-
notransduction can be defined as the capacity of cells to feel the me-
chanical properties of the surrounding environment and to actively
adapt to its modifications [53]. Mechanosensitive proteins are located
both at cell-cell and cell-matrix adhesions [44]. Cell-matrix adhesions
anchor maturing cells to the ECM, direct cell migration and morpho-
genesis, and they are facilitated by cell surface receptors, such as
integrins and cadherins. In particular, the mechanical properties of ECM
induce an adaptive response within the cytoplasm and the nucleus,
leading to changes in cell fate specification and function [53]. Trans-
verse lattice elements called costameres are involved in the cell-cECM
interaction that was first described in the skeletal muscle in the early
1980s [54] (Fig. 2). Costameres are subsarcolemmal protein assemblies
that circumferentially align with the Z-disks of peripheral myofibrils and
physically couple force-generating sarcomeres with the sarcolemma in
striated muscle cells [55]. The costamere has garnered renewed atten-
tion because several of its constituent proteins are defective in the
mechanosensing and mechanotransduction in muscular dystrophies and
cardiomyopathies [56].

The development of active force by myosin motors pulling on actin
filaments generates substantial mechanical stress on various structures
of the sarcomere, which needs to be counteracted and dissipated
through cytoskeletal proteins to cECM or adjacent cells. Indeed, this
traction force does not solely involve axial stiffness provided by sarco-
mere elastic proteins (e.g., titin) but also transverse stiffness provided by
Z-disk and M-band proteins [57]. Both Z-disks and M-bands are impli-
cated in active signalling processes relaying information on active or
passive strain to cellular systems that control gene expression, protein
synthesis, and protein degradation [58]. Simultaneously, active forces
generated by myosin motors are passively transmitted also transversally
via integrin and dystrophin complexes to the ECM [6], thanks to a
network of cytoskeletal and membrane proteins that operate in concert
to exert force on the cECM through focal adhesions (FAs). From the
mechanotransduction view point, the Z-disk is not only responsible for
transmitting force between sarcomeres during cardiac contraction, but it
also represents a hot-spot for cellular signalling [59]. Indeed, Z-disks
integrate signals from two main sub-membranous Z-disk-associated
structures that form large protein complexes, namely dystrophin-
glycoprotein complex (DGC) and integrin-vinculin-talin complex. The
main function of the sarcolemma-associated proteins of the DGC is to
provide a physical linkage across the muscle sarcolemma to connect the
cECM with the F-actin cytoskeleton. The proteins classified as core
components of the DGC include dystrophin, sarcoglycans, sarcospan,
dystroglycans and syntrophins. Laminin in the ECM binds a-dystrogly-
can, a membrane protein also interacting with p-dystroglycan, that is
stabilized at the sarcolemma by the sarcoglycan-sarcospan complex.
Dystrophin binds both actin and p-dystroglycan, connecting the trans-
membrane components of the DGC to the cytoskeleton. Therefore,
dystrophin and DGC deficiency impairs striated muscle integrity and
leads to contraction-induced damage [59,60]. Notably, mutations in the
genes encoding many proteins are strictly related to dilated cardiomy-
opathy [60]. The second complex present at cardiac muscle costameres
is the integrin-vinculin-talin complex [11,15,61]. Integrins are hetero-
dimeric transmembrane receptors composed of o and f subunits which,
once bound to their specific ECM ligands, form focal adhesions (FAs) and
effectively link the ECM to the cytoskeleton. Integrins can transmit
signals from the ECM to the cytoplasm and nucleus (outside-in), leading
to an intracellular reaction that affects cell behaviour and the compo-
sition of ECM (inside-out) [61]. The extracellular domains of integrins
interact with ECM ligands while the cytoplasmic tails interact with actin
associated adaptor proteins, such as talin, vinculin and kindlin. The
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expression of integrin types and isoforms undergo changes during car-
diac development and are modified as an adaptive response to cardiac
disease. In early cardiac muscle development, cardiomyocytes express
a5 and o6 integrin subunits dimerized with both p1A and 1D (mouse)
[62]. The a5 integrin subunit is replaced by a7 in adult CMs (mouse)
[63]. At birth, integrin subunit expression undergoes a switch and
a7Bp1D integrin becomes dominantly expressed (mouse) [62]. Specific
cardiac integrins (e.g., a5-p1, av-p3) are crucial for the heart’s response
to stress. The response of cardiomyocytes to mechanical stretch has
shown to be mediated by f1 integrin and focal adhesion kinase (FAK)
[61]. Specifically, mechanical stretch in rat ventricular cardiomyocytes
enhances FAK phosphorylation and its migration from the perinuclear
region to myofilaments leading to the expression of the atrial natriuretic
factor (ANF) gene [64]. Additionally, cyclical mechanical stretch was
found to promote mTOR-dependent proliferation and pro-fibrotic acti-
vation of rat cardiac fibroblasts leading to stress-induced adverse cECM
remodelling and resulting in heart failure [65,66]. The relevance of 1
integrin in guiding in vitro cardiomyocyte maturation was demonstrated
by the neutralization of integrin p1 receptors via blocking antibodies and
pharmacological blockade of FAK. The maturation process of human
pluripotent stem cell derived cardiomyocytes was impaired as indicated
by a lack of structural cell maturation and reduced expression of mature
myofilament markers e.g., cardiac Troponin I (cTnlI) [67].

The major chemical signals elicited by mechanical stress at the cell
surface are calcium influx through cation channels, stimulation of
mitogen-activated protein kinases (MAPK) and changes in the activity of
small GTPases such as Rho, Racl and RhoA [61]. In particular, the last
two cascades are strongly involved in the integrin-mediated mechano-
transduction. Racl, whose activation relies on FAK-Src signalling
pathway, controls actin polymerization and the formation of new focal
complexes at the edge of the cells, while RhoA is necessary for stress
fiber formation [61,68]. Additionally, 1 integrin promotes the phos-
phorylation of intracellular MAP kinases such as ERK, JNK and p38.
Through these mechanisms, cells sense the stiffness of their surround-
ings, form FAs, remodel the cytoskeleton, and activate transduction
cascades [69]. Mechanosensing of matrix rigidity has been linked to two
nuclear transcription factors: Yorkie homologous Yes-associated protein
(YAP) and transcriptional coactivator with PDZ-binding motif (TAZ)
which are the terminal contributors of the hippo pathway [53,70]. Their
involvement was demonstrated in heart development, cardiomyocyte
apoptosis after myocardial infarction, and hypertrophic as well as
dilated cardiomyopathies [44,71,72]. The function of these two factors
is required to convey the effects of a stiff ECM while inactivation of YAP/
TAZ is associated with a soft ECM [53,73]. In addition, the expression of
several cardiac genes is affected by the stiffness of the extracellular
environment. This is confirmed by the upregulation of alpha actinin and
myosin heavy chain in neonatal murine cardiomyocytes cultured on
softer rather than stiffer substrates. On the other hand, the expression of
cardiac immature genes (Nkx-2.5) and proteins (GATA-4) is evident in
cardiac cells grown on stiffer substrates [74].

Continuing advances in the identification and characterization of
transverse intracellular elements, i.e., Z-line and/or costameres involved
in several form of genetic cardiomyopathies, highlights the importance
of signal transmission between the sarcomere, sarcolemma and cECM.

4. How substrate stiffness affects cardiomyocytes

The contribution of all these mechanisms is difficult to dissect in the
complex tissue scenario. Instead, the simplified in vitro model is suitable
for the understanding of fine molecular mechanisms of cECM-cell in-
teractions. In particular, it has been observed that cardiomyocytes are
able to sense the stiffness of the substrate [75] on which they grow. In
Table 1, we report a collection of studies in which substrate stiffness is
modulated with the use of synthetic materials or native proteins and
followed by cardiomyocyte structure and function assessment.
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Table 1
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The impact of substrate stiffness on morphological and functional properties of in vitro cardiac models.

Young’s Moduli
(kPa)

Biomaterials

In-vitro model

Parameter assessed

Effect

0.47,11.13, Collagen I-based EHTs [88] hiPSC-CMs
21.51

1-25 PA substrates [80] NRVMs

1,5, 10, 25, 50 Collagen I-coated PA gels [76] NRVMs

1,11, 34 Collagen I-coated PA gels [83] Embryonic chick
cardiomyocytes

1,18,50 Laminin-coated PA gels [79] Embryonic chick
cardiomyocytes

2,9,16 Gelatin 3D hydrogels [106] hiPSC-CMs

3.1, 4,16 acrilammide/bisacrilammide [87] hiPSC-CMs

3,8,10, 15 PDMS array of microposts [77] NRVMs

3-144 Collagen I-coated PA gels [82] NRVMs

4-101 Gelatin-coated PA gels [91] hiPSC-CMs

5-101 PDMS gels [78] hiPSC-CMs

8, 15, 50, 100 PA gels [98] ARVMs

10 Matrigel-coated PA gels [81] hiPSC-CMs

10, 100, 400 PDMS and PA gels [128] NRVMs

46, 457 Poly-p-lysine-coated PDMS substrates [86] Embryonic chick
Cardiomyocytes

90, 450, 1200, PDMS posts (EHTs) [85] hiPSC-CMs

9200
1 x 10° cardiomyocytes in floating cardiac bodies hESC-CMs

(CB) vs. culture on glass coverslips [93]

1000-133,000 Neonatal murine

cardiomyocytes

Poly-e-caprolactone planar layers [74]

- mechanical output
- cell morphology
-EC coupling

- AP dynamics
- L-type Ca®" transient

- cell morphology

- calcium handling
- contractility

- cell morphology

- mechanical output

- beating rate
- force contraction
- cytoskeleton structure

- contractility
- sarcomere structure

-sarcomere structure
-SERCA localization
-calcium handling
-pathway

- twitch power

- calcium concentration
- myofibril morphology
- cell morphology

- contractility

- force contraction
- sarcomere shortening

- cell morphology
- calcium handling

- cell contraction
- Ca®* signalling
- sarcomere activity

- mechanical output

- cell morphology
- signalling pathways

- electrophysiology

- cell maturation
- force contraction

- B-MyHC expression
- CMs contractility and
calcium transients

- enhanced force generation with increased static
stress

- greater cell alignment and size

- increased calcium handling protein expression
- increased AP duration on gels with 9 kPa

- greatest inward L-type Ca>' current on gels
with physiological stiffness

- well aligned striations on 10 kPa

- larger calcium transients on 10 kPa gels

- greater mechanical force on 10 kPa gels

- enhanced striated cytoskeleton organization

- increased contractile work on gels with heart-
like elasticity

- highest beating rate on 18 kPa gels during the
first days

- larger forces, more aligned sarcomeric

- striations and higher number of FAs on stiffer
gels

- increased force generation with muscle-
mimicking stiffness

- enhanced sarcomere organization

-enhanced sarcomere organization

- Increased SERCA2 expression

- Improvement in calcium cycling

- Activation of Rho/ROCK pathway

- greater twitch power on stiffer posts

- enhanced intracellular calcium levels

- improved myofibril structure

- optimal cell morphology on 22-50 kPa gels

- development on gels with stiffness comparable
to the native rat adult myocardium

- increased force contraction up to 90 kPa

- sarcomere shortening does not change at
supraphysiological stiffness

- enhanced morphological and functional
properties

on 21 kPa substrates

- impaired cell shortening by stiff cECM and
reduced kinetics

- impaired calcium

Cycling

- increased myofibril alignment and movement
on 10 kPa hydrogels

- improved contractility

- increased cell size with substrate stiffness

- stiffer substrates promote signalling pathways
related to cardiac hypertrophy

- stiff substrate upregulates L-Ca®* channel
currents

- stiff substrate inhibits the BK channel function
- moderate afterload improved maturation of
hiPSC-CMs

- the power and the work of EHTs are maximal
under

intermediate afterload

- switch from a- to p-MyHC in CMs plated on
glass but not in CB cultures

- faster twitch contraction and calcium transients
for CMs on glass coverslips

- cardiac gene expression
- electromechanical coupling

- expression of immature cardiac genes and
proteins on stiffer substrates

- more organized electromechanical coupling on
softer layers

4.1. Structure

Myocardium rigidity has been in vitro mimicked by using polymers of
easy tunable stiffness, such as polydimethylsiloxane (PDMS) or poly-
acrylamide (PA) [76-80]. These naturally inert substrates can be coated
by ECM components (e.g., vitronectin, collagen, fibronectin) to provide
ligands for cardiomyocyte integrins. Specifically, the range of elastic
moduli representative of the healthy myocardium lies between
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approximately 10 kPa and 30 kPa. When cultured on substrates within
this range of stiffness, embryonic or neonatal cardiomyocytes and
hiPSC-CMs can acquire, retain, or regain a physiological morphology
characterized by a highly elongated anisotropic shape with aligned
myofibrils. Indeed, mathematical descriptions of cell shape and quan-
tification of connexin 43 protein demonstrated that cardiomyocytes are
more elongated and display correct electromechanical connections
when cultured on substrates with physiological stiffness compared to
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those grown on softer (<10 kPa) surfaces upon which cells develop a
rounded morphology with disperse actin filaments [76,77,79,81-83]
(Table 1). Substrates with elastic moduli in the range of those of the
healthy tissue support the structural maturation of cardiomyocytes by
promoting increased cell growth in the longitudinal direction, myofibril
alignment and bundling and the development of more organized sar-
comeres [84]. Specifically, Rodriguez et al. [77] demonstrated that rat
neonatal cardiomyocytes on fibronectin-coated microposts with elastic
moduli in the physiological range showed a higher sarcomere length and
Z-band width, suggesting that myofibril structure is affected by substrate
stiffness and a biomechanical stimulation can lead to increased
contractility.

4.2. Calcium handling

Several studies have demonstrated that substrate stiffness not only
affects morphological but also functional properties of cardiomyocytes
[85]. Contractile force of cardiomyocytes is modulated by the size and
duration of the calcium transient, which mainly depends on the dy-
namics of extracellular calcium and calcium stored in the sarcoplasmic
reticulum (SR). The amount of SR-calcium storage and the release of
calcium are regulated by the Ca®*ATPase, SERCA2a and ryanodine re-
ceptors (RyR2). A previous study showed that substrate stiffness regu-
lates the L-type voltage-gated Ca®" channel on embryonic chick
cardiomyocytes. The peak current density of the L-type Ca®* channel is
greater on stiff PDMS substrate (=~ 450 kPa) compared to softer sub-
strates (= 46 kPa). Indeed, the authors demonstrated that on stiff poly-p-
lysine-coated substrate there is a downregulation of the expression of
Ca®*-sensitive Kt (BK) channels, that play a critical role in substrate
stiffness regulation of the L-type Ca®" channel [86]. Another study re-
ported that neonatal rat ventricular myocytes (NRVMs) grown on calf
skin collagen-coated acrylamide substrates, with elastic moduli ranging
from 1 to 25 kPa, have a greater peak L-type Ca2* current density, with a
prolongation of the action potential duration, on 9 kPa substrates
compared to stiffer ones (16-25 kPa) [80]. Similarly, studies performed
on hiPSC-CMs and NVRMs showed that, during a twitch, intracellular
calcium levels increase on substrates with a stiffness in the range of that
of native myocardium [76,78]. These studies quantified the intracellular
calcium levels using Fura-2 or Fluo-4 calcium indicators, reporting a
greater calcium transient amplitude in cardiomyocytes cultured on
substrates with physiological values of stiffness. For instance, Rodriguez
and collaborators [77] reported that maximal intracellular calcium level
is reached on the stiffest fibronectin-coated substrates (15 kPa)
compared to the softest ones (3 kPa). Also, as assessed by western blot
analysis, the expression of SERCA2a and RyR2 is higher in car-
diomyocytes cultured on Collagen I-coated PA gels with stiffness of
native myocardium [76]. Interestingly, Martewicz and collaborators
identified the involvement of the RhoA/ROCK pathway in the struc-
tural/functional changes of hiPSC-CMs after adhesion plating onto
stiffer laminin/fibronectin-coated substrates (4 kPa vs 16 kPa vs glass).
The process is triggered by cell interaction with the stiffer substrate and
is associated with re-localization of SERCA2 pumps from a perinuclear
to a whole-cell distribution with concurrent improvement SR calcium
buffering [87].

4.3. Force and contractile properties

During cardiac development, mechanical loading and electrical ac-
tivity represent two major factors for cardiomyocyte growth and
maturation. Studies have shown that hiPSC-CMs used to create collagen
I-based engineered heart tissues (EHTs) were subjected to different
mechanical stress and electrical pacing conditions. Ruan and collabo-
rators [88] demonstrated that, in these conditions, the tissue had an
additional increase in contractility and expression of calcium handling
proteins without changes in cell size or alignment, suggesting matura-
tion of excitation-contraction coupling. Moreover, Rodriguez et al. [77]
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showed that substrates with stiffness values similar to those of healthy
myocardium lead to improved myofibril structure that contributes to
enhance cardiomyocyte contractility, thus generating slower but more
forceful twitches. Also, when combined with cell anisotropy, substrates
with more physiological stiffness values allow cardiomyocytes to exhibit
higher myofibril organization, cytoskeletal structure and expression of
maturation markers [78]. Lastly, although little is reported in the
literature, we and other groups reported benefits of myofibril organi-
zation and force production from patterned substrates with rectangular
micro/nanogrooved geometry [81,89-92]. For instance, Ribeiro and co-
workers compared the expression of c¢Tnl, cardiac Troponin T (cTnT),
and titin isoforms (N2A and N2B) in hiPSC-CMs cultured both on
unpatterned PA substrates and PA hydrogels with rectangular Matrigel
patterns with a Young’s modulus of 6-35 kPa. Their results support the
idea that both substrate stiffness and cell shape, that is facilitated by
rectangular microgrooves in polyacrylamide substrates, tune the
sarcomere activity and the mechanical output of hiPSC-CMs [81].
Moreover, Weber and colleagues [93] found more abundancy of f- versus
a- myosin heavy chain (MHC) on laminin coated- (i.e., a stiffer substrate)
versus Matrigel®-coated (ie., a softer substrate) glass, which greatly
impacts the myofibril kinetics of activation and relaxation.

Importantly, one major consequence of culturing cardiomyocytes on
stiff substrates is the force developed by cardiomyocytes themselves. In
this context, as indicated in Table 1, several studies support the idea that
hiPSC-CMs, embryonic chick cardiomyocytes, NRVMs can adapt their
contractile properties on scaffolds with physical properties typical of
native myocardium.

In agreement with the obseravations of Martewicz and cowerkers
[87], Jacot and coworkers report that substrate stiffness affects car-
diomyocyte contractility through involvement of the RhoA/RhoA-
kinase (ROCK) pathway that acts to prevent actin depolymerization
and inhibits myosin light chain phosphatase. The latter events may
otherwise result in an increase of FAs and development of stress fibers
that have a negative effect on sarcomere formation. Thus, compared to
environments with stiffness value near that of native myocardium,
stiffer substrates, in which ROCK pathway is activate, prevent sarcomere
development and cardiomyocyte maturation [76]. In Fig. 3A, we
compared different studies that evaluated cardiomyocyte tension over a
softer substrate stiffness (4 to 20 kPa). Despite some variability, force
production seems to be directly related to increased substrate stiffness
regardless of the type of cardiomyocyte evaluated (hiPSC-CMs or
NRVMs) [77,81,91,94]. Nevertheless, other studies performed on em-
bryonic chick cardiomyocytes and hiPSC-CMs support the hypothesis
that performing cell culture on substrates with stiffness near that of
myocardium can lead to higher force generation. In Fig. 3B, we plotted
values of cardiomyocyte tension over a more rigid substrate stiffness (20
to 100 kPa) modified from different studies [91,95-97]. Tension of
hiPSC-CMs was shown to increase when cultured on substrates of up to
90 kPa, reaching its maximum value, above which no further increases
were observed [91]. A possible explanation is shown in Fig. 3C-D in
which we considered two studies that resolved cell or sarcomere
shortening related to force generation [91,95]. The upper panels are
modified charts from Hazeltine et al. [95] and Ribeiro et al. [91]
showing cell shortening related to substrate stiffness. For instance,
Ribeiro and coworkers demonstrated that both cell and sarcomere
shortening are not affected beyond physiological levels of stiffness (21
kPa) in hiPSC-CMs cultured on gelatin-coated PA gels. In the lower
panels, we plotted the tension values against the relative cell shortening
of both studies. In both cases, the curve decreases indicating that, with
increasing Young’s modulus, cell shortening is very low, however ten-
sion generation gets higher until a plateau phase. It suggests that car-
diomyocytes are subjected to greater resistance when pulling on stiffer
substrates. This can be related to increased external load due to a
stronger bound between integrins and ECM proteins compared to the
softer substrates, likely resembling a more isometric condition. One
possible explanation of this behaviour is that cardiomyocytes are
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Fig. 3. How substrate stiffness affects cardiomyocyte force production. Studies reporting single cardiomyocytes (CMs) were selected on the basis of substrate stiffness
using measurements obtained with traction tests or microposts arrays involving hiPSC-CMs (black) or NRMVs (grey). CM tension production was reported as kPa (1
kPa = 1 mN/mm?). (A) CM tension was related to softer substrates, with similar range of physiological stiffness values (Young’s Moduli 4-10-20 kPa), (B) and to a
wider range of more rigid substrates (Young’s Moduli 10-50-90 kPa). (C) A modified plot analysis from Hazeltine LB et al., 2012 [95] showing traction force mi-
croscopy. Cell shortening (um) is plotted against substrate stiffness (Young’s Modulus, kPa) and CM tension (mN/mm?) versus cell shortening. (D) Similarly, a
modified plot analysis from Ribeiro MC et al. 2020 [91].
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anchored in culture through FAs [97]. These specialized sites, that link
cECM to cardiomyocyte cytoskeleton via integrin receptors, participate
in cell force transmission to the substrate. Compared to stiffer substrates,
on softer scaffolds cardiomyocytes cannot form as many FAs due to
lower actomyosin contractions and more immature aggregation of
integrins. Consistently, lower force production is observed on the softest
gels since a smaller amount of force is required to detach the cells from
the substrate and cardiomyocytes are not able to generate isometric
tension.

Nevertheless, in this context little is still known on the contraction
kinetics related to substrate stiffness and the assumptions on the possible
mechanisms involved are elusive. For instance, as reported by Ribeiro
et al. [91], the velocity of contraction and relaxation of hiPSCs signifi-
cantly decreases from 4 kPa up to 32 kPa and then it is kept constant at
higher substrate stiffness. Thus, the speed of contraction and relaxation
does not adapt to enhanced stiffness beyond the physiological-like
stiffness values. In addition, a work performed by the van der Velden
group [98] reports the impact of matrix stiffness on adult rat ventricular
cardiomyocytes (ARVMs) measured after detachment of cardiomyocytes
from the underlying surface. They demonstrated that matrix stiffening
impairs the velocity of contraction and relaxation as well as cell
contraction, indicating that Ca®" reuptake is lower in these conditions.

Overall, as these measurements are highly dependent on the exper-
imental conditions and model, the comparison and understanding of
absolute stiffness values still constitute a major limitation in this field of
research. Therefore, contrasting results are related, no doubt, to the
diversity of cardiomyocytes used. Most studies investigated the impact
of matrix stiffening on stem cell-derived, embryonic, or neonatal car-
diomyocytes. Compared to adult cardiomyocytes, these more immature
cells are less challenging to maintain in culture and relatively easy to be
isolated. Their major disadvantage relies, though, on the immature
features. On the other hand, this limitation is also considered particu-
larly useful because of the marked cellular plasticity to adapt to a
different microenvironment.

5. In vitro applications of substrates with tunable stiffness

Although substrate stiffness has been previously described or
reviewed [3,99-101], further advances made this tool more intriguing.
In particular, the combination of biomaterials with known elastic
modulus and hiPSC-CMs may open new perspectives as in vitro models
for studying cECM-cell interaction. Firstly, the fact that hiPSC-CMs can
adapt to elastic properties of the underlying substrate raises some
questions on the involvement of cECM-cell interaction during cardiac
development. Secondly, hiPSC-CM models obtained from patients with
mutations in genes encoding for protein complexes of the costamere may
similarly help to elucidate this aspect. Many of the genes encoding for
proteins involved in the cECM-cell mechanosignalling are often associ-
ated with dilated cardiomyopathies (DCM) [102,103] and hypertrophic
cardiomyopathies (HCM) [104].

5.1. Advances of substrate stiffness for hiPSC-CM maturation

The composition, architecture and mechanical properties of cardiac
extracellular microenvironment are subject to changes during develop-
ment, instructing resident cells and guiding them toward maturation
[44]. It is well known that hiPSC-CMs are generally characterized by an
immature phenotype that is still far from recapitulating all the aspects of
healthy and diseased human adult cardiomyocytes. Thus, the attempt of
obtaining hiPSC-CMs with more mature structure and function is a
primary goal in this field. With this purpose, a limiting factor is
constituted by 2D in vitro cultures that widely differs from the 3D
environment of a whole heart. Most of the differences are related to
spontaneous beating, cell flattening and cell spreading, which are
typical features of immature cardiomyocytes and thus not observed in
adult cells. Therefore, several strategies have been investigated to
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enhance maturity of hiPSC-CMs in vitro, including long-term culture,
mechanical or electrical stimulation, co-culture with non-myocytes,
three-dimensional (3D) constructs and use of specific materials as cell
scaffolds [105]. As already mentioned, several studies suggest a major
impact of substrates with Young’s modulus near to that of healthy
myocardium (&10-20 kPa) [76,83,106]. However, other studies re-
ported a greater force production on apparently non-physiological
stiffness values [85,95,107]. Taken together, these studies agree on a
linear correlation between substrate stiffness and increased contractility
and myofibrillar organization.

To better understand this relationship, a major focus should be on
identification of cellular stretching elements sensitive to substrate
stiffness. For instance, the lipid composition of the sarcolemma may
affect cell rigidity [108,109] as well as mechano-gated ion channels of
the TRP family, stretch-activated channels (SACs, Piezos, TREKs) or
polycystines 2 (PC2), that interfere with calcium dynamics [110-112],
and integrins [61]. Not least, the actin cytoskeleton and its interacting
proteins, such as DGC proteins (dystrophin) or filamin, have been shown
to be essential for these interactions. Many of these multimeric protein
complexes are also important for integrity of cell structure, transmission
of force as well as mechanosensing and mechanotransduction.

This issue is of crucial relevance for the design of in vitro cardiac
platforms, which aim to recapitulate specific aspects of cECM-cell
interaction. Engineering biomaterials to mimic the native cECM is still
challenging due to the high complexity of the cECM environment.
Specifically, biomaterials need to meet essential criteria such as: long-
term elasticity, adaptable biodegradability, biocompatibility, outside-
in-signalling and tunable mechanical properties. The most broadly
used biomaterials for cardiac scaffolds are hydrogels that have useful
biochemical and biophysical properties. Among the natural hydrogel
substrates, the use of collagen I, fibrin, vitronectin, gelatin, hyaluronic
acid, alginate and Matrigel has been investigated. However, their
limited availability, high costs and batch-to-batch variation represent
important drawbacks of natural materials. Therefore, synthetic hydro-
gels have also been explored, although they have reduced biocompati-
bility and could produce adverse reactions. Among them, there are
polyesters, poly-lactones, elastomers, such as polyurethane (PU) and
poly-ethylene glycol (PEG), that are degradable and have unlimited
availability and tunable mechanical properties [15]. The application of
hydrogels requires a casting mold to obtain the desired form and, in
addition to the mold, anchoring supports are needed to provide the
mechanical loading required for tissue remodelling along with car-
diomyocyte maturation and alignment [113]. In the field of cardiac
tissue engineering, another possible strategy provides for the use of
decellularized cECM as a scaffold with intact 3D structure. These stra-
tegies represent the most traditional approaches to generate engineered
heart tissues (EHTs). Thanks to the more sophisticated techniques now
available, such as nanomaterial technology and 3D printing, it is
possible to design more complex microenvironments characterized by
precisely controlled dimensions and geometries, mimicking the native
myocardium. For instance, there is a growing interest in employing
materials that can dynamically change their properties in the presence
of cells to study mechanobiology [114]. A crucial aspect that is generally
not considered is that conventional 2D and 3D cultures are static sub-
strates with specific Young’s Modulus. These conditions are far from
recapitulating the dynamic process of tissue stiffening that naturally
occurs in the native myocardium in both physiological and pathological
conditions. Using static substrates, the adaptation of cardiomyocytes to
a specific matrix stiffness may reflect a mechanical response of the cells
to a condition that does not necessarily recapitulate all the phases
occurring during in vivo cECM remodelling. This is a major limitation for
mimicking the dynamic process that ultimately leads to cECM remod-
elling and changes at the cellular level. Therefore, a major step forward
may include the use of materials that can change their stiffness along the
time in culture. For instance, dual-stage polymerization reactions
represent an innovative tool for recreating heterogeneous and localized
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ECM stiffening in vitro, thus recreating the dynamic ECM remodelling
[115,116].

Finally, in the field of cardiac regenerative strategies, liquid crys-
talline elastomers (LCEs) have shown to be promising smart materials to
assist cardiac contraction, on the macroscale, and to support cell growth,
on the microscale. Importantly, Martella et al. demonstrated that these
polymers are biocompatible, as assessed by preliminary experiments on
murine myoblasts (C2C12 cell line), human dermal fibroblasts and
hiPSC-CMs [117]. Also, LCEs have the unique property to be activated
and to autonomously contract upon application of various external
stimuli, opening the possibility to synchronize the contraction of these
polymers with that of cardiac cells such as hiPSC-CMs [118]. For
instance, the Verduzco group demonstrated that LCEs can exhibit
reversible shape changes in response to cyclic heating and electrical
stimulation thus allowing to be exploited as responsive substrates to
culture cardiomyocytes [119]. Therefore, while common biomaterials
provide just with their elastic properties to the substrate by interacting
with cells, dynamic cell scaffolds as LCEs can mimic the cycles of cardiac
contraction, ultimately giving an additional active mechanical input to
the attached cardiomyocytes. In summary, cardiomyocytes natively
exist within a 3D microenvironment. Overall, future studies should
address whether 3D cell culture systems (e.g. EHTs, decellularized
myocardium or biomaterial-based scaffold) involving variable stiffness
can yield similar findings as the 2D studies. The protein composition,
imposed geometry, dynamic stiffening and load of the 3D extracellular
matrix are overall conditions that need to be considered for mimicking
more closely the native cardiac microenvironment.

5.2. Impact of substrate stiffness on in vitro cardiomyopathy modelling

Since the cECM is a living reactive structure, it undergoes continuous
remodelling, in a delicate balance between physiological and patho-
logical processes [120]. Altered expression of cECM components or
changes in downstream signalling pathways can lead to cardiac im-
pairments that resemble those found in patients with congenital heart
diseases [121]. Several genetic cardiomyopathies are characterized by
cardiac fibrosis which, on a molecular scale, is indicated as an increase
in cardiac tissue stiffness [5]. In this context, hiPSC-CMs obtained from
patients are the most suitable platform for the investigation of early-
stage defects related to the onset of many cardiomyopathies. To this
aim, the possibility of targeting genes of interest by CRISPR-Cas9 gene
editing technology allows the validation of the pathogenicity of any
cardiomyopathy-associated variant [60,122]. Moreover, it may
contribute to elucidate the role of specific proteins with debated func-
tion and involved in physiological responses during cECM stiffening. For
instance, a previous report showed the impact of soft and stiff substrates
to study the importance of dystrophin in hiPSC lines obtained from
Duchenne Muscular Dystrophy (DMD) patients. Chang et al. purposed
the idea that tissue stiffness may trigger mechanisms related to con-
tractile dysfunction, oxidative stress and telomere shortening in DMD
cardiomyocytes [123]. Indeed, the complexity of DGC-associated pro-
teins is finely regulated and dysregulation of their downstream path-
ways has fatal consequences. For instance, conditional deletion of a
DGC-associated protein called agrin is sufficient to compromise car-
diac regeneration and function [124]. Agrin is a widely expressed pro-
teoglycan that interacts with its receptor a-dystroglycan leading to
disassembly of the DCG complex. This event enables Yap translocation
to the nucleus where it promotes cardiomyocyte proliferation. The
dysregulation of the hippo pathway is associated with cardiac hyper-
trophy, DCM and ischemic cardiac disease [71].

In addition, the impact of tissue stiffness and fibrosis can be better
elucidated in the 3D format using EHTs [125,126]. A report from Sew-
anan and collaborators analyzed the effect of decellularized porcine
myocardium with the HCM R403Q-MYH7 mutation on healthy hiPSC-
CMs. The mutant HCM-ECM was about 2.7 x stiffer than healthy ECM.
Surprisingly, hiPSC-CMs encapsulated in HCM-ECM showed both
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increased amplitude of calcium transient and force production
compared to those on healthy ECM [127], in a similar way to what is
reported for substrate stiffness. However, a possible explanation of the
underlying mechanisms cannot be limited to a mere mechanical effect.
Indeed, stiffer substrates were associated with hypertrophic signalling,
suggesting that in this context the use of biomaterials may help to better
understand how cECM contributes to cardiac hypertrophy [128].
Notably, the application of an external load was tested in EHT using
hiPSC-CMs. Increased levels of afterload lead to improved calcium
handling and expression of several cardiac maturation markers (i.e., a
shift from o to p myosin heavy chain isoform predominance) [93].
However, the highest afterload condition (continuous isometric
contraction), revealed markers of pathological hypertrophy and fibrosis
[85]. Overall, the possibility of tuning the mechanical properties of
biomaterials for mimicking in vitro cECM has a crucial relevance in
recapitulating pathophysiological microenvironments and triggering
signalling pathways determining cell phenotype and function. Further
advances may include the recent generation of a tissue-engineered scale
models of human myocardium made of nanofibrous scaffolds. They have
been used to study pressure-volume loops in presence or absence of test
compounds similarly to assays performed on animal ventricular or atrial
tissue [129]. Finally, the opportunity to combine hiPSC-CMs, endothe-
lial cells, and fibroblasts [130] with biomaterials paves the way for
identifying specific mechanisms involved in cardiac diseases that may be
relevant to unveil the pathogenesis of many cardiomyopathies.

6. Conclusions

This review discusses potential mechanisms that may explain the
influence of substrate stiffness on cardiomyocyte properties. In Fig. 4,
the main biomechanical effects of substrate stiffness on in vitro cardiac
models are summarized. Increased force in cardiomyocytes cultured on
stiffer matrices might be related with a tight anchorage of car-
diomyocytes to the substrate, imparting higher load, more isometric
contraction and activation of mechano-signalling pathways related to
cell hypertrophy (e.g, YAP/TAZ) [3,131,132]. Better understanding of
the impact of substrate stiffness on hiPSC-CM function will provide new
insights to create biomaterials that may recapitulate the ECM alterations
occurring in several pathologies (e.g., cardiomyopathies, dystrophies).
For this reason, this work encourages synergy between the biomaterial
and cardiac muscle community. Future investigations using hiPSC-CM
models will promote the interpretability of defects in cECM-cell inter-
action for targeting cECM with specific compounds before the advent of
myocardial stiffening and fibrosis associated with inherited cardiomy-
opathies. For this purpose, the advances of dynamic smart materials
with tuneable stiffness may represent the ideal tool to unveil the
mechanisms underlying cECM remodelling in genetic cardiomyopathies.
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