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Abstract

Engineered, in vitro cardiac cell and tissue systems provide test beds for
the study of cardiac development, cellular disease processes, and drug re-
sponses in a dish. Much effort has focused on improving the structure and
function of engineered cardiomyocytes and heart tissues. However, these
parameters depend critically on signaling through the cellular microen-
vironment in terms of ligand composition, matrix stiffness, and substrate
mechanical properties—that is, matrix micromechanobiology. To facilitate
improvements to in vitro microenvironment design, we review how car-
diomyocytes and their microenvironment change during development and
disease in terms of integrin expression and extracellular matrix (ECM)
composition. We also discuss strategies used to bind proteins to common
mechanobiology platforms and describe important differences in binding
strength to the substrate. Finally, we review example biomaterial approaches
designed to support and probe cell–ECM interactions of cardiomyocytes in
vitro, as well as open questions and challenges.
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Cardiomyocytes
(CMs): muscle cells
(myocytes) specific to
the cardiac (heart)
muscle; also known as
cardiac myocytes

Extracellular matrix
(ECM): structure
composed of water,
proteins, and
polysaccharides;
provides physical
structural support to
tissues as well as
biophysical and
biochemical feedback
to cells
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1. INTRODUCTION

Tissue integrity and cardiac function are achieved by cardiomyocytes (CMs) maintaining cell–
extracellular matrix (ECM) and cell–cell interactions (1).Human heart tissue is composed of three
layers: endocardium, myocardium, and epicardium (Figure 1). The myocardium contracts and
relaxes to pump blood throughout the body.Within the myocardium reside CMs, cardiac fibrob-
lasts, cardiac vascular cells, and leukocytes in a network of ECM (Figure 1) (2, 3). CMs generate
contractile forces and occupy the largest volume fraction of the myocardium (4). Cell subtypes,
matrix, and composition differ in the atria, ventricles, and conduction bundles, resulting in varied
structural, functional, molecular, and electrophysiological properties (5).

Adherent cell types use various adhesion molecules to physically anchor within this microen-
vironment (Figure 2a) (6). Integrins are the principal receptors that link ECM proteins to the
cell cytoskeleton (7, 8). CM integrins serve a wide variety of functions, including adhesion, signal-
ing, viral uptake, ion channel regulation, stem cell differentiation and engraftment, modification
of hypertrophic growth responses, and transmission of mechanical signal (mechanotransduction);
they may also provide protection from ischemic stress (9). Other nonintegrin ECM receptors
(known to interact directly with the ECM) at the cell surface of CMs include the dystroglycan
complex and syndecan proteoglycans (10–12). In CMs the structure composed of the dystrophin–
glycoprotein complex and the integrin–vinculin–talin complex is known as the costamere (13,
14). In addition to mediating cell–ECM interactions, integrins mediate cell–cell interactions (15).
Intercalated discs connect CMs to one another and are composed of adherens junctions, desmo-
somes, and gap junctions that provide adhesive and electrical coupling between CMs (Figure 1)
(16). Integrins are bidirectional signal transducers, and ligand binding leads to intracellular sig-
naling events (Figure 3b) (17, 18). We use the term outside-in signaling to refer to the cascade
of events following integrin–ligand binding. In contrast, inside-out signaling can alter integrin
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Costamere: focal
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striated muscle cells;
connects the
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Schematic of the heart and the spatial location of myocardium. The myocardium has a highly ordered, hierarchical structure composed
mostly of CMs by volume and mostly fibroblasts by cell number, as well as vascular and other cell types. The cell–ECM and cell–cell
junctions provide biophysical and biochemical signals to the CMs. The intercalated discs provide neighboring cells with physical and
electrical connections. Abbreviations: CM, cardiomyocytes; ECM, extracellular matrix; LA, left atrium; LV, left ventricle; RA, right
atrium; RV, right ventricle. Figure adapted from Reference 3 with permission from The Royal Society of Chemistry.

conformation and binding characteristics from within the cell (17). By simultaneously binding
thousands of integrin receptors to ECM binding sites, a cell compiles a spatiotemporal map of the
biochemical and biophysical properties of the microenvironment (19).

The heart undergoes constant cycles of contraction and relaxation. Given the dynamic nature
of the heart, a robust structural linkage between CMs and extracellular components is needed to
transmit forces and deformations (20). The myocardial ECM is composed of glycoproteins (e.g.,
collagens, elastin, fibronectin, laminin), proteoglycans, glycosaminoglycans, and growth factors
(2). The function of each cardiac ECM protein can be structural and/or nonstructural. After being
secreted from cells, ECM proteins can undergo further modification and degradation. Matrix
metalloproteinases (MMPs) can remodel the matrix and modify the cell–ECM interface (21, 22),
while tissue inhibitor metalloproteinases regulateMMPmatrix degradation (23). ECM properties
such as biochemical composition,mechanical properties, and structure are known to influenceCM
adhesion and cardiac lineage differentiation, function, and maturity.

CM adhesion receptors and the cardiac microenvironment undergo temporal changes dur-
ing heart development. Differences in integrin expression profiles are frequently observed in
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Intercalated discs:
provide mechanical
and electrical coupling
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mediate intercellular
signaling

Ligand: integrin
binding site; different
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of biomaterial, the
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a biomaterial itself
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Figure 2

Simplified schematic highlighting interactions among integrins, extracellular matrix (ECM), cell–cell contacts, and linkers. (a) The
native cell microenvironment can be mimicked by (b) the in vitro cell–substrate interface through the engagement of a cell’s integrins
with specific ligands found within ECM proteins. The ECM in an in vitro interface is physically linked to the substrate (gray) via a
linker (red). How a cell interacts (or not) depends on biochemical and biophysical properties of ECM, linker, and substrate. Note that
the schematics are not drawn to scale.

embryonic versus adult tissues. During development, CMs display changing integrin expression
profiles.The term integrin expression profile refers to the different integrin types and their respec-
tive quantities at the cell surface.Distinct integrin types can trigger different intracellular signaling
pathways (24). Furthermore, during heart development the ECM exhibits changes in biochemical
and biophysical properties such as biochemical composition as well as mechanical properties and
structure. Changes in ECM properties ultimately lead to changes to the myocardium’s mechani-
cal properties, which affect heart function. The CM integrin expression profile and surrounding
myocardial ECM composition reach a dynamic steady state in adulthood, and upon disease or
injury these properties undergo changes in expression and composition.

Embryonic and induced pluripotent stem cells (iPSCs) do not appear to have significant dif-
ferences, and in this review we refer to both cell types as pluripotent stem cells (PSCs) (25, 26).
PSC-derived CMs (PSC-CMs) are a model that allow the study of cardiac development, disease,
and drug modeling. All in vitro setups require PSC-CMs to adhere to a substrate. However, cells
do not directly interact with the substrate. A cell binds via integrins to specific binding sites on
the ECM protein, which we refer to as the cell–ECM interface. The ECM protein is attached to
the substrate via physisorption or a chemisorption linker (Figure 2b), which we refer to as the
protein–substrate interface. We refer to the combination of the cell–ECM and protein–substrate
interface as the cell–substrate interface (also known as the biointerface). How a cell interacts and
responds to an in vitro microenvironment depends not only on the cell’s integrin type and ECM
properties but also on the linker and substrate properties.
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Figure 3

Integrins are cell adhesion receptors that serve as mechanical links between the extracellular matrix (ECM) and a cell’s cytoskeleton.
(a) Integrins are transmembrane heterodimers composed of an α and a β subunit. (b) Integrins are known as bidirectional signaling
receptors that can trigger signaling cascades after externally binding to a ligand (outside-in signaling). Additionally, integrins can be
controlled from signaling cascades within the cell (inside-out signaling). (c) Integrin subtypes have specific ECM protein ligand-binding
properties. Panels adapted with permission from References (a) 155, (b) 156, and (c) 24, respectively.

One of the goals of in vitro platforms is to provide stem cells with the appropriate outside-in
signaling needed for adhesion, cardiac lineage differentiation, and CMmaturity by recapitulating
aspects of the native cardiac microenvironment. PSC-CMs display early to late fetal CM charac-
teristics in terms of morphology and function (27, 28). However, the lack of a suitable adult CM
source and known differences between species (29) in terms of key cardiac contractile proteins
(30) have motivated researchers to improve PSC-CMmodels and address the maturity challenge.
Multiple in vitro approaches have been explored in an effort to increase PSC-CMmaturity: elec-
tromagnetic stimulation, biochemical factors, physical stimulation (topography, stiffness, stretch),
and long-term culture. The resulting models span from single cells to engineered tissues, such as
engineered heart tissue, microfluidic heart-on-a-chip, cell sheets, decellularized heart, and mus-
cular thin films (28, 31–34).

One way to probe and decouple the cell–substrate interface is by using biomaterials to vary dif-
ferent biophysical and biochemical properties (35). An open challenge for the field is to identify
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Cell–substrate
interface: in vitro
region between cells
and substrate that
includes cell adhesion
molecules (e.g.,
integrins), ECM
proteins, linkers, and
underlying material
substrate; also known
as the biointerface

Biomaterial: material
designed to interact
with cells; can be
composed of ECM
proteins or synthetic
materials

Mechanobiology:
field dedicated to the
study of the
relationship between a
cell and its physical
environment

Immunohisto-
chemistry (IHC):
method used to
selectively label
antigens (proteins) in
tissue sections through
specific antibody
binding

the minimally complex biomaterial model that can support and recapitulate key features of car-
diac function in cell and tissue models (36).Historically,MatrigelTM has prevailed for PSC culture
and PSC-CM differentiation, though other synthetic alternatives are emerging. Matrigel’s com-
plex composition of more than 1,000 proteins and lot-to-lot variability complicate attempts to
decouple the effects of ECM composition and contributes to heterogeneity in PSC-CM devel-
opment and response. However, by systematically varying biomaterial properties, researchers are
gaining better knowledge of the specific properties of CM differentiation, morphology, structure,
function, and maturity.

To facilitate these efforts, we first review native developmental changes in CMs integrin ex-
pression and myocardial ECM composition. To support mechanobiological insights, we review
strategies for linking ECM proteins to common substrates. Finally, we review a variety of bioma-
terials approaches that offer control over ligand composition, matrix mechanics (e.g., stiffness),
dimensionality (e.g., two versus three dimensions), and matrix structure (e.g., topography) used in
CM mechanobiology studies.

2. NATIVE CARDIAC DEVELOPMENT

2.1. Temporal Dynamics of Cardiomyocyte Integrin Expression
(Development and Disease)

Integrins are heterodimers that consist of an α and a β subunit (Figure 3a). The size of indi-
vidual subunits can range from 80 to 180 kDa. In mammals there are more than 18 α subunit
and 8 β subunit types. To date, 24 unique α–β combinations (integrin types) have been identi-
fied. Spliced variant isoforms of individual subunits also exist (37). Different integrin types lead to
specific integrin–ligand interactions. However, there is redundancy in the interactions, a specific
integrin type can bind to different types of ligands, and one ligand can have multiple receptors
for different integrin types (15). Specific integrin–ECM combinations (Figure 3c) have been ex-
tensively documented (24, 38). The result of ligand binding can be a broad range of signaling
cascades within the cell (Figure 3b). Integrin function has been studied primarily via knockout
animal models, and several functions remain unclear (24). For example, for fibroblast cells the α5β1

integrin determines adhesion strength, while αVβ3 integrin and talin enable mechanotransduction
(39). The integrin expression profile is also known to modulate the spatiotemporal organization
of force transmission at cell–matrix adhesions (40). To bind an extracellular ligand, integrins at
the plasma membrane must undergo a conformational change from bent to unfolded (Figure 3b).
Biochemical and biomechanical integrin regulation affects integrin cell surface availability, bind-
ing properties, activation, and clustering (41).

The various methods used to determine integrin expression levels analyze either RNA levels
or protein levels. Reverse transcriptase polymerase chain reaction (RT-PCR) provides a measure
of the specific amount of target RNA. RNA sequencing provides the whole RNA transcriptome
at one time point. A trade-off of these methods is that RNA data do not always translate di-
rectly to protein levels. Regulatory processes following the production of messenger RNA con-
tribute to the mismatch between transcription and translation (42).While some studies use RNA
levels to determine integrin expression, others favor the use of antibodies to directly label the
protein. Western blot analysis quantifies relative protein expression levels. Immunohistochem-
istry (IHC) labeling of tissue sections with antibodies confirms protein expression and preserves
the protein’s spatial distribution. Fluorescence-activated cell sorting of labeled cells provides the
relative protein levels from cell to cell. A caveat with antibodies is that care must be taken to vali-
date and include appropriate controls to ensure the signal comes from the protein of interest and
not nonspecific binding (43). A combination of both RNA and protein data would be the gold
standard in integrin expression studies.
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Table 1 Cardiomyocyte integrin expression in cardiac development and diseasea

Integrin
subunit Embryonic Fetal Neonatal Adult Disease/injury

α1 �R (48) �R (48) ×R (48) ↑R (48, 49)
α3 �R (48) �R (48) �R (48) →R (48, 49)
α5 �M (45)

α5 is abundantly
expressed

�R (48) �R (48) ×M, R (15, 48) ↑R (48, 49)

α6 �M (45, 46)
α6 is abundantly
expressed

�M (46) �M (46)

α7 �M (45) �M (45) �M (45) �M (45)
α7B is abundantly
expressed

↑M (51)

β1 �R, M (45, 48) �R (48) �R, M, H (48, 52)
β1D is abundantly
expressed

→R, A (48, 56)
↑M (55)
↓M (57, 58)

aAll data are from cardiomyocyte protein expression. Myocardial tissue level trends are omitted. Filled squares indicate presence; crosses indicate absence.
Upward arrows indicate an increase in expression; downward arrows indicate a decrease in expression; rightward arrows indicate no change in expression.
Blank cells indicate no data. Abbreviations: A, rabbit; H, human; M, mouse; R, rat.

In this section, we review CM integrin expression throughout normal cardiac development
and describe how it changes with different cardiovascular diseases. Integrins are at the cell–ECM
interface and thus are essential to mechanobiological signaling during these remodeling phases
(44). The studies reviewed use various animal models, and we note that differences may exist
between species, including in integrin expression. Thus, we provide the model organism in
parentheses for clarity.

In early cardiac muscle development, CMs express α5 and α6 integrin subunits dimerized with
both β1A and β1D (mouse) (45). The α5 integrin subunit is replaced by α7 in adult CMs (mouse) (46).
CM integrin subunit expression undergoes a switch at birth, and α7Bβ1D integrin becomes domi-
nantly expressed (mouse) (45).Table 1 summarizes trends in CM integrin expression throughout
development and with disease/injury. The α integrin subunits expressed in CMs also include α1,
α6, α9, and α10 (9). In addition to the dominant β1 integrin subunit, β3 and β5 are present in CMs
(9).

2.1.1. α1. α1β1 integrin is associated with cell attachment to collagen and laminin (47). The α1

integrin subunit is present in fetal and neonatal CMs (rat) (48). However, by the time CMs reach
adulthood, the α1 integrin subunit is no longer present (rat) (48). Induction of cardiac hypertrophy
by aortic coarctation revealed increased expression of the α1 integrin subunit in CMs (rat) (48). In
an inducedmyocardial infarction (MI) model, the α1 integrin subunit localized to CMs in the peri-
infarcted area and increased from undetectable to detectable levels 1 week post MI and persisted
until 6 weeks post MI (rat). Expression of α1 integrin also increased in apoptotic CMs after MI
(49).

2.1.2. α3. α3β1 integrin is known to bind to laminin (47). Terracio et al. (48) showed that the α3

integrin subunit is present in fetal, neonatal, and adult CMs (rat). They induced cardiac hypertro-
phy by aortic coarctation and observed no change in α3 integrin subunit expression levels in CMs
(rat) (48). Nawata et al. (49) induced MI and observed no change in the level of expression of the
α3 integrin subunit in CMs throughout the 6 weeks after MI (rat).
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2.1.3. α5. α5β1 integrin is known to bind to fibronectin (47). Embryonic CMs express the α5

integrin subunit, which is found in complex with both β1A and β1D (mouse) (45). Wiencierz et al.
(46) confirmed that in embryonic CMs the α5 integrin subunit is strongly expressed (mouse). The
α5 integrin subunit is present in fetal and neonatal CMs (rat) (48). However, by the time CMs
reach adulthood, the α5 integrin subunit is no longer present (rat, mouse) (15, 48). Terracio et al.
(48) induced cardiac hypertrophy and observed the return of the α5 integrin subunit in CMs (rat).
Nawata et al. (49) induced MI and observed a peak in the level of expression of the α5 integrin
subunit in CMs at 4 and 7 days post MI (rat). The level of expression then decreased to levels
observed in control groups after 6 weeks post MI (rat). The disparity in temporal dynamics of α5

and α1 integrin subunit expression following MI suggests that different α integrin subunits could
have different roles in remodeling (44, 49).

2.1.4. α6. α6β1 integrin is known to bind to laminin (47, 50). Embryonic CMs express the α6A in-
tegrin subunit, which is found in complex with both β1A and β1D subunits (mouse) (45).Wiencierz
et al. (46) confirmed that in embryonic CMs, α6 is a strongly expressed integrin subunit (mouse).
At the tissue level, early in embryonic development, the α6 integrin subunit is located primarily
in the heart and specifically within the myocardium (mouse), and it is no longer present in the
myocardium by birth. Expression of the α6 integrin subunit is spatially regulated as the heart ma-
tures; it is initially downregulated in the ventricles, followed by the atrial regions. The α6 integrin
subunit is also present in early chick myocardium (15). Recently, atrial and ventricular CM sub-
populations were isolated throughout embryonic and adult stages based on differential expression
in the α6 integrin subunit (mouse). Patch-clamp analysis and gene expression profiling confirmed
the atrial and ventricular CM subtypes. Expression levels of the α6 integrin subunit correlated
with expression of myosin light chain 2a (MLC-2a) and MLC-2v (46).

2.1.5. α7. α7β1 integrin is known to bind to laminin (47). Brancaccio et al. (45) found that the α7B

integrin subunit in CMs starts to be expressed at embryonic day (E)17 (mouse). α7Bβ1D integrin
is present in developing and adult CMs (mouse) (45). The onset of α7 integrin subunit expression
in CMs during cardiac muscle development is not temporally coordinated with β1D expression
(mouse) (45). Following birth and in adulthood, the α7 and β1D integrin subunits are abundantly
expressed in CMs (mouse) (45). Babbitt et al. (51) demonstrated that the α7 and β1D integrin
subunits in CMs increase in expression 1 week following aortic constriction (mouse).

2.1.6. β1. The β1 integrin subunit is ubiquitous in many cell types and is present in half of
known integrin types (24). The β1 integrin subunit is present in fetal, neonatal, and adult CMs
(rat) (48). The initial expression time point of the β1D integrin subunit varies between studies
within the same species. Brancaccio et al. (45) showed that from E11 to E17 the β1A and β1D

integrin subunit variants are coexpressed in CMs (mouse). In contrast, Van Der Flier et al. (52)
showed that β1D integrin subunit expression in CMs begins around the time of birth (mouse). In
the developing and newborn heart, β1D can dimerize with several α integrin subunits, including
α5, α7, and α7B (mouse) (45). This study showed that β1D is not an exclusive partner to α7B, as
was previously thought. As development progresses, β1A subunit expression progressively declines,
while β1D subunit expression increases in CMs (mouse) (45). In newborn and adult CMs, the
integrin subunit isoform β1D is the only β1 subunit expressed (mouse) (45). Van Der Flier et al.
(52) also showed that the β1D integrin subunit was present at the costameres and intercalated
discs of adult CMs (mouse and human). The integrin subunit β1D may provide muscle cells with a
stronger mechanical link between the ECM and actin cytoskeleton fibrils (53).Moreover, in adult
CMs, the β1D integrin subunit associates only with the α7B integrin subunit (mouse) (45).
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Terracio et al. (48) induced cardiac hypertrophy and observed no change in β1 integrin subunit
expression levels in CMs (rat). Sun et al. (54) demonstrated that gene expression of β1 is tempo-
rally upregulated after MI (rat). Additionally, these authors showed that β1D is downregulated by
inflammatory cytokines such as tumor necrosis factor. Krishnamurthy et al. (55) observed an in-
crease in β1 integrin subunit expression in CMs after MI in comparison to controls (mouse). They
also noted that not all CMs exhibit increased β1 expression. Ichikawa et al. (56) demonstrated that
after 9 weeks of treatment with daunorubicin (a cardiotoxic drug reducing left ventricular func-
tion) the total protein expression of β1D did not change in comparison to controls (rabbit). Manso
et al. (57) showed that loss of talin-2 led to a 50% reduction in levels of β1D in CMs, while normal
cardiac structure and function were maintained (mouse). Transgenic mice overexpressing throm-
bospondin 3 (Thbs3; upregulated in cardiac disease) in CMs showed reduced surface integrin and
sarcolemma stability. β1D,α5, and α7 integrins fromThbs3 hearts showed reducedmembrane pres-
ence (mouse). Overexpression of α7β1D integrin reduced Thbs3-related disease and led to a rise
in endogenous integrin α5β1D (mouse) (58).

2.1.7. Pluripotent stem cell and pluripotent stem cell–cardiomyocyte integrins. Much less
is known about the integrin expression of PSC-CMs.PSCs abundantly express α5,α6,αV,β1, and β5

integrin subunits (59). The PSC-CM integrin expression profile has been shown to be temporally
modulated. Ja et al. (60) demonstrated that PSC-CMs express higher RNA levels of α1, α2, α3, α7,
and β1 integrin subunits than do PSC cardiac progenitors (human). Yu et al. (61) showed that α7

integrin subunit expression is lower in PSC-CMs than in neonatal CMs (mouse).

2.2. Temporal Dynamics of Myocardial Extracellular Matrix Composition
(Development and Disease)

In order to evaluate the native cardiac ECM proteome, samples must be in the form of whole
tissue sections or isolated/enriched ECM proteins from tissues. IHC has been used to spatially
label ECM proteins within tissue sections. As discussed above, trade-offs concerning the use of
antibodies apply.A few studies have also reported ECMgene expression levels using RT-PCR.An-
other common technique involves decellularization of the heart and a protein precipitation step,
followed by analysis via liquid chromatography in tandem with mass spectrometry (LC-MS/MS)
(62). A drawback of performing decellularization is that some soluble matrix components can be
lost or altered during sample processing (63).Missing low-abundance proteins are a known pitfall
of LC-MS/MS (62). Ongoing challenges in cardiac proteome analysis include the relative insolu-
bility of ECM proteins and the relatively high abundance of other proteins in cardiac tissues (64).

In this section, we review the changes that occur in myocardial ECM composition throughout
the normal cardiac development timeline. We also discuss ECM protein structural organization
and spatial location within the myocardium (Figure 4a). We then describe how the myocardial
ECM composition profile is affected by different cardiovascular diseases. Unless otherwise stated,
the following discussion describes composition changes within the left ventricle.There exist many
differences among species, and while some myocardial ECM composition changes may be the
same, we list the model organism in parentheses for clarity. Table 2 summarizes trends in myo-
cardial ECM protein composition in cardiac development and disease. For coverage of other car-
diac ECM proteins and composition of other heart compartments, we refer the reader to other
excellent detailed reviews (2, 65).

2.2.1. Collagens. Collagen fibrils are aggregates of triple helices composed of long polypep-
tide chains called α chains (66). Individual collagen fibrils, with diameters ranging from 30 to
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Endomysium: fine
connective tissue
septum that surrounds
each individual CM

Perimysium: large
connective tissue
septum that surrounds
groups of CMs

Figure 4 (Figure appears on preceding page)

(a) The myocardial ECM is composed of a hierarchical network of proteins with distinct dominant spatial distributions. (b) The ECM
protein composition dynamically changes throughout cardiac development (fetal, neonatal, adult stages). (c) ECM compositional
changes vary among distinct heart tissue layers (Endo, Myo, Epi) during developmental stages (12.5, 14.5, 16.5, and P2). (d) In addition,
ECM protein composition dynamically changes after myocardial infarction. Abbreviations: ECM, extracellular matrix; Endo,
endocardium; Epi, epicardium; Myo, myocardium; P2, postnatal day 2. The numbers 12.5, 14.5, and 16.5 refer to embryonic days 12.5,
14.5, and 16.5, respectively. Panels adapted with permission from References (a) 63 and 157, (b) 74, (c) 70, and (d) 76.

80 nm, come together to form collagen fibers (66). The 14 different types of collagen vary in their
composition and arrangement of α chains (66). Collagens I, II, III, V, and XI form fibrils, and the
rest are described as nonfibrillar (66). Collagen is the most abundant ECM protein in the heart.
The myocardial collagen matrix is 75–80% collagen I; 11–20% collagen III; and the remaining
percentage composed of collagen IV, collagen V, and collagen VI (63, 66). This ratio of collagen
types has also been reported to be conserved among three species (rat, dog, and macaque) (67).

The adult myocardium has a collagen network with a hierarchical structure that evolves during
development.Within the endomysium (Figure 4a), neighboring CMs are connected by intercel-
lular struts composed of collagen fibrils and anchored near the Z-band level (66). CMs are next
surrounded by interwoven bundles of collagen fibrils, and the perimysium (Figure 4a), which
contains collagen bundles that surround groups of CMs (66).

Table 2 Myocardial ECM protein composition in cardiac development and diseasea

ECM protein Embryonic Fetal Neonatal Adult Disease/injury
Collagen I �M (70) �R (72–74) ↓M (70)

↑R (72–74)
↑R (72–74)
Collagen I is abundantly

expressed

↑R (75, 77)
↓R (76)

Collagen III �R (73, 74) ↑R (74) ↑R (73, 74) ↑R (75)
→R (77)
×R (76)

Collagen IV �M (70) �R (73, 74) ↑M (70)
�R (73)
↓R (74)

�R (73)
↓R, (74)
Collagen IV is a major

component of
basement membrane

↑R (76, 77)

Collagen V �R (72) �R (76) ↓R (76)
Collagen VI �R (67) ↑R (76)
Collagen XV �R (76) ×R (76)
Laminin �H (83) �R (73) ↑R (73) ↑R (73)

�H (84)
Laminin is a major

component of
basement membrane

↓R (76)
→R (77)

Fibronectin �M (70) �R (74)
Fibronectin is
abundantly
expressed

↓R (74)
→M (70)
Fibronectin is

abundantly
expressed

↓R (74) ↑H, R, M (49, 76,
85, 87, 88)

Elastin �M (70) →M (70) �R (77) →R (76, 77)

aAll data are from myocardial left ventricular ECM protein expression. Trends in the disease column reflect the first temporal data point reported. Filled
squares indicate presence; crosses indicate absence. Upward arrows indicate an increase in expression; downward arrows indicate a decrease in expression;
rightward arrows indicate no change in expression. Blank cells indicate no data. Abbreviations: ECM, extracellular matrix; H, human; M, mouse; R, rat.
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A changing composition of collagens contributes to the complex mechanical properties and
function of the myocardium (66, 68). Important factors include spatial location and relative align-
ment, fiber structure and dimension, fiber density, and fiber cross-linking (66, 68). For example,
collagen composition changes dramatically with fibrosis, a compensatory remodeling mechanism
that involves changes in the ECM that preserve the tissue’s integrity. Many cardiac diseases in-
crease the deposition or rearrange the organization of collagen, and imaging methods sensitive to
collagen I and collagen III have been applied to observe this progression (63). In general, with age,
the myocardium’s collagen concentration and number of cross-links increase (66). This increase
in collagen within the myocardium increases muscle stiffness (66).

2.2.1.1. Collagen I. Collagen I is secreted from fibroblasts as procollagen, self-assembles into
fibrils after being modified by enzymes, and is stabilized by covalent cross-links across the triple-
helix structure (63, 66). Collagen I fibers are typically composed of thick, densely packed fibrils
with an average diameter of 75 nm (66). At the adult stage, collagen I is located at high abundance
in the perimysium and at lower abundance in the endomysium (rat) (Figure 4a) (67, 69). A key
role of collagen I is to provide structural support and strength within the myocardium (67, 70).
Collagen I is a relatively stiff material that exhibits high tensile strength and provides rigidity
(66, 71).

When observed for a period extending up to postnatal stage (P)2 (mouse), collagen I expression
in the myocardium is highest at E12.5 (Figure 4c) (70). The lower amount of collagen I in the my-
ocardium during initial stages of development is thought to contribute to tissue elasticity during
expansion (70). In contrast, the same study showed that collagen I gene expression increased from
E12.5 to P2 (70). Studies using rat myocardium observed collagen I increasing steadily throughout
the fetal, neonatal, and adult stages (Figure 4b) (72–74). As the heart’s functional capacity devel-
ops to meet the higher workload from E12.5 to P2, the collagen network within the ventricles
increases in spatial mesh complexity and fiber structure (70). After birth, the speed at which the
collagen network develops increases drastically, reaching adult structure within 20 days postpar-
tum (rat) (72). The amount of collagen I does not change within 20 days postpartum (72). The
adult heart has a significantly higher amount of collagen I versus the fetal heart (73). Collagen I
is the most abundant protein in the adult heart (rat) (74).

Aging and several diseases or injuries can cause changes in expression of collagen I. As the
myocardium ages, collagen I concentration increases substantially, and the number of fibers and
thickness increase as well (63, 66).Collagen I is crucial for heart tissue repair after injury or disease.
If loss of CMs occurs, cardiac fibroblasts are recruited to the damaged region and compensate for
muscle loss primarily by secreting collagen I (63). One study found that collagen I increased at
4 weeks post MI and remained elevated at 10 weeks (rat) (75). In the same study, collagen I within
the right ventricle peaked at 4 weeks post MI and started to decline toward baseline at 10 weeks
(75). This study highlights the temporal dynamics of the ECM as a function of spatial localization
within the heart. One week after MI there was a small decrease in collagen I, but by week 4 the
amount of collagen I had increased above healthy baseline values (rat) (Figure 4d) (76).

2.2.1.2. Collagen III. Collagen III is a homotrimer that forms a compliant fiber network (63).
Collagen III fibers are typically composed of thin, loosely packed fibrils with an average diameter
of 45 nm (66). Collagen III is secreted by smooth muscle cells and fibroblasts (66).

At the adult stage, collagen III is more abundant in the endomysium and less so in the per-
imysium (Figure 4a) (67). Collagen III exhibits high tensile strength, contributes to structural
support, and provides elasticity (66, 71). A metric of relative stiffness within cardiovascular tissue
is the ratio of collagen I to collagen III. This ratio is high during the human neonatal stage and
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contributes to a rigid heart during early development, then decreases after birth and reaches a
steady state in adulthood (71). A crucial function of collagen III is regulation of collagen I fibril-
logenesis, making it necessary for normal cardiovascular development (63, 73).

Collagen III significantly increases as the heart matures from the fetal to adult stage (rat) (73).
A rat study showed an increase in collagen III concentration from the fetal to the neonatal to the
adult stage (Figure 4b) (74). Collagen III transiently increased at 2 weeks post MI, then declined
to baseline values at 4 weeks (rat) (75). In another recent MI study, collagen III did not signifi-
cantly change expression over the 8-week observation time (rat) (77). The variations in temporal
expression in these two studies could be due to differences in sample preparation and analysis (77).
In another adult ratMI study, collagen III was no longer present 4 weeks postMI (Figure 4d) (76).

2.2.1.3. Collagen IV. Collagen IV is nonfibrillar, with three heterotrimer variants composed
of six different α chains (63). Both cardiac fibroblasts and CMs secrete collagen IV (20). In adult
myocardium, collagen IV is confined to the basement membrane of myocardial, endothelial, and
smooth muscle cells (Figure 4a) (67). The basement membrane is rich in collagen IV (78). Fur-
thermore, collagen IV is present along the T-tubular network and is thought to provide structural
support during contraction (65, 69). Collagen IV serves as a cell-adhesive protein and links groups
of CMs to the surrounding ECM (66).

Collagen IV increases in density and organization from E12.5 to P2 (mouse) (Figure 4c) (70).
At E14.5, collagen IV surrounds CMs in a disconnected circular configuration. By the postnatal
stage, the collagen IV network was more interconnected throughout the myocardium and has a
more fibrillar structure (70). Within 3 days of birth, the collagen IV network becomes denser in
the endomysium (72). Collagen IV does not undergo any significant changes in expression during
the fetal, neonatal, or adult phase (rat) (73). Conversely, another study showed that collagen IV
decreases during fetal, neonatal, and adult phases (rat) (Figure 4b) (74). After MI, the amount of
collagen IV increased, reached a maximum at 2 weeks post MI, and then progressively decreased
(rat) (77). In another adult rat MI study, at week 4 the amount of collagen IV remained above
healthy baseline values (Figure 4d) (76).

2.2.1.4. Other collagen types. Other collagens found in cardiac tissue include collagen V, col-
lagen VI, and collagen XV. In a postnatal rat model, collagen V is located in the endomysium and
basal lamina (a component of the basement membrane) (72). In an adult rat MI study, collagen V
was no longer present 4 weeks post MI (76). In adult rat myocardium, collagen VI is abundant in
the endomysium and less in the perimysium (Figure 4a) (67). In an adult rat MI study, 1 week post
MI there was a small increase in collagen VI, and by week 4 the level approached healthy baseline
values (Figure 4d) (76). Furthermore, a knockout study found that a collagen VI–deficient mouse
had a reduction in chronic CM apoptosis and fibrosis compared with wild-type mice, which led to
improved cardiac function after MI (79). Collagen XV is involved with ECM organization within
the heart (80). In an adult rat MI study, collagen XV was no longer present 4 weeks post MI (76).

2.2.2. Laminin. Laminins are a family of glycoproteins that form a T-shaped heterotrimer and
are composed of one α, one β, and one γ chain (63). Fibroblasts and CMs can secrete laminin (20).
Laminin is found in the basement membrane of cardiac tissue and vasculature (67). Laminin forms
a fine network and is a major component of the basement membrane (Figure 4a) (78, 81). The
basement membrane in adult rat cardiac ventricles has a striated laminin structure with a length
similar to that of sarcomeres (78). Laminin is the first ECM protein observed in the developing
embryo and has an essential role in anchoring cells to ECM (81). Another function of laminin is
to cross-link other ECM proteins, including collagen IV, perlecan, and entactin (82).
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Tissues from humans at gestational week 8 showed that the laminin β1 and laminin β2 chains
are present in the ECM surrounding CMs (83). In a rat model, the amount of laminin signif-
icantly increased during the fetal, neonatal, and adult phases (73). Another rat study confirmed
the increase in laminin from the fetal to the neonatal to the adult stage (Figure 4b) (74). Tran-
scriptome expression data of adult myocardium indicate abundant expression of laminin-221, and
protein studies confirmed its presence (human) (84). In an adult rat MI study, 1 week after MI
there was a decrease in laminin, which was further reduced by the fourth week (Figure 4d) (76).
In another recent ratMI study, the amount of laminin did not significantly change over the 8-week
observation period (77).

2.2.3. Fibronectin. Fibronectin is a glycoprotein with a rodlike structure that is composed of
two subunits connected by disulfide bonds (63).The subunits consist of repeatingmodules (types I,
II, and III). At the adult stage, fibronectin is more abundant in the endomysium and less so in the
perimysium (Figure 4a) (67). It is generally thought that fibronectin has a role in connecting the
surface of CMs to the endomysium (72). Fibronectin plays an essential role during cardiac devel-
opment via adhesion, migration, and differentiation, and it also plays a beneficial role during the
wound healing process (63, 85, 86). Combinations of different subunits allow fibronectin to have
different cell-binding properties and to cross-link with other ECM components (70). Fibronectin
has a strong affinity for collagen III and also binds to collagen I, fibrin, heparin, and syndecan
(70, 72).

In rat myocardium, fibronectin was the most abundant protein in the fetal and neonatal
stages (Figure 4b) (74). The amount of fibronectin decreases significantly from fetal to adult
age (Figure 4b) (63, 73, 74). The organization of fibronectin increases during early stages of de-
velopment. In mouse myocardium, at E14.5 fibronectin formed thin, isolated fibrils, and by P2
the network had become more interconnected (70). Throughout the observation window of these
early time periods (E14.5–P2), the amount of fibronectin remained relatively constant (Figure 4c)
(70).A study in a human heart afterMI showed that fibronectin deposition rapidly increased within
and around the infarcted area from 12 h to 14 days post MI (87). Accumulation of fibronectin was
also observed in a rat model 4–35 days post MI (85). Results from another adult rat MI study
showed a small increase in fibronectin 1 week post MI (76). By 4 weeks post MI, the amount of
fibronectin was below control values (Figure 4d) (76). Following similar trends, a rat MI study
showed fibronectin increasing in the peri-infarcted area 1 week post MI, and 6 weeks post MI ex-
pression decreased (49). In a mouse pressure overload study, fibronectin accumulation increased
over 4 weeks (88).

2.2.4. Elastin. Elastin is composed of tropoelastin monomers that contain alternating hy-
drophobic and hydrophilic domains (63). Within the myocardium, elastin is located within the
interstitium and in the walls of coronary blood vessels (68). A major structural function of elastin
is to provide elasticity to the myocardium during cyclic loading (70). Furthermore, elastin is es-
sential to heart development and vasculature.

In the developing mouse myocardium (E12.5–P2), levels of elastin remained constant, with a
transient peak at E16.5 (Figure 4c) (70). At P2, elastin in the myocardium was organized into
fibrils (70). The transient elastin peak is thought to provide the elasticity needed to accommodate
the increased growth and workload (70). It is also thought that the relative decrease in elastin after
birth may contribute to the maturation of CMs and their sarcomeres (70). In a rat study, the elastin
concentration did not significantly change throughout the 8 weeks after MI (77). In another adult
rat MI study, the elastin amount was unaltered 1 week post MI, and by 4 weeks post MI, elastin
was no longer detected (Figure 4d) (76). Post-MI mouse models indicate that fibrotic tissue is

270 Castillo • Lane • Pruitt



BE22CH11_Pruitt ARjats.cls May 27, 2020 14:49

composed mostly of collagen I but also elastin, with tropoelastin significantly increased between
7 and 21 days post MI (89). The role of elastin during fibrosis is to preserve elasticity.

3. IN VITRO PROTEIN–SUBSTRATE INTERFACE

In vitro CM mechanobiology studies allow researchers to probe a cell’s intrinsic properties and
quantitatively measure its response. One way in which the in vitro cell–substrate interface differs
from the native cell microenvironment is that the ECM protein is attached to the substrate via
a linker (Figure 2a,b). Two common substrates in mechanobiology studies are polyacrylamide
(PA) hydrogels and polydimethylsiloxane (PDMS) (90, 91). We review various linking strategies
used to attach ECM proteins to the substrate and discuss differences in binding strength to the
substrate.

3.1. Polyacrylamide Hydrogels

PA hydrogels are made up of a network of cross-linked acrylamide monomers. PA hydrogel prop-
erties, including stiffness and porosity, are determined bymonomer and cross-linker concentration
(92). These variables can be tuned to create PA hydrogels with a wide range of physiologically
relevant stiffnesses, useful for mechanobiology studies. Here we review methods used to attach
proteins to PA hydrogel surfaces.

3.1.1. Covalent chemistries to bind proteins to polyacrylamide hydrogels. Attaching ECM
proteins to the surface of a PA hydrogel for mechanobiology studies is nontrivial. The ECM pro-
tein is commonly attached to a substrate via physisorption or a chemisorption linker. PA hydrogels
have no ability to adsorb protein (93). PA hydrogel copolymerization with ECM proteins enables
the proteins to be present at the surface or distributed throughout the network (94, 95). Copoly-
merization is beneficial because it bypasses the need for surface modifications to attach proteins.
However, the exact linking mechanism of copolymerization is not known. PA hydrogels must be
modified in order to use a chemisorption linker to attach proteins.

Many protein adhesion methods create covalent bonds between the protein and the substrate
via side chains that are introduced to the surface of the PA hydrogel. Covalent attachments are
the most secure way to bind proteins to PA hydrogels (96). Sulfosuccinimidyl 6-(4′-azido-2′-
nitrophenylamino)hexanoate (sulfo-SANPAH) is frequently used as a covalent linker between
proteins and PA hydrogels (97–99). Sulfo-SANPAH is a heterobifunctional cross-linker with a
phenylazide and aN-hydroxysuccinimide (NHS) ester group.When activated by light, the pheny-
lazide group binds to any chemically stable molecule (including the PA substrate) via a nonspecific
covalent bond. The NHS ester group on the other end of the cross-linker binds to the amines in
the protein (100). Another surface modification method used to bind proteins to PA hydrogels in-
volves hydrazine hydrate. Hydrazine hydrate is a reducing agent that converts inert amide groups
on the surface of the PA hydrogel into hydrazine groups, which readily react to form covalent
bonds with the aldehyde or ketone groups in proteins (92).

Linkers can also be added to the PA precursor solutions and dispersed throughout the
hydrogel. Many of them work in a similar manner as sulfo-SANPAH, in that a linker
forms a bond to amines in the protein’s backbone. Examples include NHS acrylate (101),
6-acrylaminohexylaminohexanoic acid N-succinimidyl ester (N6) (102), and 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) (95).NHS acrylate and N6 add ester groups that bind
to amines in the protein’s backbone (102), while EDC is used to add carboxylic groups that bind
to a protein’s amine backbone (95).
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While side-chain chemistries have been widely used, researchers have concerns about the vari-
ability and lack of control of protein specificity. Due to the nonspecificity of the bond, protein
presentation is highly variable in terms of both the number and location of binding sites (90, 99).
These concerns have led to the development of site-specific protein immobilization techniques.
One molecule, 2-pyridinecarboxaldehyde, immobilizes proteins on their N termini and can suc-
cessfully immobilize collagen, fibronectin, and laminin (90, 103).

3.2. Polydimethylsiloxane

PDMS is a silicone-based polymer made by mixing prepolymer with a cross-linker. PDMS is
low cost, transparent, and readily molded into various geometries and setups, making it a versa-
tile substrate for mechanobiology studies. Due to its hydrophobic nature, PDMS does not bind
specifically to proteins well (104). Here we discuss different methods used to attach proteins to
PDMS substrates.

3.2.1. Adsorption of proteins onto polydimethylsiloxane. Physisorption is a commonmeans
of attaching proteins to PDMS substrates (91, 105–112). Plasma surface treatment of the PDMS
is used to encourage protein adsorption. Oxygen plasma inundates the PDMS surface, resulting
in silanol groups that make the surface hydrophilic and increase protein adsorption (110, 111,
113). PDMS surface roughness does not change upon plasma treatment; however, after protein
absorption the surface becomes rough (112). Plasma treatment alone can be used to adhere specific
cell types directly to PDMS.Cells adhere selectively to plasma oxidation–patterned regions (114).
The protein–substrate interactions caused by adsorption are weak van der Waals bonds (115).
The bond strength of adsorbed proteins on PDMS is around 1 kN/m2, and cells exerting a higher
traction force can break this bond and detach (116).

3.2.2. Covalent chemistries to bind proteins to polydimethylsiloxane. Methods of bonding
proteins to PDMS surfaces rely on adding reactive groups to the surface (104, 117, 118), which
allows for the formation of covalent bonds between the protein and substrate. A common strategy
employed with PDMS uses two molecules; the first molecule adds amine groups to the PDMS
surface, and the second molecule links the added amine groups to the protein. A combination
of (3-aminopropyl) triethoxysilane (APTES), which adds amine groups to the PDMS substrate,
and glutaraldehyde (GA), which links the amine groups to the protein, is frequently used in such
strategies (104, 117). This specific combination has been utilized to bind various proteins, includ-
ing collagen (117), Protein A (106), and fibronectin (117). Other molecules that can be used in
place of GA include ascorbic acid (118) and EDC (104).Distinct chemisorption linkers lead to dif-
ferences in attached protein density. The protein attachment methods can be ranked from highest
to lowest protein density as follows: APTES/EDC, APTES/GA, GA, and physisorption (104).

Another protein attachment method involves adding reactive groups throughout the PDMS
prepolymer mixture. Phospholipids conjugated to functional groups can serve as chemisorption
linkers. Some phospholipids will be exposed on the PDMS surface and can present functional
groups to bind proteins (119).

Sulfo-SANPAH is commonly used to functionalize proteins on PDMS substrates. However, it
does not covalently bind proteins to PDMS, as discussed in the following section (99).

3.3. Bond Strength of the Linker at the Protein–Substrate Interface

In both PA hydrogel and PDMS substrates, chemistries are used to covalently bind proteins to
the substrate. Protein attachment is essential for stable and consistent culture of cells on the
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substrate. Adhesion between protein and substrate can regulate cell behavior (116). A mechanical
test machine measured the protein–substrate binding strengths to be 1.28 kN/m2 and 11.9 kN/m2

for proteins adsorbed and covalently bound to PDMS, respectively. Focal adhesion size and actin
cytoskeleton organization were higher in covalently versus adsorption-bound substrates (116).

Characterization of the protein–substrate interface and binding strength of the linker to the
substrate can be used to compare cellular responses among different substrates and linkers.
Protein–substrate adhesion strength can be varied with different linker strategies. As discussed
above, the linker sulfo-SANPAH forms covalent bonds with the PA hydrogel network. Charac-
terization via atomic force microscopy demonstrated that proteins cannot be covalently bound
to PDMS via sulfo-SANPAH, because PDMS does not contain free amines (99). This study also
showed that ultraviolet treatment of PDMS in the presence of sulfo-SANPAHdoes not add amine
groups to the surface or change the strength of the bond between PDMS and protein (Figure 5a).
Instead, PDMS can be treated with APTES, resulting in the addition of primary amines on the
surface that then react with the sulfo-succinimidyl group of sulfo-NHS-biotin to form a covalent
bond (Figure 5c). PA hydrogel/sulfo-SANPAH/collagen has a binding strength comparable to
that of PDMS/APTES+sulfo-NHS-biotin (Figure 5b).

4. IN VITRO BIOMATERIALS APPROACHES TO RECAPITULATE
THE CARDIOMYOCYTE MICROENVIRONMENT

The microenvironment’s biochemical and biophysical properties modulate CM adhesion, mor-
phology, differentiation, cytoskeleton structure, mechanical output, contractility, and degree of
maturity. Biomaterials can be leveraged to systematically tune the properties of a cell’s microenvi-
ronment (35). The complexity of cell-adhesive domains, reproducibility, and tunability is a func-
tion of biomaterial sources (naturally derived, hybrid/semisynthetic, fully defined) (120). Decellu-
larized cardiac tissue incorporates the complexity of native myocardium’s ECM composition and
structure but offers limited ability to modulate the cell–substrate interface (120–123). For a more
in-depth discussion of biomaterial approaches designed to support CM differentiation and matu-
rity, we direct the reader to several excellent reviews (124–126). In the following subsections, we
review biomaterial approaches to the control of ligand composition, matrix mechanics (e.g., stiff-
ness), dimensionality (e.g., two versus three dimensions), and matrix structure (e.g., topography)
used in CM mechanobiology studies.

4.1. Ligand Composition

Ligand composition influences both cell adhesion and differentiation toward specific lineages.
The native myocardial ECM composition changes throughout cardiac development. ECM lig-
and composition in vitro can be varied by using individual or a combination of ECM protein
types. Ligand composition can influence CM adhesion. Borg et al. (127) observed that adult rat
CMs adhere more efficiently to laminin and collagen IV than to other proteins, while neonatal
CM adhesion does not depend on protein type. Changes in integrins and other ECM receptors
are likely responsible for these observed differences in cell adhesion (63). Burridge et al. (128)
compared multiple defined proteins, including recombinant human E-cadherin, recombinant hu-
man vitronectin, recombinant human laminin-521, truncated recombinant human laminin-511,
and vitronectin peptide. All of them supported efficient PSC cardiac differentiation; however,
the laminin-based proteins best supported long-term (day 15+) adhesion of PSC-CMs. Dif-
ferences in integrin–ECM protein interactions are thought to be responsible for the observed
CM adhesion.Human recombinant laminin-211 also supports small-molecule-based PSC cardiac
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Figure 5

Characterization of the binding strength of the protein–substrate interface can be utilized to compare mechanobiology results across
various cell–substrate interface platforms (e.g., PDMS versus PA hydrogel). (a) Functionalizing PDMS with or without sulfo-SANPAH
(SS) does not change the rupture force suggesting collagen nonspecifically adsorbs to PDMS. (b) Different substrate and linker
combinations lead to differences in binding strength of the protein–substrate interface. (c) Chemical groups and residues available at the
substrate interface, linker, and ECM protein. Diagram for PDMS treated with SS and APTES/SNB linker. Abbreviations: APTES,
(3-aminopropyl) triethoxysilane; ECM, extracellular matrix; NHS,N-hydroxysuccinimide; PA, polyacrylamide; PDMS,
polydimethylsiloxane; RT, room temperature; SNB, sulfo-NHS-biotin; sulfo-SANPAH, sulfosuccinimidyl 6-(4′-azido-2′-
nitrophenylamino)hexanoate; UV, ultraviolet. Figure adapted from Reference 99.

differentiation (129). Patel et al. (130) identified specific chemical moieties in three fully synthetic
polymers, C2H6N+ (amine), C5H5O+ (furan ring), and C10H17

+ (isobornyl ring), that promoted
greater PSC-CM adhesion and spread area. The synthetic polymers ionically interacted with the
PSC-CMs.
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Other studies showed that ligand composition can influence differentiation toward a specific
cell lineage (9). Battista et al. (131) placed mouse PSCs within three-dimensional (3D) semi-
interpenetrating polymer networks composed of collagen I and various amounts of fibronectin
or laminin. Addition of laminin increased the PSCs’ ability to differentiate into beating CMs,
whereas addition of fibronectin stimulated endothelial cell differentiation. Jung et al. (132) uti-
lized 1-kPa poly(ethylene glycol) (PEG) hydrogels to entrap murine PSCs and a mixture of ECM
proteins. Using a design-of-experiments approach, these authors found that the optimal composi-
tion to induce in vitro cardiac differentiation without additional soluble factors was 61% collagen
I, 24% laminin-111, and 15% fibronectin.

4.2. Stiffness

Matrix stiffness influences cell contractility, cytoskeleton structure, differentiation, and adhesion
area (133, 134). During cardiac development, the stiffness of native myocardial tissue increases
from 1 kPa at the embryo stage to 10–15 kPa at the adult stage (135, 136). After MI, the stiff-
ness increases to 35–70 kPa (137). Substrate stiffness can alter CM contractility and cytoskeleton
structure. By tuning PA hydrogel stiffness, Engler et al. (138) demonstrated that embryonic CMs
on substrates with a physiologically relevant stiffness (11–17 kPa) promoted actomyosin striation
and optimal work transfer to deform the substrate.However, embryonic CMs on stiffer substrates
(34 kPa) had fewer myofibril striations, overstrained themselves, and stopped contracting, whereas
embryonic CMs on softer substrates (1 kPa) contracted but did not transfer work to the substrate.
Chung et al. (139) observed a temporal regulation of PSC-CMs’ spontaneous contractility de-
pending on the 3D hydrogel’s cross-linking density (inherently varying stiffness). At the lowest
cross-link density (0.45 kPa), the PSC-CMs began to spontaneously contract at day 1. In con-
trast, within the highest cross-link density (2.4 kPa), contraction was delayed until day 6. Hirata
& Yamaoka (140) examined the role of substrate stiffness (9-, 20-, and 180-kPa PA hydrogels; tis-
sue culture polystyrene) on mouse PSC cardiac differentiation. The cells on tissue culture plastic
exhibited the highest expression of early cardiac differentiation marker genes. By contrast, the
20-kPa PA hydrogels showed the highest expression of cardiac contraction–related genes. These
results suggest that a single culture substrate is not optimal for the various stages of cardiomyocyte
differentiation. Kong et al. (141) demonstrated that substrate stiffness modulates indirect cardiac
reprogramming of mouse embryonic fibroblasts. Mechanoresponsive signals (cell traction, cell
area, Yes-associated protein) were able to predict cardiac reprogramming better than individual
material properties (matrix modulus, ligand density, ligand type). Corbin et al. (134) developed
a platform to instantaneously tune and reverse substrate stiffness (range 10–55 kPa) with mag-
netic fields. PSC-CMs seeded on soft and stiff substrates exhibited a small (2,600 um2) and a large
(4,800 um2) spread area, respectively. The starlike shape of the PSC-CMs did not change with
substrate stiffness.

4.3. Dimensionality: Two Versus Three Dimensions

Dimensionality can influence cell differentiation and degree of maturity.CMs natively exist within
a 3D microenvironment. Branco et al. (142) demonstrated that cardiac differentiation of PSCs in
a 3D microwell undergoes faster structural and functional maturation than in two-dimensional
(2D) culture. Kerscher et al. (143) examined cardiac differentiation while PSCs maintained con-
tinuous 3D engagement with a PEG–fibrinogen hydrogel. Using the same small-molecule dif-
ferentiation protocol, these authors found that 2D and 3D cultures showed similar differentia-
tion efficiency, cardiac gene expression, and calcium handling. PSC-CMs within the 3D hydrogel
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developed ultrastructural maturation, which was confirmed by the presence of transverse tubules
on and after day 52. Zhang et al. (144) showed that PSC-CMs in a 3D microenvironment ex-
hibited enhanced structural and functional maturation compared with 2D. Lemoine et al. (145)
investigated differences in PSC-CMmaturity within 2D and 3D cultures.PSC-CMs placed within
a 3D microenvironment had upstroke velocities, morphology, and sodium current densities that
were more physiologically relevant and similar to adult CMs in comparison to PSC-CMs in a 2D
monolayer culture.

4.4. Topography

Topography can influence cell differentiation and maturation. The myocardial ECM contains a
network of densely packed, aligned collagen I fibrils with an average diameter of 75 nm (66).
Carson et al. (146) designed polyurethane acrylate nanoscale structures with various groove widths
to probe the role of nanotopography. PSC-CM organization and structural maturation were con-
trolled by nanogroove width in a biphasicmanner.CM structuralmaturation indicators such as cell
area, perimeter, alignment, circularity, and sarcomere length were improved using 700–1,000-nm
widths. Seo et al. (147) observed CMdifferentiation promoted inmultipotent mesodermal precur-
sor cells on 200–280-nm-diameter polystyrene nanopillars. Abadi et al. (148) transferred primary
human CMmicro- and nanoscale topography features onto a PDMS substrate. The authors then
showed that these submicrometer topographies on PDMS influence PSC-CMs’ differentiation
rate and maturity. Protein adsorption on PDMS is known to be influenced by topography; thus,
special care must be taken to decouple properties such as protein density and topography (149).

5. SUMMARY AND FUTURE DIRECTIONS FOR CONTROLLING THE
MICROENVIRONMENT OF CARDIOMYOCYTES VIA BIOMATERIALS

The goal of mimicking different components of the native cardiac microenvironment is to reca-
pitulate the desired CM responses in vitro. Knowledge of what integrin types CMs use to natively
interact with their microenvironment can be used to rationalize the design of specific binding
sites in a biomaterial. Outside-in signaling allows the ECM to control integrin expression (150)
and, thus, downstream mechanical signaling. Most in vitro CM mechanobiology platforms have
focused on cell–ECM interactions, but opportunities exist to vary and probe the nature of the
ligand and its attachment, as well as the role of cell–cell interactions. For example, myocardial
tissue samples demonstrate the prevalence of intercalated discs whereby neighboring cells form
physical and electrical connections. Connexin-43 and N-cadherin are, respectively, the most com-
mon gap junction protein and adherens junction protein expressed in CMs (28, 151). Studies of
pairs of CMs on hydrogels found that the cell–cell interface transitioned from dominantly cell–
ECM to cell–cell adhesion proteins over time (152). CMs on N-cadherin-coated PA hydrogel
sustained forces similar to those of CMs on ECM-coated substrates, but they had different cy-
toskeleton architectures (153). CMs can also be mechanically coupled via underlying substrate
deformations and can experience long-termmodification after themechanical stimulus is removed
(154).

Current in vitro approaches lack temporal changes in the microenvironment’s biochemical
and biophysical properties that recapitulate heart development, and PSC-CMs exhibit proper-
ties of early to late fetal CMs (28). Thus, localized control of ligand type and placement, and of
stiffness and cyclic stretch, would enable more precise studies of the variations and dynamics in
themyocardium.Temporal and reversible control over biochemical and biophysical properties will
better allow researchers to mimic heart changes in the microenvironment during development or
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a disease state. An open question in the field is whether mimicking the evolution of the cardiac
environment in vitro can increase the maturity and utility of PSC-CM models. More research
is needed to control and tune specific biointerface properties; to quantify biomaterial and cell-
adhesive properties; and to enable precision studies of the role of cardiac cell–ECM and cell–cell
interactions in development, homeostasis, and disease.
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