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The microenvironment of myocardium plays an important role in the fate and function 
of cardiomyocytes (CMs). Cardiovascular tissue engineering strategies commonly 
utilize stem cell sources in conjunction with microenvironmental cues that often 
include biochemical, electrical, spatial and biomechanical factors. Microenvironmental 
stimulation of CMs, in addition to the incorporation of intercellular interactions from 
non-CMs, results in the generation of engineered cardiac constructs. Current studies 
suggest that use of these factors when engineering cardiac constructs improve cardiac 
function when implanted in vivo. In this review, we summarize the approaches to 
modulate biochemical, electrical, biomechanical and spatial factors to induce CM 
differentiation and their subsequent organization for cardiac tissue engineering 
application.
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Tissue engineering has emerged as a prom-
ising adjunct therapy to the treatment of 
cardiovascular disease (CVD). Tissue engi-
neering employs principles from bioengineer-
ing and life sciences to generate tissue-like 
replacements to restore physiological func-
tion. In particular to cardiovascular tissue 
engineering, the purpose of the engineered 
myocardial tissue is to repair or regener-
ate myocardial tissue due to CVD, which 
affects 85.6 million American adults  [1] and 
is associated with an overall rate of death of 
222.9 per 100,000 Americans [1]. CVDs that 
can benefit from tissue engineering include 
myocardial infarction, congenital heart dis-
ease, complete heart block and atherosclero-
sis. These diseases have a detrimental effect 
on the myocardium’s function to pump 
blood throughout the circulatory system. 
The myocardium itself relies on blood sup-
ply from vessels in order to maintain a steady 
flow of nutrients and oxygen to maintain 
normal pumping capacity. Currently, surgi-

cal interventions for treating CVDs include 
heart valve repair, bypass surgery and heart 
transplantation. Heart valve repair and 
bypass surgery primarily circumvent rather 
than repair the damaged tissues. The limi-
tations of heart transplantation include the 
shortage of donor organs for transplantation, 
the limited durability of transplanted organs 
and the need to undergo immunosuppression 
regimen after transplantation. Therefore, tis-
sue engineering is a promising approach to 
overcome these limitations by providing a 
new source of autologous myocardial tissue.

The myocardium is composed of four 
chambers, namely the left atrium, right 
atrium, left ventricle (LV), and right ven-
tricle. The chambers are composed of mul-
ticellular populations that are exposed to 
a variety of environmental stimuli. At the 
cellular level, the myocardium is comprised 
of 30–40% cardiomyocytes (CMs) that are 
responsible for contractility of the myocar-
dium, along with 60–70% non-CMs that 
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include endothelial cells, vascular smooth muscle 
cells and fibroblasts [2–4]. Besides interacting with one 
another, the myocardial cells also respond to numer-
ous microenvironmental stimuli such as biochemical, 
biomechanical and electrical stimulation. In order to 
generate CMs for cardiovascular tissue engineering 
applications, numerous stem and progenitor cells have 
been examined. In this review, we summarize recent 
advances in the generation of stem cell-derived CMs, 
with a focus on the role of microenvironmental fac-
tors in modulating CM differentiation for myocardial 
tissue engineering.

Properties of CMs
In the myocardium, native CMs can be distin-
guished from other cell types based on a unique set 
of cytoskeletal markers, including cardiac troponin-T, 
α-troponin, α-myosin heavy chain (α-MHC/MYH6 ), 
β-MHC (MYH7), atrial myosin light chain-2 
(MLC2a), ventricular myosin light chain-2 (MLC2v) 
and α-actinin  [5–7]. Transcriptional markers of car-
diac phenotype include NKX2.5 and GATA4  [8,9]. 
Additionally, connexin-43 (Cx43) is a gap junctions 
expressed by CMs and other cells  [10]. Electrophysi-
ological mapping techniques such as microelectrode 
array, patch clamp, isometric force measurements, 
sharp electrode recordings and optical mapping are 
some of the methods to characterize the function of 
CMs [11–13]. Additionally, the function of mature CMs 
can be assessed using microscopy to reveal high mito-
chondrial numbers, organized sarcomeres and correct 
myofilament structure [14–16].

Sources for the generation of stem 
cell-derived CMs
Despite the fact that during mammalian development 
native fetal CMs replicate robustly, in the postnatal 
environment these cells become highly structured and 
enter a stable state of cell cycle senescence [17]. In order 
to derive CMs for tissue engineering, stem cells are 
an optimal cell source because of their ability to self-
renew and give rise to CMs. The three major types of 
stem cells that have emerged as potential CM sources 
are cardiac stem cells, multipotent stem cells and 
pluripotent stem cells.

Resident cardiac stem & progenitor cells
Resident cardiac stem and progenitor cells that can 
differentiate into CMs have been identified and char-
acterized by the expression of surface cell markers, 
c-kit (or CD117)  [18–23], stem cell antigen-1 (Sca-1 
or Ly6A)  [24,25] and ATP-binding cassette trans-
porter [26–28]. The c-kit+ cells are capable of self-renewal 
in both in vitro and in vivo settings, while maintaining 

the ability to differentiate into CM, endothelial and 
smooth muscle lineages  [18,24,28–31]. However, recently 
it has been questioned whether c-kit+ cells are repre-
sentative of cardiac progenitors  [32,33]. By targeting 
the c-kit locus with several reporter genes in mice, 
Sultana et al. demonstrated that c-kit labeled cells in 
developing hearts were predominantly cardiac endo-
thelial cells and not cardiac progenitors [34].

Multipotent stem cells
Multipotent stem and progenitor cells can be grouped 
into the two main categories of mesenchymal stem 
cells (MSCs) and mononuclear cells (MNCs). MSCs 
can be isolated from numerous parts of the body, 
including umbilical cord, bone marrow (BM), adipose 
tissue, tendon, skin, bone, thymus, muscle, brain, kid-
neys, lungs, spleen, liver, pancreas, synovial membrane 
and perivascular niches  [35]. MSCs are multipotent, 
non-hematopoietic stem cells (HSCs) that can dif-
ferentiate into mesenchymal and nonmesenchymal 
lineages. Mesenchymal lineages include osteoblasts, 
chondrocytes and adipocytes, while nonmesenchy-
mal lineages include neurons, epithelium and hepato-
cytes [36]. MSC-derived CMs have been reported both 
in vitro [37,38] and in vivo in mice [39]. The advantages 
of utilizing MSC for cardiac regeneration include 
not only their multilineage differentiation potential, 
but also their immune-privileged features which may 
enable allogenic applications. However, a disadvantage 
of MSCs as the source of stem cell-derived CMs is the 
generally low efficiency of differentiation.

MNCs are the fraction of cells found in the BM or 
peripheral blood whose nuclei are rounded and lack 
granules in the cytoplasm. MNCs include HSCs as 
well as non-HSC populations. Human MNCs that 
are hematopoietic progenitors include lymphoid cells, 
macrophages and monocytes. Non-HSCs found within 
MNCs include embryonic-like stem cells, multipotent 
adult progenitor cells, hemangioblasts, endothelial 
progenitor cells and tissue committed stem cells  [40]. 
Moreover, approximately 0.01–0.001% of human 
BM–MNC fractions represents MSCs [35]. MNCs can 
be isolated by density gradient centrifugation, a process 
that allows the separation of MNCs relatively quickly 
and easily  [41]. The ease of isolation enables MNCs 
to be transplanted on the same day of harvesting [41]. 
However, like MSCs, a major limitation in MNCs is 
the limited efficiency of cardiac differentiation [42,43].

Pluripotent stem cells
More recently, another source of CMs has been iden-
tified from differentiated human pluripotent stem 
cells (hPSCs), including human embryonic stem cells 
(hESCs) and human induced pluripotent stem cells 
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(hiPSCs). These hPSCs can differentiate into any spe-
cialized cell from the three lineages depending on expo-
sure to specific chemical factors. In particular, hiPSCs 
have been determined to be more clinically relevant 
than hESCs, owing to the autologous source of donor 
cells that can then be reprogrammed into to a plu-
ripotent state using genetic vectors. hPSCs often have 
distinct properties depending on derivation and main-
tenance. Their unique culture requirements, epigen-
etic features and gene expression mimics the dynamic 
development of pluripotency in the embryo  [44]. The 
transcription factors OCT4, SOX2 and NANOG 
govern and define pluripotency based on their specific 
expression in pluripotent stem cells and embryos  [44]. 
Numerous studies have derived CMs from hESCs 
(i.e., lines H7, and H13) [45,46], as well as from hiPSCs 
derived from blood cells and fibroblasts  [45,46] for the 
purposes of tissue engineering [47].

In contrast to native CMs, pluripotent stem cell-
derived CMs are associated with immature morphol-
ogy and function, including disorganized myofibrils, 
reduced mitochondria, reduced force generation 
and different expressions of t-tubules and gap junc-
tions  [48,49]. Immature stem cell-derived CMs sponta-
neously beat and depend on glycolysis rather than fatty 
acid oxidation to produce ATP. Additionally, trans-
plantation of nonentirely purified pluripotent stem cell-
derived CMs carries a risk of teratoma formation [50,51]. 
Therefore, ongoing studies seek to thoroughly matu-
rate stem cell-derived CMs using biochemical  [52], 
electrical, spatial or mechanical factors to circumvent 
undifferentiated stem cells or immature CMs [53].

The CM microenvironment
Numerous cues in the extracellular microenvironment 
exert complex forces and interactions that ultimately 
become transduced into cellular cues that drive CM 
functional or phenotypic changes. For native CMs, the 
major microenvironmental cues include biochemical, 
electrical, spatial and biomechanical factors, along with 
intercellular interactions. Accordingly, these cues can be 
utilized to modulate the phenotype and function of CMs 
for in vitro engineering of myocardial tissue or in vivo 
myocardial repair. Below we review CM modulation by 
each of these microenvironmental factors (Table 1).

Biochemical factors
Based on the participation of biochemical signaling 
pathways in the embryonic development of the myo-
cardium, biochemical molecules and growth factors 
have been employed to promote stem cell differentia-
tion into CMs. These pathways include Wnt [42,54–55], 
bone morphogenetic protein (BMP) [54,60], Notch [58], 
IGF-1  [61,62] and retinoic acid  [65,66] signaling  [77,78]. 

Temporal waves of canonical and noncanonical Wnt 
signaling play distinct roles during cardiac specifica-
tion and morphogenesis  [79]. The Wnt pathway is 
critical for inducing heart field formation, maintain-
ing progenitor status and promoting myocardial dif-
ferentiation [79]. In the canonical pathway, binding of 
Wnt ligands to the Frizzled-LRP5/6 receptor complex 
results in the uncoupling of β-catenin from a multi-
protein degradation complex composed of adeno-
matous polyposis coli, axin and glycogen synthase 
kinase (GSK)-3  [78]. β-Catenin then translocates to 
the nucleus and activates target gene transcription [78]. 
Additionally, Wnt signaling also promotes BMP-4 
and the noncanonical Wnt 11, which induces myo-
cardial differentiation  [79]. Notch signaling plays an 
essential role in atrioventricular (AV) canal develop-
ment, ventricular myocardial development and out-
flow tract development  [80]. Interaction of the Notch 
receptor with transmembrane ligand proteins (Ser-
rate, Delta and Jagged) in a neighboring cell triggers 
the proteolytic cleavage of Notch [78]. Upon cleavage, 
Notch intracellular domain translocates to the nucleus 
to form a transcriptional complex with RBP-J to acti-
vate target genes  [77,78]. BMP signaling also plays a 
fundamental role in myocardial chamber versus non-
chamber determination [79]. Upon receptor activation, 
Smad proteins (Smad1/5/8) are phosphorylated and 
associated with a coactivator Smad (Smad 4), thereby 
enabling the resulting Smad complex to activate target 
genes in the nucleus [77]. IGF-1 regulates CM prolifera-
tion, differentiation, maturation and postnatal growth 
of the myocardium  [81,82]. Retinoic acid, a metabolite 
of vitamin A/retinol, generally restricts the expression 
of heart field markers to limit the size of the heart field 
and signaling eventually gives rise to the atria [79].

These signaling pathways have been employed to 
induce differentiation of hPSCs into hPSC–CMs 
in  vitro. In an early differentiation protocol, the bio-
chemical signaling steps that mediate sequential 
induction of primitive-streak-like population, fol-
lowed by cardiac mesoderm, and finally expansion of 
hPSC–CMs were employed to generate cardiovascular 
lineages  [83]. Biochemical stimulation of BMP-4 and 
activin-A induced the formation of a primitive streak-
like population. Sequential treatment with Wnt inhibi-
tor DKK1 and vascular endothelial growth factor then 
induced a mesodermal progenitor fate. Finally, to sup-
port the expansion of cardiovascular lineages, basic 
FGF was added in the final stage of differentiation. 
More recently, refined protocols for hPSC–CM gen-
eration have led to improved differentiation yields up 
to 95% hPSC–CMs [56,57]. One protocol employs Wnt 
signaling activation using the small molecule GSK3B 
inhibitor, CHIR99021, followed by subsequent Wnt 
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signaling inhibition using WNT-C59  [56]. Similarly, 
BMP-4, activin and insulin in serum-free conditions 
have been reported to produce and efficiency of 75% 
CMs [45]. These examples highlight the important role 
that biochemical signaling plays in inducing cardiac 
differentiation.

Although current differentiation procedures using 
biochemical molecules are efficient, the generated 
hPSC–CMs are often composed of heterogeneous CM 
subpopulations that include ventricular-like, atrial-like 
and nodal-like CMs. These stem cell-derived CMs 
possess phenotypes that are characterized by spon-
taneous beating and inadequate contractile machin-
ery. Additionally, increasing the efficacy of these 
biochemical molecules requires taking advantage of 
delivery systems composed of various biomaterials 
such as matrices, films and microparticles. Accord-
ingly, release kinetics, degradation and protein half-life 
should be considered when deciding on the delivery of 
hPSC–CMs or molecules to injured cardiac sites.

Electrical factors
The developing myocardium can be divided into the 
working myocardium, consisting of the atria and ven-
tricles, as well as the electrical conduction system that 
includes the sinoatrial node, AV node, the AV bundle, 
the left and right bundle branches and the Purkinje 
fibers  [84]. Myocardial contractility requires distinct 

electrical profiles that depend on sodium, potassium 
and calcium channels of CMs  [84]. Since the myocar-
dial contractility depends on the proper electrophysiol-
ogy of CMs, electrical stimulation has been shown to 
improve the yield or maturity of stem cell-derived CMs. 
For instance, Tse et al. demonstrate that after applica-
tion of electrical stimulation on 4-day-old embryoid 
bodies using electrodes at 6.6 V/cm, 1 Hz and 2 ms, the 
resultant hESC–CMs exhibited upregulation of car-
diac specific genes (HCN1, MLC2V, SCN5A, SERCA, 
Kv4.3 and GATA4), promoted ventricular-like hESC-
CM phenotype and significantly increased both spon-
taneous and caffeine-induced calcium flux  [85]. Simi-
larly, spontaneous contractility accompanied with an 
increase in reactive oxidative species (ROS) has been 
reported in 4–8 days old hESC-derived embryoid bod-
ies suspended in low ionic content pulsing buffer after 
exposure to an electric field pulse of 1 V/mm for 1 or 
90 s. The increase in ROS suggests that electrical stim-
ulation plays a role in cardiac differentiation through 
intracellular generation of ROS [67]. Alternatively, the 
inclusion of conductive nanomaterials such as nanow-
ires (nanoscale rods made of semiconducting materi-
als) and nanotubes (molecular-scale tubes with high 
mechanical stiffness and strength) in CM cultures has 
been utilized in order to increase the electrical con-
ductivity of CMs. Several studies have demonstrated 
that nanowires and nanotubes promote native and 

Table 1. Summary of microenvironmental factors that modulate cardiomyocyte phenotype and 
function.

Microenvironment In vitro approach Results Ref.

Biochemical Wnt Differentiation of hPSCs to CMs (80–90% pure) [54–57]

Notch Differentiation of hPSCs to CMs [58] 

BMP CM/cardiac mesoderm specification [59,60]

FGF – [59]

IGF-1 CM and cardiac stem cell proliferation 
Antiapoptotic 
Prohypertrophic

[61–64]

Retinoic acid Differentiation of hPSCs to CMs 
Antiapoptotic

[65,66]

Activin A – [60]

Electrical – Differentiation of hPSCs to CMs 
CM sarcomere organization 
CM electrophyiological maturation

[67–70]

Spatial Topographical patterning hPSC–CM maturation [71–73]

Chemical patterning CM alignment [71,74]

Biomechanical Stiffness 
Stretch

CM sarcomere organization 
Calcium dynamics 
CM alignment

[75,76]

BMP: Bone morphogenetic protein; CM: Cardiomyocyte; hPSC: human pluripotent stem cell. 
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hPSC–CM electrophysiological maturation  [68–70,86]. 
Tan et al. demonstrated that the addition of approxi-
mately 0.004% w/v of electrically conductive silicon 
nanowires in scaffold-free rat-neonatal cardiac spher-
oids formed electrically conductive networks  [68]. Rat 
spheroids were stimulated at 15 V at 1 Hz to mimic 
the electrical pulses of native myocardium, which 
resulted in improvements in the contraction amplitude 
and synchronization [68]. Additionally, the study dem-
onstrated significant improvement in both sarcomere 
length and Z-line width with the use of hiPSC–CM-
derived spheroids and nanowires  [68]. Although the 
expression of contractile proteins were seen after 7 days 
of culture with nanowires and maintained for 3 weeks, 
extended culture did not further improve hiPSC–
CM maturation  [68]. Nunes et al. employed electrical 
stimulation to hPSC–CMs cultured on biowires to 
improve cardiac maturation by enhancing myofibril 
ultrastructure, electrophysiological properties, calcium 
handling, along with elevating conduction velocity, 
compared with nonelectrically stimulated cells [69].

A limitation of implantable electrode probes is the 
small contact areas of nanowires. Overcoming this 
limitation requires focusing on the electrode/myocar-
dium interfaces and matching overall probe/myocar-
dium feature sizes and mechanical properties. These 
studies underscore the importance of electrical stimu-
lation as an important stimulus of cardiac phenotype 
and maturity.

Spatial factors
Biophysical cues are also important in directing the 
formation and development of the myocardium. 
Early cardiac development requires spatial interac-
tions of inductive tissue across the germ layers of the 
embryo [87]. These spatial interactions are derived from 
the extracellular matrix (ECM), which are a milieu 
of extracellular proteins that provide structural sup-
port and can also modulate cell behavior and func-
tion. Furthermore, the adult myocardium is aniso-
tropic and consists generally of parallel-aligned CMs 
to facilitate the propagation of electrical signals and 
mechanical contraction  [88]. Accordingly, there have 
been numerous studies that use spatial patterning to 
mimic the cell-to-cell and cell-to-ECM interactions of 
CMs. Commonly used spatial patterning techniques 
for cardiac regeneration include topographic surface 
patterning and chemical surface patterning [89,90].

Topographic patterning relies on textured sur-
faces that provide biomimetic spatial guidance cues 
just as cells in vivo contact textured and not smooth 
surfaces  [91]. Cell function is affected by topography 
depending on the topographical pattern. Anisotropic 
ridges and grooves often influence contact-guided 

cell alignment, whereas isotropic textures (with ran-
domly or evenly distributed topographic features) 
affect global CM function  [91]. These ridges and 
grooves are usually produced using micromachining 
or lithographic techniques [91,92]. Elongated cell shape 
and the directional organization of the cell cytoskel-
eton are often identified in response to anisotropic 
topographies such as ridges and grooves  [71,74]. Cell 
orientation generally increases with increasing groove 
depth, but decreases with increasing groove width [91]. 
For example, neonatal rat CMs cultivated on micro-
grooved substrates for 7 days became highly elongated 
along the microgrooves, with more pronounced align-
ment evident with 1 μm compared with 4 μm period-
icity [74]. Additionally, rat CMs maintained their con-
traction ability better when cultured on polystyrene 
and polyurethane nanogrooved substrates (450  nm 
in groove width and 100 or 350 nm in depth)  [89]. 
Neonatal rat CMs were reported to form highly 
anisotropic cell arrays guided by the direction of the 
underlying nanoridges. Culturing CMs on PEG-
based substrata with precisely controlled nanoscale 
also induced functional changes such as the conduc-
tion velocity and expression of Cx43 [93]. Additionally, 
hiPSC–CM organization and structural development 
was dependent on nanotopographical feature size, 
with improved CM development on grooves in the 
700–1000 nm range [71].

Besides topographic patterning, spatial organiza-
tion can be imparted onto substrates by the immo-
bilization of biological molecules in controllable size 
and position through a chemical patterning pro-
cess  [91]. These biological molecules consist of ECM 
proteins such as collagen, laminin and fibronectin 
or peptides containing cell-binding domains such 
as arginine–glycine–aspartate  [91]. This type of pat-
terning relies on spatial patterns at the microscale 
or nanoscale to regulate cellular functions  [91] such 
as differentiation, cell survival and proliferation [94]. 
These cellular responses are a result of mechanotrans-
duction pathways mediated in part by integrin-ligand 
binding  [91]. Salick  et  al. reported that micropat-
terned features with widths between 30 and 80 μm 
induced a notable increase in sarcomere alignment 
of hESC–CMs, relative to the long axis of the pat-
tern direction  [95]. These patterns were produced 
using high-resolution photolithography techniques 
and microcontact printing with areas ranging from 
2500 to 160,000 μm2  [95]. Microcontact printing 
was developed for patterning molecules over large 
areas onto a variety of surfaces  [94]. When multipo-
tent cardiovascular progenitor cells were cultured on 
acrylamide gels with patterns of 20-μm thick with 
20-μm spacing, they controllably differentiated into 



192 Regen. Med. (2017) 12(2)

Figure 1. Cardiomyocyte troponin-T-cell marker expression assay on an aligned anisotropic scaffold. 
(A) Troponin-T immunostaining 72 h after seeding human induced pluripotent stem cell-derived cardiomyocytes. 
(B) Merged view of the human induced pluripotent stem cell-derived cardiomyocytes stained for troponin-T and 
Hoechst 33342 nuclear dye on parallel-aligned electrospun scaffolds that autofluorescence (in blue color).  
Scale bar = 100 μm.
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relatively pure populations of pacemaker-like or ven-
tricular-like CMs [72]. The techniques for microcon-
tact printing do not require special equipment and 
involve processing conditions that are not damaging 
to biomolecules [94]. However, microcontact printing 
is limited in pattern resolution due to diffusion of 
molecules during the printing process or deformation 
of stamps under applied pressure  [94]. Alternatively 
to microcontact printing, hydrogels that degrade in 
response to UV light can be easily photopatterned in 
a multitude of shapes. For example, micropatterned 
protein-based hydrogels composed of methacrylated 
gelatin and a crosslinker containing o-nitrobenzyl 
ester groups were shown to improve alignment, and 
beating regularity of cultured neonatal rat CMs [73]. 
Various nanoprinting alternative techniques include 
electron-beam lithography, nanoimprinting, dip pen 
lithography, nanopipetting and nanoscale arginine–
glycine–aspartate clustering using functional poly-
mers are also used in chemically patterning to pro-
duce patterns as small as 10 nm [91].

Besides lithography and microcontact printing, 
electrospinning is another spatial patterning method 
that uses electrostatic forces to draw a homogeneous 
mixture of polymer and volatile solvent to produce 
small diameter nanoscale or microscale fibrous scaf-
folds [96–98]. The nanofibrous fibers ranging in diam-
eter from tens to hundreds of nanometers mimic the 
ECM of native cardiac tissue [99,100]. Culturing native 
or stem cell-derived CMs onto electrospun substrates 
produce aligned cells that mimic the anisotropy of 
the native myocardium (Figure 1). Electrospun fibers 
are not only continuous but have high spatial inter-
connectivity and high porosity  [99]. Native CM and 

stem cell-derived CM alignment has been reported 
with numerous electrospun materials, including 
polymethylglutarimide  [101], polyurethane  [102] and 
poly(ε-caprolactone)/gelatin composite  [103] scaf-
folds. Generating fibrous scaffolds using electrospin-
ning is relatively simple. For instance, Bursac  et  al. 
have shown that anisotropic polymer scaffolds pre-
pared by leaching of aligned sucrose templates not 
only support aligned and interconnected rat cardiac 
cells, but also support continuous anisotropic impulse 
propagation  [104]. Another technique known as cell 
electrospinning allows cell-laden composite living 
fibers containing primary CMs to be generated. The 
technique utilizes fine composite threads that encap-
sulate biosuspensions containing viable CMs, leading 
to high cellular infiltration into the scaffold  [105,106]. 
Studies have demonstrated that cell electrospinning 
does not interfere with the integrity of the CMs, since 
the cells are able to preserve myofibrils and gap junc-
tions within the electrospun fibers [105]. In summary, 
using spatial patterning techniques, patterning of 
CMs have shown to modulate their function and/or 
differentiation capacity from stem cells.

Biomechanical factors
Since cardiac tissue develops under dynamic condi-
tions in the body, biomechanical stimuli are often used 
to mimic in vivo mechanical forces. The developing 
human heart experiences a continuously changing 
topography, native CM contraction and myocardial 
blood flow. These mechanical stimuli often affect 
native CM biochemical pathways and cellular pro-
cesses influenced by intracellular tension and extra-
cellular stress  [107,108]. CMs respond to mechanical 
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Figure 2. Biomechanical stretching. Illustrations of uniaxial, biaxial and equiaxial stretch.

Stiff Soft Stiff Soft Stiff Soft
Hydrogel Hydrogel Hydrogel

Uniaxial Biaxial Equiaxial
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changes through integrin binding, receptor tyrosine 
kinase activation and cell membrane GTPase activa-
tion. Moreover, cellular mechanotransduction depends 
on cell–matrix interactions through focal adhesions, 
stress fibers and microtubules  [109]. The two major 
methods of applying mechanical stimuli to cells are 
through substrate stiffness and stretching (Figure 2).
The stiffness of the ECM regulates biological processes 
such as motility, cell fate, morphology and gene expres-
sion [110–112]. Accordingly, Young et al. reported impaired 
native CM maturation via decreased myofibril formation 
and contractility on substrates that were softer or stiffer 
than the mature CM niche (∼10 kPa) [111]. Similarly, neo-
natal rat CMs cultured on polyacrylamide substrates of 
stiffness comparable to the native adult rat myocardium 
(22–50 kPa) were reported to be optimal as the native 
CMs had superior elongation (aspect ratio >4.3), high 
contractile force development (0.52–1.60 mN/mm2) 
and well-developed striations [113]. Additionally, Rodri-
guez et al. reported greater twitch force, greater intracel-
lular calcium during contraction and greater sarcomeric 
length in neonatal rat CMs on stiffer PDMS micro-
posts  [75]. In contrast, Jacot  et  al. demonstrated that 
neonatal rat ventricular CMs plated onto 10 kPa poly-
acrylamide collagen coated substrates developed aligned 
sarcomeres, greater mechanical force and larger calcium 
transients, when compared with stiffer substrates which 
generated cells with unaligned sarcomeres [76]. Stiffness 
also plays an important role in directing cardiac differ-
entiation of cardiac progenitors [114], adult stem cells [115] 
and pluripotent stem cells [116].

Native CMs are also subjected to biomechani-
cal stretch in vivo and often have to adapt to tis-
sue stresses due to myocardial pressure and volume 
changes. Accordingly, biomechanical stretch plays 
an important role in the growth, differentiation and 
development of stem cell-derived CMs [107,108]. Differ-
ent biochemical pathways might be activated depend-
ing on two major variables including the frequency; 
applied in a dynamic or static manner; and the direc-

tion of stretch applied (i.e., uniaxial, biaxial or equi-
axial) (Figure 2). For instance uniaxial cyclic stretch-
induced realignment of hESC–CMs was found to be 
driven by mechanosensitive TRPV4 channels which 
was able to induce Akt phosphorylation  [117]. The 
hESC-derived CMs that were stretched cyclically at 
1.0 Hz for 2 weeks at 10% strain were more mature 
than hESC-derived CMs on unstretched control scaf-
folds. The stretched hESC-derived CMs displayed 
increased cardiac α-MHC, α-actinin, GATA-4 and 
Nkx2.5 mRNA  [118]. Likewise, when neonatal rat 
CMs were exposed to biaxial cyclic stretch at 10% 
elongation, there was a stretch induced increase in the 
CM focal adhesion kinase (FAK) Y397 phosphoryla-
tion and FAK activation [119]. Equiaxial cyclic stretch 
at 10–25% stretch has also been shown to increase 
the percentage of hESC-CM with organized sarco-
mere structure and increased αMHC, βMHC and 
atrial natriuretic factor mRNA after 24 h [120]. A 20% 
equiaxial static stretch has also been reported to acti-
vate MAPKs of neonatal rat ventricular CMs  [121]. 
Equiaxial mechanical stretch activated ERK1/2, p38 
and JNK through β1integrin and FAK-independent and 
-dependent mechanisms  [121]. Mechanical condition-
ing can improve the functional properties of engi-
neered cardiac tissues. However, force specifications 
such as the magnitude, frequency, continuous or 
intermittent, duty cycle that mimic the myocardium 
are difficult to reproduce consistently.

Intercellular interactions
Besides biochemical, biophysical and electrical stimuli, 
another important interaction is derived from cell–cell 
communication with non-CMs. The myocardium 
depends on blood supply from vessels composed of 
vascular cells such as endothelial cells, pericytes, vas-
cular smooth muscle cells and fibroblasts. These vas-
cular lineages also aid in the normal function of the 
myocardium. CM interactions with vascular lineages 
and other cell types such as telocytes play an impor-
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tant in the maintenance of the myocardium. Cardiac 
telocytes extend long, slender processes, which are 
used to embrace the myocardial progenitors and form 
a 3D network throughout the myocardium  [122,123]. 
The connections between telocytes and CMs have 
been reported to comprise of dot junctions with nano-
contacts or asymmetric junctions  [124]. While native 
CMs are aligned in myocardium tissue in sheets called 
laminae, fibroblasts are dispersed in the extracellular 
matrix that surrounds these CMs and contribute to 
electromechanical signaling through gap junctions 
such as Cx43 and Cx45  [125]. These electromechani-
cal coupled signals ultimately affect contractility of the 
myocardium. Native CM secretion of factors such as 
ET-1, basic FGF, urocortin, adenosine and the enzyme 
heme oxygenase regulates myocardial requirements for 
oxygen and nutrients with the blood flow by varying 
vascular tone [126].

Endothelial cells make up the inner lining of ves-
sels, while pericytes and vascular smooth muscle cells 
surround and stabilize the endothelial tubes. Endo-
thelial cells located in the smaller vessels or capil-
laries in particular interact with CMs and connect 
them to vasculature through the Cx43 gap junc-
tion  [125]. Therefore, it is important to consider the 
incorporation of these cells when engineering CMs. 
For instance, cocultured hPSC–CMs, hPSC–ECs 
and amniotic human MSCs embedded in hydro-
gels exhibited an increase in contractility and sur-
vival when compared with hydrogels containing 
hPSC–CMs alone [127].

Endothelial cell–cell interactions modulate the 
contractile state of native CMs through paracrine 
interactions. Nitric oxide in the heart affects the ini-
tiation of ventricular relaxation, while endothelin-1 
causes CM constriction as well as the release of sig-
naling molecules such as prostaglandin I

2
 and nitric 

oxide  [128]. Endothelial cells also promote CM sur-
vival by expressing neuregulin, which protects against 
anthracycline-, H

2
O

2
- and adrenergic receptor-

induced CM death  [128]. Additionally, the interac-
tion between endothelial cells and ESC cells has been 
shown to facilitate ESC differentiation into ESC–
CMs [129]. For example, EphrinB4, which is expressed 
in endothelial cells provide a niche to direct ESC cell 
differentiation into ESC–CMs  [129]. Intercellular 
interactions are important, however, it is important 
that the initial distribution of cells within engineered 
constructs after seeding is related to the distribution 
of myocardium.

In summary, intercellular communication with 
other cell types plays an important role in the mainte-
nance of hPSC–CM function as well as induction of 
hPSC–CM lineage.

Applying microenvironmental cues & 
intercellular interactions for cardiac tissue 
engineering
Toward the goal of engineering myocardial tissue con-
structs for treatment of heart failure, modulation of 
microenvironmental factors and intercellular interac-
tions have been employed to improve the function and 
maturation of CMs. Below we provide examples in 
which microenvironmental factors were employed to 
construct myocardial tissue constructs for preclinical 
testing in the ischemic myocardium.

Electrical stimulation
Electric stimulation of cardiac tissue engineered 
models has been reported to affect CM function. 
Zhou et al. demonstrated that electric field stimula-
tion of primary CMs cultured in single-walled car-
bon nanotube/gelatin (SWNT/gelatin) composite 
scaffolds induced synchronized contractility  [130]. 
SWNT/gelatin showed that the scaffolds were highly 
microporous structure and a well-developed network 
in which coil SWNTs were uniformly distributed. 
The scaffolds were seeded with ventricular cardiac 
cells from 1-day-old neonatal Sprague–Dawley rats 
under static conditions for 3 days, following 5 days 
of electrical field stimulation  [130]. These composite 
scaffolds were then implanted into Sprague–Dawley 
rats with large myocardial infarct. Four weeks after 
implantation, there was evidence of integration with 
the host myocardium, based on migration of the trans-
planted CMs and integration of the SWNTs with the 
host myocardium  [130]. The engineered myocardial 
tissue also inhibited further pathological deteriora-
tion of infarcted heart  [130]. In a related technology, 
the addition of gold nanowires within the macropores 
of alginate scaffolds connected nonconducting pore 
walls that increased electrical signal propagation 
throughout engineered myocardial tissue [131]. Incor-
poration of gold nanowires within alginate scaffolds 
seeded with rat neonatal CMs and fibroblasts resulted 
in higher levels of the proteins involved in muscle 
contraction and electrical coupling such as Cx43 [131]. 
In another example, Barash  et al. used a cultivation 
system that combined electrical stimulation with per-
fusion of thick, functional engineered myocardial tis-
sue  [132]. The custom-made electrical stimulator was 
integrated by inserting two carbon rod electrodes into 
a perfusion bioreactor that had several neonatal rat 
cardiac cell constructs. The study revealed that culti-
vation for only 4 days under perfusion and continu-
ous electrical stimulus (74.4 mA/cm2, 2 ms, bipolar, 
1 Hz) promoted cell elongation and striation, and 
enhanced the expression level of cx43 gap junctional 
protein [132].
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Biophysical regulation
There are several reported models that utilize biophysi-
cal cues. For instance, when cardiosphere-derived cells 
were combined with nanotopographically defined 
hydrogels, early cardiomyogenesis was dramatically 
enhanced [133]. It was reported that only highly aniso-
tropic grooves (400-nm wide) and ridges (400-nm 
wide and 500-nm high) nanofeatures enhanced car-
diac differentiation. The study used ultraviolet assisted 
capillary nanomolding techniques to produce biomi-
metic nanostructures of PEG-based hydrogels  [133]. 
When the patches were transplanted in a rat myocar-
dial infarction model there was an enhanced retention 
of transplanted cells and integration with the host tis-
sue [133]. Similarly, Liau et al. utilized soft lithography 
to reproducibly generate cardiac tissues with control-
lable size and 3D architecture  [134]. Alignment cues 
in the fibrin-based hydrogels were developed using 
photolithographic micromolding techniques [134]. The 
3D topographical cues in the fibrin-based hydrogel 
matrix generated anisotropic 3D cardiac tissue patches 
with dense, uniformly aligned, highly differentiated 
and electromechanically coupled murine embry-
onic stem cell-derived CMs  [134]. The patches gener-
ated rapid action potential conduction with velocities 
between 22 and 25 cm/s, and contractile forces of up 
to 2 mN. Lin  et  al. also reported CMs cultured on 
gelatin-coated aligned nondegradable polyacrylonitrile 
electrospun nanofibers (320 nm in diameter) demon-
strated alignment, better beating frequency and ampli-
tude than CMs on randomly oriented nanofibers [135]. 
When the electrospun nanofibrous cardiac patches 
were implanted in a rat myocardial infarction model, 
aligned patches cocultivated with ECs demonstrated 
improved left ventricle ejection fraction compared with 
the random patches cocultivated with ECs. Addition-
ally, 1 day after myocardial infarction, transplanted 
cells seeded on aligned electrospun patches were 
found to protect a greater number of host CMs against 
apoptosis [135].

Mechanical stretch
Besides electrical and biophysical cues, application 
of cyclic mechanical stretch to engineered myocar-
dial tissue has been shown to improve CM alignment 
along the stretch axis, contractile function and gene 
expression of phenotypic CM markers [136]. Anisotro-
pic stretch-conditioned fibrin scaffolds seeded with 
a physiologically relevant population of neonatal rat 
heart cells (39% CMs, 15% SMA+, <0.5% CD31+) or 
a CM-depleted population (consisting of 1.8% CMs, 
11.5% SMA+, <0.5% CD31+) were reported to ame-
liorate left ventricular remodeling in immunocompe-
tent rats. Transplantation of patches containing CMs 

was associated with a reduction in infarct size and 
LV wall thinning to a greater extent than non-CM 
patches. Additionally, donor cell invasion and resto-
ration of complete cardiac function was present only 
in the hearts that received a patch containing both 
CMs and non-CMs  [137]. Moreover, bioreactors are 
often used to biomechanically stimulate the complex 
environment of innate CMs. Lux et al. applied cyclic 
stretch on their decellularized porcine small intestinal 
submucosa patches, perfused biological vascularized 
matrix patches as well as a 3D construct containing 
neonatal rat heart cells [136].

Cell–cell interactions
Intercellular and intracellular interactions have been 
shown to influence the performance of implanted cells. 
In one study engineered heart tissues (EHTs) were cre-
ated from neonatal rat hearts and growth supplements 
embedded in collagen and Matrigel  [138]. The EHTs 
were reconstituted in circular molds and subjected to 
mechanical strain. The study used multiloop EHTs 
that consisted of longitudinally oriented and intercon-
nected muscle strands that contracted spontaneously 
at 1–2 Hz [138]. Additionally, blood vessels containing 
donor endothelial cells and smooth muscle cells were 
found within the EHTs 4 weeks after implanting the 
multiloop EHTs into male Wistar rats that had large 
myocardial infarcts  [138]. Therefore, the CMs had 
multicellular interactions with both endothelial and 
smooth muscle cells. However, the recipient’s CMs 
did not integrate into the EHTs nor did the donor’s 
CMs integrate into the recipient’s myocardium. 
Functionally, the EHTs prevented further dilation, 
induced systolic wall thickening of infarcted myocar-
dial segments and improved fractional area shorten-
ing of infarcted hearts compared with controls  [138]. 
Engineered heart muscle containing 70–95% pure 
hESC–CMs were similarly reported to enhance sar-
comere alignment and increased cx43 expression at 
220 days after transplantation after implantation in 
a chronic rat myocardial infarction model  [139]. The 
study also reported cell death was limited to the first 
2 weeks following implantation with no significant 
cell loss afterward ≤85 days  [139]. Therefore, implan-
tation of EHTs made from hESC–CMs therefore, 
lead to long-term engraftment of implanted cells in 
a chronic myocardial infarction model. Recently, 
Wendel  et  al. developed fibrin gel aligned cardiac 
patches containing hiPSC–CMs and pericytes  [140]. 
When engrafted in rats with acute infarcts, not only 
did the CMs survive and proliferate, but the patches 
also reduced the infarct size and improved the car-
diac function [140]. The inclusion of vasculature com-
prised of endothelial and perivascular cells is another 
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approach that would circumvent cell death within the 
patch and encourage integration with the host when 
implanted. For instance, Kedem et al. reported fully 
vascularized patches 7 days post implantation onto 
infarcted rat hearts when mature vasculature from 
the omentum was incorporated in an alginate cardiac 
patches [141]. The patches, consisting of neonatal car-
diac cells, showed electrical integration into the host 
myocardium 28 days post implantation [141].

Conclusion
Engineering cardiac tissue that mimics native myo-
cardium tissue depends on modulating several 
microenvironmental cues, including biochemical, 
electrical, spatial and biomechanical factors, along 
with intercellular interactions. The implementation 
of these different microenviromental cues can influ-
ence CM differentiation, maturation, organization 
and electrophysiology, in order to improve the engi-
neered cardiac tissue’s functionality and ultimately 
myocardial function.

Future perspective
Cardiovascular tissue engineering relies on the gen-
eration of functional cardiac constructs that can be 
integrated within the body as treatment for CVDs. 
However, there are challenges to overcome in order 
to ensure proper integration of the constructs into the 
myocardium. CM cell survival in vivo, maturation 
and organization are the major hurdles to overcome 
when developing constructs. In order to promote cell 
homing, engraftment and retention at the treatment 

site, studies now modify the surface of stem cells. 
For instance, interactions that typically do not exist 
between MSCs and the endothelium can be stimu-
lated. Prevascularization of constructs might improve 
cell survival by providing cells that are not located in 
the constructs periphery oxygen and nutrients through 
blood vessels [142]. Incorporation of electronics in car-
diac constructs may also allow online monitoring 
and reporting of engineered-tissue performance [143]. 
Additionally, new techniques are constantly emerg-
ing that take advantage of precise cell organization 
within constructs such as 3D bioprinting. Despite the 
challenges, the generation of functional cardiac con-
structs represents a promising supportive therapy in 
postsurgical heart recovery therapy.

Financial & competing interests disclosure
This work was supported in part by grants to NF Huang from 

the US NIH (R00HL098688, R01HL127113 and R21EB020235), 

a Merit Review Award (1I01BX002310) from the Department 

of Veterans Affairs Biomedical Laboratory Research and 

Development service, the Stanford Chemistry Engineering 

& Medicine for Human Health, the Stanford Cardiovascular 

Institute and a McCormick Gabilan fellowship. M Wanjare 

was supported by a diversity supplement throughthe US NIH 

(R01HL127113). The authors have no other relevant affilia-

tions or financial involvement with any organization or entity 

with a financial interest in or financial conflict with the subject 

matter or materials discussed in the manuscript apart from 

those disclosed.

No writing assistance was utilized in the production of this 

manuscript.

Executive summary

Background
•	 Cardiovascular tissue engineering employs the use of stem cells, microenviromental cues and intercellular 

interactions to generate functional tissue constructs.
•	 Cardiomyocyte (CM) sources include resident cardiac stem cells, adult stem cells and pluripotent stem cells.
Microenvironmental cues
•	 Biochemical molecules and growth factors have been employed to promote stem cell differentiation into CMs. 

These molecules are present in biochemical signaling pathways that regulate embryonic development of the 
myocardium.

•	 The extracellular matrix, which is a scaffolding structure of extracellular proteins in which cells reside, 
modulate cell function in part through spatial factors. Spatial factors rely on the use of spatial patterning to 
mimic the cell-to-cell and cell-to-extracellular matrix interactions of CMs.

•	 Biomechanical stimulation of CMs is accomplished by altering substrate stiffness and stretching CMs.
•	 Intercellular interactions between CMs and non-CMs occur through electromechanical signaling and paracrine 

signaling.
Applications for cardiac tissue engineering
•	 Microenvironmental stimulation of CMs affect CM proliferation, maturation, organization, survival and 

electrophysiological characteristics.
•	 Microenvironmental stimulation of CMs and incorporation of intercellular interactions from non-CMs are used 

to generate cardiac constructs that can be implanted into the diseased myocardium.
Challenges
•	 CM cell survival in vivo, maturation and organization.
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