
Introduction
Heart failure triggered by myocardial infarction is a 

leading cause of death globally [1]. As the stages of heart 

disease progress, the likelihood of patient survival 

decreases; it is therefore critical to intervene with thera-

peutics as soon as possible in all cases. Currently, heart 

transplantation is the only known cure for advanced 

heart failure; however, with the relative deû ciency and 

immediate unavailability of donor hearts [2], this is not a 

sustainable strategy for the present and future. 

Regenerative medicine, which integrates the sciences and 

technologies of stem cells and tissue engineering, has 

demonstrated promise in alleviating some of these 

challenges.

Within regenerative medicine, there are many com-

peting therapeutic strategies; however, the common key 

elements of almost all strategies inevitably focus on replac-

ing or mobilizing the cells in the heart [3]. Although 

cardiomyocytes (atrial, ventricular, and nodal) are the 

primary target cell types in the heart, cardiac û broblasts 

(structural, and biochemically supportive), and endo the-

lial and smooth muscle cells (which con struct vascula-

ture), are also critical for normal heart func tion. | ese 

cells can come from two potential sources, each of which 

is, in itself, a separate strategy for regeneration of the 

heart. | e û rst strategy is to stimulate the remaining live 

cells in the heart, mainly cardiomyocytes and endothelial 

cells, which have limited proliferative potential, after an 

episode of myocardial infarction. | is is done by the use 

of small molecules or other exogenous factors delivered 

systemically or via intra-myocardial injection. | e second 

strategy is to introduce cells into the diseased area of the 

heart that have been generated ex vivo, either on their 

own, or with supportive biomaterials and/or supportive 

factors [4].

Cardiac tissue engineering aims to manipulate the 

microenvironment cells interact within in order to 

facilitate cell assembly and build functional tissue with 

the goal of providing replacements for diseased or 

damaged native tissues. Additionally, engineered heart 

tissue may serve as an increasingly accurate in vitro model 

for studies in normal and diseased heart physiology, as 

well as drug discovery, validation, and toxicology [5-7]. 

With the advent of serum-free cardiac diû erentiation 

protocols [8-12] comes the ability to generate large 

quantities of cardiomyocytes derived from human pluri-

potent stem cell sources for engineered heart tissue. 

Additionally, cardiomyocyte-speciû c surface markers 

have been identiû ed and microû uidic cell separation 

methods have been advanced that can be used to purify 

heterogeneous populations [13-15].
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| e adult mammalian heart is composed of a complex 

and well-integrated mosaic of anatomical modules. | e 

contractile muscle (atria, and ventricles) positioned 

between the supporting epi- and endocardium, the 

conduction system (pacemaker nodes, and Purkinje û ber 

network), and the highly dense vasculature (endothelial 

and smooth muscle cells) constitute the key elements of 

the cardiac system, which is the engine for the larger 

cardiovascular system. During development, complex 

tissues are formed as pluripotent stem cells diû erentiate 

into increasingly specialized cell types. A primary goal of 

tissue engineering is to recapitulate the conditions occur-

ring during in vivo development in an in vitro setting. To 

do this eû ectively, the complete cellular microenviron-

ment (auto-, para-, and juxtracrine signaling, extracellular 

matrix (ECM) interactions, and electromechanical 

stimuli) must be quantitatively measured, understood, 

engineered, and recapitulated experimentally. In the 

heart, the many cell types form speciû c integrated struc-

tures that contribute to their individual cell and overall 

organ function. To engineer these cells in the appropriate 

positions and to temporally give them the correct bio-

chemical, physical, and electrical cues is the overarching 

goal.

A functional engineered heart tissue requires the 

following four criteria: 1)  aligned syncytium of cardio-

myocytes (and stromal cells) with synchronous electro-

mech a nical coupling of adequate contractile force; 

2)  supportive ECM and scaû olding structure to mimic 

the mechanical and biochemical properties of native 

tissue; 3)  functional microvasculature to provide ade-

quate nutrient and oxygen delivery within a tissue of 

clinically relevant thickness; and 4)  suitable degree of 

maturation for either successful implantation and host 

tissue integration or an appropriate in vitro model 

mimicking adult heart tissue.

Two techniques that have been used to manipulate cells 

progressing through cardiac diû erentiation and func-

tional assembly into engineered heart tissue with positive 

functional eû ects are 1)  control of extracellular surface 

topology and geometry, and 2)  electrical control by 

stimulation and the use of conductive biomaterials.

The role of extracellular geometry and electrical 
properties in cells and tissue
| e response of cells to the changes in micro environ-

mental signals is enabled by biochemical pathways. A 

change in substrate stiû ness, surface topography, tugging 

force, or the molecular composition of the surrounding 

ECM is seen by the cell as a biochemical signal via 

mechanotransduction-mediated ligand receptor inter-

actions. Similarly, a change in electrical charge density on 

either side of a cell membrane due to external stimulation, 

or a sudden inû ux of extracellular ions is also a 

bio chemical signal that the cell can understand. Many 

studies suggest that these types of signals are just as 

important as soluble factor-based autocrine and para-

crine signaling in inû uencing cell fate and state [7,16-18].

| e Chen and Discher groups have shown the 

importance of surface topography and substrate stiû ness 

in directing mesenchymal stem cell fate [19,20]. | e û rst 

study, by McBeath and colleagues [20], determined the 

signiû cance of surface topography by micropatterning 

cells onto islands of ECM and observing the resulting 

eû ects on cell morphology. A connection was then made 

between cell morphology (round on small micro-

patterned islands versus spread out and û at on larger 

islands) and lineage fate. Speciû cally, spread out and û at 

cells under cytoskeletal tension were thought to mediate 

RhoA expression, which if expressed constitutively 

directed the mesenchymal stem cells into osteoblasts, 

and if not expressed, as in the non-spread and round 

cells, directed them into adipocytes [20]. Engler and 

colleagues [19] studied the eû ects of substrate stiû ness 

on directing mesenchymal stem cell fate and found that 

cells cultured on ECM that mimicked native tissue 

elasticities were directed to that tissue type. For example, 

mesenchymal stem cells cultured on brain-like ECM 

diû erentiated primarily into neurogenic cells, and cells 

cultured on muscle-like ECM diû erentiated into 

myogenic cells.

During heart development, certain key genes have been 

shown to be critical for normal cell growth and diû er en-

tiation. One such gene, Wnt11, has been shown to be 

necessary for patterning an electrical gradient in 

zebraû sh heart [21]. Interestingly, animals with this gene 

knocked down showed a uniform conduction velocity 

along the surface of the heart; in normal hearts, however, 

there were gradual changes in conduction velocity 

depending on the local area of the propagation. | e 

researchers excluded the possibility for this gradient of 

electrical coupling due to cellular excitability, connexin 

localization, tissue geometry and mechanical inputs. 

Instead, they showed that Wnt11 expression was solely 

responsible and that it acted via expression of L-type 

calcium channels, which aû ected transmembrane calcium 

ion conductance in the conducting cardiomyo cytes [21]. 

It is important then to note from this study that a linear 

electrical stimulus and conduction pattern in heart tissue 

may not be functionally suitable; it is just as important to 

quantify the spatial distribution and temporal activity of 

the ion channels that mediate electrical propagation and 

directly lead to concerted contractile function.

Structuring engineered heart tissue using 
topographical cues
It is well known that the architecture of the extracellular 

environment inû uences cell behavior at the nano-, 
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micro- and macroscale with respect to the expression of 

cardiac-speciû c genes and proteins, cytoskeletal struc-

ture, mor phology, and functionality. | e main complexity 

involved in engineering functional myocardium is related 

to establishing appropriate structure-function correlation 

over diû erent scales. Assembly of appropriate structure is 

required to achieve a desired function, which is charac-

terized by the development of active force (for example, 

for rat heart, 20 to 50 mN/mm2) and impulse propagation 

(for example, for rat heart, 20 to 25  cm/s) [22], both of 

which are considered to be two critical functional 

measure ments. At the macroscale, native heart contains 

elongated myoû bers aligned in parallel; the structure 

enables coordinated contraction of the ventricle and 

expul sion of blood. At the microscale, adult cardio myo-

cytes are rod shaped and contain registries of sarcomeres 

that enable cell contraction in response to electrical 

signals. At the nanoscale, each sarcomere contains 

precisely organized sarcomeric proteins (for example, 

sarcomeric ³-actin/³-actinin and myosin heavy chain) 

that enable coordinated contractions of sarcomeres. By 

simply manipulating the topography of the surface on 

which cells are adhered to, repeated reports have 

indicated structural and functional eû ects pertaining to 

heart cells.

Kim and colleagues [23] constructed polyethylene 

glycol hydrogel substratum with anisotropic nanoscale 

features to mimic the native myocardial ECM. Although 

the topographic feature sizes in this study (nanoscale) 

were much smaller than those in previous studies 

(microscale), the cells still aligned along the direction of 

the presented topographic cue, showing a nanoto po-

graphic cell-substratum interaction for the û rst time. 

Distinguished from previous studies on the microscale 

[24], in which topographical cues were on the order of 

cell width, enabling the cells to be oriented by conû ne-

ment, this study showed nanotopographic cell-substratum 

interaction mimicking nanoscale cell-ECM interaction in 

vivo, which can also lead to cardiomyocyte orientation. 

| ere were no diû erences in surface treatment amongst 

the diû erent groups, nor on the grooves versus the ridges 

of the engineered substratum, and as a result, cells were 

able to freely spread and adhere over several ridges. 

Analysis revealed that this alignment was due to the 

organization of focal adhesion proteins and the cortical 

cytoskeleton. Interestingly, the dimension of the grooves 

had an important eû ect on the cell-substratum inter-

action: when the grooves were too narrow (400  nm in 

this study), the cell membrane was unable to penetrate 

deep into the bottom of the grooves; whereas when the 

grooves were suû  ciently wide (800 nm in this study), the 

cell membrane penetrated deep enough to û ll the grooves 

completely, resulting in a more extensive cell-substratum 

adhesion. As a result, the cells on 800 nm-wide-patterned 

substratum experienced stronger contraction-mediated 

stress, showed an increase in connexin-43 expression and 

an increase in conduction velocity of action potentials.

In an early study, Feinberg and colleagues [25] generated 

two-dimensional muscular thin û lms by seeding neonatal 

rat ventricular cardiomyocytes on a polydimethylsiloxane 

membrane that could be detached from a thermo-

sensitive poly (N-isopropylacrylamide) substrate. Once 

detached, the muscular thin û lm spontaneously adopted 

a three-dimensional conformation determined by its û lm 

properties and the alignment of the cardiomyocytes, 

including a continuous anisotropic û lm or an array of 

discrete muscle û bers [25]. By careful tailoring of the cell 

alignment pattern, thin-û lm shape and electrical-stimu-

la tion protocol, these cell-covered sheets could be 

designed to perform tasks such as gripping, pumping, 

walking and swimming and could generate forces as high 

as 4 mN per mm2.

High-resolution diû usion tensor magnetic resonance 

imaging (DTMRI) and microfabrication were combined 

by Badie and colleagues [26,27] to fabricate cell mono-

layers that replicate realistic cross-sections of native 

cardiac tissue. In-plane cardiac û ber directions in native 

mouse ventricle were û rst measured by DTMRI and then 

projected onto two-dimensional pixels to fabricate 

photomasks. | e photomasks were then used to generate 

polydimethylsiloxane stamps via soft lithography, and to 

pattern û bronectin on coverslips to guide the local 

alignment of cultured cardiomyocytes, ultimately yield-

ing a monolayer with replicated cell orientation. | is 

novel method provides an improved platform to study 

intramural structure-function relationships with one of 

their recent studies focused on incidence and spatio-

temporal characteristics of conduction block [28].

Takahashi and colleagues [29] have built anisotropic 

cell sheets by patterning hydrophilic (PIPAAm-b-PAcMo) 

domains onto thermosensitive (PIPAAm) domains in a 

stripe pattern. During cultivation, normal human dermal 

û broblasts were aligned along with the stripe patterns 

and showed physical and biological properties diû erent 

to that of isotropic cell sheets: the anisotropic cell sheets 

showed increased shrinking rates parallel to cell 

alignment due to the collective orientation of contractile 

actin û bers. Moreover, the secretion of vascular endo-

thelial growth factor by aligned û broblasts was increased 

signiû cantly and the collagen deposited onto û broblast 

sheets was anisotropic. | is technology together with the 

cell sheet stacking technique [30] could generate three-

dimensional complex anisotropic tissue in vitro.

With a well-developed cell entrapment method, Tiburcy 

and colleagues [31] generated three-dimensional engi-

neered heart tissue (EHT) from neonatal rat cardiomyo-

cytes and observed terminal diû erentiation and tissue-

like cardiomyocyte maturation supported by similar 
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morphological and molecular features of EHT- and post-

natal heart-derived cardiomyocytes. | ey also showed 

that EHT development had similar distinct phases to 

cardiomyocyte maturation, including 1)  a consolidation 

phase with high levels of apoptosis and ECM degradation, 

and 2)  a maturation phase with myocyte binucleation, 

rod-shaped cardiomyocyte formation, a shift from fetal-

skeletal to adult-cardiac actin transcript expression, and 

ECM build-up.

Engelmayr and colleagues [32] created an accordion-

like scaû old using laser boring of a 250  ¿m thick 

poly(glycerol sebacate) layer. | e scaû olds were pre-

treated with cardiac û broblasts by rotating culture, 

followed by seeding of enriched cardiomyocytes under 

static culture. At the end of cultivation, the authors 

obtained contractile cardiac grafts with heart cells aligned 

along the preferred direction and mechanical properties 

closely resembling those of a native rat right ventricle.

| ere were interesting û ndings in a study by Madden 

and colleagues [33] in which a bimodal scaû old archi tec-

ture was developed that provided parallel channels and 

interconnected porous networks at the same time. | e 

parallel channels were designed to develop cardiomyo-

cyte muscle bundles in vitro while the surrounding 

sphere-templated porous network was intended to 

improve diû usive mass transfer. | e scaû old was û rst 

seeded with primary chicken embryonic-derived cardio-

myo cytes (approximately 20 to 25% cardiomyocyte 

purity) by centrifuging cells into the parallel channels. 

During cultivation, the proliferation of non-myocytes 

within the porous network and around the scaû old edge 

decreased the supply of oxygen and nutrients to cardio-

myocytes, which principally remained in the channels. 

| erefore, the viability of cardiomyocytes was limited to 

within approximately 150  ¿m of the construct sur face. 

However, when the scaû old was seeded with human 

embryonic stem cell-derived cardiomyocytes (10 to 65% 

cardiomyocytes), non-myocytes declined over a 5-day 

cultivation period, resulting in predominantly cardio-

myo cytes (approximately 95% ³-myosin heavy chain-

positive) in the cell population and porous channel walls 

free of cells. Because of the improved mass transfer, the 

cell survival was increased up to 300 ¿m into the scaû old. 

| e mechanism responsible for the decrease in the non-

myocyte fraction within this scaû old is not entirely clear; 

however, it is likely related to the unique three-dimen-

sional structure.

Understanding the mechanisms associated with 

topology-based signaling in two dimensions will certainly 

have implications in three-dimensional tissue engineer-

ing. Currently, however, there is a lack of established 

technologies that will permit three-dimensional topo-

logical patterning inside three-dimensional matrices such 

as hydrogels. It is clear that cells are aû ected by topology, 

but to preserve distinct topologies in engineered three-

dimensional substrates containing embedded cells that 

remain viable requires sophisticated technologies such as 

three-dimensional printing capabilities, and hydrogel 

post-polymerization techniques, both of which need to 

occur at high resolution in the nanometre range. | ere-

fore, current two-dimensional studies help determine 

favorable geometries of topology that may transfer well 

into three-dimensional systems once appropriate tech no-

logies are developed. Additionally, these studies can 

provide great bases for computational models that can be 

designed to simulate three-dimensional tissue 

topographies.

Electrical control of engineered heart tissue
During embryo development, cells are exposed not only 

to gradients of soluble factors but also to endogenous 

electrical û elds that may determine the emergence of 

spatial patterns and aid in tissue morphogenesis [34]. 

Exogenously applied electrical stimulation has been 

shown to also inû uence cell behavior [35]. In the cardiac 

development context, electrical û eld stimulation has 

been shown to aû ect the diû erentiation of mouse embry-

onic stem cells in vitro [36]. In the study by Sauer and 

colleagues [36], a single direct current û eld pulse was 

applied to 4-day-old embryoid bodies and the authors 

found signiû cant eû ects of pulses applied for 90 seconds 

on cardiomyocyte diû erentiation with û eld strengths of 

250 and 500  V/m. | is electrical stimulation protocol 

increased both the number of diû erentiating beating 

embryoid body foci as well as the size of the beating foci. 

A comparable increase in the number of beating embry-

oid bodies was achieved by incubation with H
2
O

2
, 

indicating that the electrical û eld eû ect was transduced 

via the intracellular generation of reactive oxygen species. 

| e radical scavengers dehydroascorbate and pyrrolidine-

dithiocarbamate, and the NF-kB antagonist N-tosyl-L-

phenylalanine chloromethyl ketone inhibited cardiac 

diû er entiation, suggesting that reactive oxygen species 

and NF-kB may play a role in early cardiac development. 

Electrical stimulation has also been shown to play a role 

in cardiac diû erentiation of human embryonic stem cells 

[37], through mechanisms associated with the intra-

cellular generation of reactive oxygen species. In the 

cardiac tissue engineering context, electrical û eld stimu-

lation has been used to improve tissue properties [38-41]. 

After 24  hours of regular electrical stimulation of adult 

ventricular myocytes in culture, cells displayed higher 

caû eine-induced Ca2+ transients than non-stimulated 

controls [40]. Field stimulation also enhanced the 

mechanical properties of myocytes when compared to 

quiescent myocytes, suggesting that regular electrical 

stimulation is important when studying the function of 

adult ventricular myocytes in culture.
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Radisic and colleagues [41] have shown that the appli-

cation of electrical stimulation during construct cultiva-

tion markedly enhanced the contractile behavior of rat 

neonatal cardiomyocytes cultured on scaû olds. | ere 

was also a decrease in the excitation threshold and an 

increase in maximum capture rate both with time and 

with electrical stimulation. Analysis of cardiomyocyte 

ultrastructure revealed that myoû brils aligned in the 

direction of electrical û eld lines [41] and promoted a 

remarkable level of ultrastructural organization in three-

dimensional tissues. Importantly, it was shown that if 

applied early after seeding (day  1), electrical stimulation 

inhibited the accumulation of cardiac proteins and yielded 

poor contractile behavior. If applied late (day 5), electrical 

stimulation was less eû ective because of the reduced 

amounts of connexin-43 and contractile proteins available 

in the cells [41], suggesting that there is a window where 

electrical stimulation can yield more favorable results.

| e eû ects of monophasic or biphasic electrical û eld 

stimulation on the structure and function of engineered 

cardiac organoids was also studied and shown to yield 

diû erent results [38]. Field stimulation using symmetric 

biphasic square pulses was an improved stimulation 

proto col compared to no stimulation and stimulation 

using monophasic square pulses of identical total ampli-

tude and duration. | is was demonstrated by the highest 

success rate for synchronous contractions, lower excita-

tion threshold, higher density, and higher expression of 

connexin-43 in the biphasic group compared to the 

monophasic group. Biphasic û eld stimulation was also 

eû ective at improving electrical excitability of multi-

cellular type cardiac organoids where û broblasts and/or 

endothelial cells were also added [38].

Electrical stimulation can also be combined with 

bioreactor perfusion to generate thick, functional cardiac 

patches [42]. Bioreactor cultivation for 4  days under 

perfusion with continuous electrical stimulation pro-

moted elongation and striation of rat neonatal cardio-

myo cytes and increased expression of connexin-43 [42]. 

| is illustrates the eû ectiveness of electrical û eld stimu-

lation even in a rather complex cultivation system such as 

a perfusion bioreactor. Electrical stimulation has also 

been shown to signiû cantly increase the average conduc-

tion velocity of neonatal rat cardiomyocyte constructs 

[43], which correlated with the improved contractile 

behavior of tissue constructs. Electrical stimulation 

during culture signiû cantly improved amplitude of 

contractions, tissue morphology, and connexin-43 

expression compared to the non-simulated controls [43].

Taken together, these reports demonstrate the beneû ts 

of electrical stimulation to cardiac tissue engineering in 

animal models. To date, however, there are no reports in 

the literature of the eû ects of electrical û eld stimulation 

in human cardiac tissue engineering.

Interactive e� ects of topographical and electrical 
cues
A small number of studies have focused on evaluating the 

interactive eû ects of topography and electrical û eld 

stimulation. When both cues are simultaneously applied, 

an interesting study is to determine which of the two will 

preferentially guide the cell orientation and elongation 

response as well as determine the cell phenotype. In a 

related study, interactive eû ects were investigated using 

pulsatile electrical û eld stimulation and substrates with 

approximately 700  nm deep 8V9-shaped abrasions [44]. 

Although both û broblasts and cardiomyocytes elongated 

and aligned on non-abraded surfaces by application of 

electrical û eld stimulation, topographical cues were a 

signiû cantly stronger determinant of cardiomyocyte 

orien tation than the electrical û eld stimulation. | e 

orien tation and elongation response of cardiomyocytes 

was completely abolished by inhibition of actin 

polymerization (cytochalasin D) and only partially by 

inhibition of the phosphatidyl-inositol 3 kinase (PI3K) 

pathway (LY294002).

In a subsequent set of related studies, precise topo-

graphical cues were engineered by hot embossing tissue 

culture polystyrene with deû ned microgrooves and 

microridges [45]. | e electrical stimulation electrodes 

were deposited on the chip edges such that the grooves 

were oriented either parallel or perpendicular to the û eld 

lines. Substrates consisted of 0.5  ¿m-wide grooves and 

0.5 ¿m-wide ridges (1 ¿m period) or 3 ¿m-wide grooves 

and 1  ¿m-wide ridges (4  ¿m period); in all cases the 

grooves were 400  nm deep and the smooth substrates 

were used as controls. Neonatal rat cardiomyocytes elon-

gated and aligned along the microgrooves forming a well-

developed contractile apparatus, staining positively for 

sarcomeric ³-actinin, with a more pronounced eû ect on 

substrates with 1  ¿m compared to 4  ¿m periodicity. 

Importantly, simultaneous application of biphasic 

electrical pulses and topographical cues resulted in gap 

junctions conû ned to the cell-cell end junctions rather 

than the punctate distribution found in neonatal cells. 

Electrical û eld stimulation further enhanced cardio-

myocyte elongation when microgrooves were oriented 

parallel to the electric û eld lines.

By incorporating gold nanowires within alginate 

scaû olds, Dvir and colleagues [46] were able to increase 

the conductivity of this biomaterial and improve 

electrical communication between adjacent cardiac cells. 

Tissues grown on these composite matrices were thicker 

and better aligned than those grown on pristine alginate. 

In addition, higher levels of the proteins involved in 

muscle contraction and electrical coupling were detected 

in the composite matrices. When subjected to electrical 

stimulation, the cells in these tissues contracted 

synchronously.
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Tandon and colleagues described a novel surface-

patterned microbioreactor array, where an excimer laser-

based method was used to generate a micropatterned 

indium tin oxide substrate with an interdigitated array of 

electrodes designed for electrical stimulation of cultured 

cells. | e excimer laser-based method enables direct 

patterning of the indium tin oxide in a single step, and 

without the use of harsh chemicals or a customized 

photomask. | is allowed for the generation of a pattern-

able and optical imaging-compatible substrate for long-

term, microscale cell culture with electrical stimulation 

[47]. | e system has been used to culture primary 

cardiomyocytes and human adipose-derived stem cells. 

Over 6 days of culture with electrical stimulation (2 ms 

duration, 1  Hz, 180  ¿m wide electrodes with 200  ¿m 

spacing), both cell types exhibited enhanced proliferation, 

elongation and alignment, and adipose-derived stem cells 

exhibited higher numbers of connexin-43-composed gap 

junctions.

Perspectives
It is clear that much work and development is required to 

advance the û eld of stem cell and cardiac tissue 

engineering to the point of signiû cant clinical impact. 

| e emerging technologies within the û elds of biology, 

material science, micro- and nano-fabrication, and 

computational modeling are all progressing at a rapid 

pace. | e challenge, however, is choosing the correct 

combination of technologies married with suitable 

biology to create human tissue replacements and in vivo-

like in vitro models that are functional.

In the context of microenvironmental control in the 

heart, it is necessary to mention the importance of the 

dynamic contractile forces that are present. | e ECM 

plays a critical role in the heart cell niche during develop-

ment, homeostasis, disease, and repair. One primary 

mode in which the ECM communicates with heart cells 

is through mechanotransductive cues. Aside from static 

biomechanical cues (facilitated by cell integrins and focal 

adhesions) dynamic cues that provide stretching forces to 

cells through the ECM have been shown to be important 

in heart development and maturation. | e Eschenhagen 

and Zimmerman groups have investigated and reported 

on the role and beneû cial eû ects of mechanical stimu-

lation in cardiac cells [31,48-50]. External mechanical 

stimulation aims to recapitulate the electromechanical 

forces observed regularly in the contracting native heart. 

Much like electrical stimulation, mechanical stimulation 

directs the elongation and orientation of cardiomyocytes, 

in addition to improving force of contraction and stage of 

maturation. Electrical stimulation may, however, be a 

more physiological (albeit indirect) method of inducing 

mechanical stimulation (compared to stretching) as this 

occurs in vivo via excitation-contraction coupling.

Two methods that hold promise in generating mature 

engineered heart tissue are 1) the control of geometrical 

cues and 2)  the manipulation of electrical properties 

within the cellular microenvironment. Figure 1 summar-

izes the main concepts discussed and how they link to 

downstream eû ects leading eventually to changes in 

function. Future development will likely bring interesting 

advances and marriages of the mentioned concepts; in 

fact, there is evidence for some aspects of this research 

ongoing currently.

Computational modeling is often underutilized in 

tissue engineering. Recent advances in the sophistication 

and complexity of theoretical mechano transduction 

models, in addition to empirical techniques with which 

to validate models, have made these approaches a rich 

source of insight and predictability (reviewed in [51]). 

| e end function of heart muscle is to contract at a force 

and rate appropriate for blood circu lation. | e 

contractility of cardiomyocytes has been modeled by 

numerous groups. In a recent study, Shim and colleagues 

[52] developed a model system that can detect the force 

of contraction exerted by a monolayer. Cardiomyocytes 

were seeded onto a thin û lm that curled in response to 

the force of contraction of adhered cardiomyocytes. | e 

magnitude of exerted force was calculated by the degree 

of curvature of the thin û lm. In order to determine 

optimized designs for their model, they developed a û nite 

element-based three-dimensional phenomenological 

constitutive model, which accounted for both the passive 

deformation, including pre-stretch, and the active 

behavior of the cardiomyocytes.

One notion that may prove useful in screening studies 

is a surrogate system for EHT that has the capability not 

only to provide the correct control cues for heart 

development and maturation, but also to simultaneously 

sense tissue function. | is is currently a key obstacle for 

model system development, especially for a system that 

attempts to integrate a tissue mimetic (as opposed to 

two-dimensional monolayer culture) in a high-content 

and high-throughput manner. A few groups have utilized 

polymer-based cantilever systems to culture miniature 

tissues that simultaneously restrain the remodeling of 

tissue and report forces exerted [18,49,50,53]. It would be 

interesting to integrate electrical control with these types 

of systems to both stimulate and record electrical activity 

while maintaining appropriate force dynamics. A system 

like this would constitute a complete model whereby 

form and function of engineered heart tissue could be 

controlled and sensed concurrently.

In vivo, cells are able to communicate and self-assemble 

without much diû  culty. Self-assembly in vitro has always 

been a desirable option for tissue engineers, although it 

has proven diû  cult to recapitulate key signals present in 

vivo that inû uence cells to build appropriate structure 
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and associated function. Recapitulation of tissue 

morpho genesis by inducing self-organization in vitro has 

so far been demonstrated in many organ subunits, 

includ ing the eye [54], liver [55], intestine [56], and brain 

[57], although not yet in the heart. | is is a highly 

promising method of inducing tissue morphogenesis in 

parallel with directed cardiac diû erentiation, and may be 

supplemented with biophysical and electrical control of 

the microenvironment. | e next generation of engi-

neered heart tissue should take further advantage of the 

intrinsic self-assembly and self-organization capabilities 

of cells with the aid of external electrical and mechanical 

cues to facilitate functional tissue construction. | is 

bottom up approach to tissue engineering may prove 

eû  cient, provided the microenvironment can be 

accurately recapitulated.

Figure 1. Engineering heart tissue for replacement therapeutics and in vitro models by physical and electrical control of cells and 

microenvironment. Depiction of current methods used to manipulate heart cells to develop, mature, and assemble into functional heart 

tissue. Tuning the cell microenvironment by means of geometry and electrical control exhibits upstream ef ects on adhesion, cell-cell and cell-

extracellular matrix interactions, growth and dif erentiation, cellular and tissue alignment via cytoskeletal organization, and electrical and contractile 

apparatus. The small dark arrows in the n ow diagrams indicate the sequence by which the specio c method of microenvironmental control 

ef ectively manifests downstream. These end changes in the cardiac cells include changes in gene/protein expression, electrical properties, and 

mechanical properties. Top: during development pluripotent stem cells dif erentiate into mesodermal progenitors, then cardiovascular progenitors 

that give rise to various cell types in the heart (cardiomyocytes, o broblasts, endothelial and smooth muscle cells). Cell dif erentiation and assembly 

into a highly organized structure is governed by biochemical, mechanical and electrical stimuli in vivo. Tissue engineering aims to recapitulate 

some of these environmental factors in vitro. Middle: control of substrate topography and stif ness af ects cell orientation and, as a result, functional 

properties. Bottom: control of electrical properties is achieved by use of conductive biomaterials, electrical stimulation bioreactors or changes 

in gene expression of key ion channels. The large green arrows (middle and bottom) depict the span of current techniques used in the o eld and 

link them to the regimes of cardiac dif erentiation and assembly where they have been applied (top). CM, cardiomyocyte; CVP, cardiovascular 

progenitor; E-C, excitation-contraction; EC, endothelial cell; ECM, extracellular matrix; ET, excitation threshold; FB, o broblast; MCR, maximum capture 

rate; PSC, pluripotent stem cell; SMC, smooth muscle cell.
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Conclusion
When guiding the diû erentiation of human pluripotent 

stem cells into heart cells, recapitulating key factors 

found in the native environment of the cardiac niche is 

critical. In addition to biochemical factors, it is necessary 

to integrate appropriate topology and electrical control of 

the system to enable the assembly of functional cardiac 

tissue. Engineered human heart tissue that has the 

capability to mimic the mature molecular signature and 

physiology of adult heart tissue will prove to be critical in 

drug testing applications, studies in cardiac patho physio-

logy, and development of new cell replacement therapies.

Abbreviations

DTMRI, dif usion tensor magnetic resonance imaging; ECM, extracellular 

matrix; EHT, engineered heart tissue; NF, nuclear factor.
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