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Abstract
Cardiac tissue engineering offers the promise of creating functional tissue replacements for use in
the failing heart or for in vitro drug screening. The last decade has seen a great deal of progress in
this field with new advances in interdisciplinary areas such as developmental biology, genetic
engineering, biomaterials, polymer science, bioreactor engineering, and stem cell biology. We
review here a selection of the most recent advances in cardiac tissue engineering, including the
classical cell-scaffold approaches, advanced bioreactor designs, cell sheet engineering, whole
organ decellularization, stem-cell based approaches, and topographical control of tissue
organization and function. We also discuss current challenges in the field, such as maturation of
stem cell-derived cardiac patches and vascularization.

Motivation for cardiac tissue engineering
Cardiovascular diseases (CVD) accounted for 34% of all deaths in the United States with an
associated cost of an alarming $503.2 billion in 2010 alone [1]. These staggering figures
greatly motivate research into new therapeutic interventions. In terms of myocardial
infarction (MI) and heart failure, conventional treatment options are limited by the inability
of myocardium to regenerate after injury and a shortage of donor organs available for
transplantation. Recently, tissue- and cell-based strategies have come to the forefront as
viable alternatives for treatment of heart disease. One of these novel approaches is cardiac
tissue engineering.

Main cardiac tissue engineering approaches
In vitro approaches are aimed at organizing cardiomyocytes into a functional tissue;
specifically, one capable of generating force during contraction (2-4 mN/mm2) and
propagating electrical signals (~25cm/s). To be clinically relevant, an engineered cardiac
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tissue must have functional and morphological properties similar to that of native
myocardium and remain viable after implantation. One of the main challenges identified
during in vitro cultivation was that oxygen diffusion, coupled with a high oxygen demand by
cardiomyocytes, limited the viable tissue thickness to ~200μm [2]. To provide sufficient
oxygen supply, perfusion bioreactors delivering culture medium supplemented with an
oxygen carrier were utilized in conjunction with channeled poly(glycerol sebacate) [3]
scaffolds to engineer thick and compact cardiac constructs. Second generation perfusion
bioreactors incorporate electrical stimulation [4] or mechanical stimulation [5] into a single
system.

In a pioneering approach, Eschenhagen and Zimmermann generated an engineered heart
tissue (EHT) by seeding a mix of collagen I, extracellular matrix proteins (Matrigel), and
neonatal rat cardiomyocytes into lattices or circular molds. Upon spontaneous remodeling of
the liquid reconstitution mixture and cyclic mechanical stimulation, spontaneously and
synchronously contracting solid EHTs were generated after one to two weeks of cultivation
[6]. These studies clearly demonstrated the importance of physical stimuli in improving
morphological, functional, and mechanical properties of the EHT. By stacking three of these
ring-shaped constructs into a flower-like structure followed by auxotonic mechanical
stimulation and implantation in a rat MI model (Figure 1(A-E)), electrophysiological studies
indicated electrical coupling with the native tissue and improved diastolic and systolic
function compared to the sham-operated rats [7]. This landmark study clearly demonstrated
for the first time that implantation of EHTs can result in functional improvement upon MI.
Alternatively, suprathreshold electrical field stimulation (Figure 1(F-I)) can be utilized to
induce synchronous contractions of cardiomyocytes in porous collagen scaffolds resulting in
the formation of mature myocardium with elongated, viable cells aligned in parallel [8,9,10].

A notable method for developing functional EHT uses no scaffold at all. Instead,
cardiomyocyte monolayers are stacked to form a functional tissue. Release of undamaged
monolayers was made possible by seeding cardiac cells on poly(N-isopropylacrylamide)-
grafted polystyrene dishes and then lowering the temperature to 20°C, thus inducing
hydrophobic/hydrophilic switch of the surface. After transplantation of the cell sheets onto
infarcted rat hearts, cardiac performance was significantly improved and successful
engraftment was observed [11]. Using this method, 1cm-thick myocardium was created by
serial re-operations and implantations of multiple sheets [12]. The cell sheet method has also
been used to assess the capacity of Sca-1-positive resident cardiac progenitor cells (CPCs) in
attenuating MI in mice and embryonic stem cell (ESC) derived SSEA-1-positive cardiac
progenitors in rhesus monkeys, both showing functional improvements and cardiac
differentiation of transplanted cells [13,14]. Importantly, a clinical trial using autologous
skeletal myoblasts in cell sheets has been initiated in Japan with successful treatment of one
patient with dilated cardiomyopathy [15].

Revascularization alone is often not sufficient to restore systolic function post-MI.
Restoration of the normal ellipsoidal shape of the left ventricle from its decompensated,
globular form with the use of a Dacron (polyethylene terephthalate) patch demonstrated
immediate improvement in ejection fraction with sustained benefit and minimal morbidity
[16]. More recently Gaudette and colleagues [17] demonstrated that the use of an FDA-
approved extracellular matrix (ECM) from porcine urinary bladder outperformed the
benefits seen with Dacron in a canine full thickness right ventricular defect model [17,18] .
Porcine heart decellularized matrix hydrogels can also enhance maturation of human
embryonic stem cell (hESC)-derived cardiomyocytes [19]. Importantly, decellularization by
detergent perfusion of the whole cadaveric rat [20**] (Figure 1(J-O)), pig and human hearts
[21] opens the way to engineering of the entire organ.
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Vascularization
In native cardiac tissue, capillaries (~7μm diameter) are spaced at an average distances of ~
20μm such that each myofiber is located between two capillaries [22]. The need to supply
sufficient oxygen and nutrients to engineered tissues has motivated strategies to promote
blood vessel formation, including 1) cell tri-culture, 2) use of growth factors and peptides
and 3) engineering of novel proangiogenic scaffolds.

In the context of synthetic scaffolds, pre-treatment with cardiac fibroblasts was effective in
improving survival of subsequently seeded cardiomyocytes and the functional properties of
the EHT [3,23]. Sequential cultivation of fibroblasts and endothelial cells followed by
cardiomyocytes also improved function of microscale cardiac organoids compared to
simultaneous tri-culture [24,25]. Zimmermann and colleagues achieved completely defined
cultivation conditions (serum and Matrigel free) by utilizing a whole rat heart cell
population and culture medium containing insulin, triiodothyronine and other growth factors
[26]. Initiation of pre-vascular networks by sandwiching endothelial cells (ECs) between
cardiac cell sheets has also been achieved. These vascular structures connected to the host
vessels and enabled improved sheet vascularization upon implantation in an MI model
[27,28].

As an alternative to cell tri-culture, angiogenic growth factors, such as vascular endothelial
growth factor (VEGF), can be incorporated into biomaterials for tissue engineering. Current
delivery strategies include soluble factors, microparticles, as well as physical and covalent
immobilization. Release of multiple growth factors from microparticles is required to
achieve stable vasculature and homing of intravenously-administered progenitors [29,30].
Small peptides and molecules such as thymosin β4 [31] or ascorbic acid [32] can also be
utilized to enhance angiogenesis.

Covalent immobilization of growth factors can localize growth factor activity and prolong
receptor/ligand signaling to promote rapid vascularization [33]. A fusion protein, consisting
of VEGF and a collagen-binding domain (CBD-VEGF), was able to bind to a collagen-rich
matrix in infarcted hearts, thus increasing capillary density and reducing the scar size as
compared to phosphate buffered saline (PBS) and VEGF controls. We covalently
immobilized VEGF and angiopoietin-1 onto collagen scaffolds [34] (Figure 2(A)) to
improve proliferation of H5V endothelial cells [34] and primary rat aortic endothelial cells
[35], leading to tube formation. Upon implantation of scaffolds with uniformly immobilized
VEGF165 into right ventricular free wall defects in rat hearts, enhanced angiogenesis and
patch stability was observed compared to VEGF-free controls (Figure 2(B-G))[36]. An
alginate scaffold capable of sustained release of several growth factors in conjunction with
heterotopic transplantation onto the omentum was used to pre-vascularize an EHT prior to
MI repair in rats [37*].

Vascularization can be further promoted with appropriate geometries [32,38*]. Madden et
al. [38*] used microtemplating to make tissue engineered scaffolds consisting of
interconnected pores of 30-40μm in diameter that promoted angiogenesis in a rat MI model.
Seeding cells in subcutaneously implanted chambers around an arteriovenous loop is an
effective method to engineer vascularized myocardium in vivo [39,40]. Implanting
myoblasts into the chamber at day 7, at which point capillary growth was well-established,
rather than day 0 led to improved myoblast survival. This clearly indicates the importance of
seeding cells on well-established vascular beds for tissue regeneration.
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Topographical control of engineered tissue structure and function
The heart tissue has complex macro- to nano-scale structural organization important for
cardiac function. The myocytes and myofibers that make up the myocardium are aligned in
parallel such that the force of contraction and impulse propagation velocity are higher along
the long axis of the fiber [41*]. To enable appropriate pump function, myofiber orientation
varies along the depth of the ventricular wall. Our recent work [42,43] and that of other
groups has focused on reproducing this aligned structure [41*,44*]. Nanopatterning of PEG
hydrogels [41*], rotary spinning of polymer nanofibers [45](Figure 2(H-L)) or stamping of
ECM protein lanes on thin poly(dimethylsiloxane) (PDMS) films [41*,46] can be used to
provide anisotropic cues for elongation of cardiomyocytes. High-fidelity two-dimensional
(2D) models of ventricular cross-sections were created by projecting three-dimensional (3D)
maps of local cardiac fiber directions onto soft-litography masks to produce angled parallel
lines of fibronectin and guide cardiomyocyte alignment [44*]. In another approach, Bian et
al.[47] fabricated PDMS molds that contained arrays of mesoscopic posts to guide
compaction of cardiomyocyte-seeded hydrogels. By defining the size, elongation and
spacing of the posts, two goals were achieved: 1) the enhancement in the diffusion of
nutrients to the cells due to the introduction of pores, and 2) the local guidance of three-
dimensional cell alignment due to spatial patterning of mechanical tension (Figure 2(M-P)).
Alternatively, micro-organoids can be cultivated using gel compaction around two posts
[48]. It is becoming apparent now that small topographical cues can affect a large number of
different properties in cardiomyocytes including cell attachment, biomechanical stresses,
structural remodeling, cell hypertrophy, ion channel remodeling, atrial natriuretic peptide
release and binucleation [49,50].

Tissue engineering of stem-cell derived myocardium
Cardiac tissue engineering requires large cell numbers, especially in the case of whole organ
engineering, in order to ensure appropriate physiological cell densities (~108 cells/cm3) and,
in turn, contractile function. Since adult cardiomyocytes are terminally differentiated and are
generally considered to have minimal proliferative capacity [51] alternative cell sources are
required to provide millions of cells required for true regeneration. To this end, stem-cell
derived cardiomyocytes can be employed. Promising studies report generation of cardiac-
like cells from resident stem cells [52,53]. However, only pluripotent stem cells such as ESC
or induced pluripotent stem cells (iPSC) can be expanded to sufficient numbers using
existing technologies.

Early attempts at engineering ESC-derived myocardium used mouse ESC and embryoid
body/serum differentiation. ESC-derived cardiomyocytes were seeded into circular molds
with Matrigel and collagen I along with mechanical stimulation to produce the EHT [54]. To
engineer cardiac tissues from progenitor cells, Domian et al employed a double fluorescent
reporter system to generate cardiomyocytes from the Islet-1 (Isl1)-positive cardiac
progenitor population followed by generation of beating thin films (Figure 3(A-E))[55].

The derivation of cardiomyocytes from human ESC and iPSC lines has decidedly shifted the
focus of cardiac tissue engineering toward human cell work [56,57,58,59,60**]. Recent
studies with hESC-derived cardiomyocytes from Murry and colleagues[59,60**] and
Levenberg and colleagues [56,58] clearly point to the consensus that tri-culture of
cardiomyocytes, endothelial cells and mesenchymal cells such as fibroblasts is required for
survival and integration of EHT with the host myocardium[24,58]. In those cases, pre-
formed donor-derived vessels functionally integrated with the host coronary vasculature and
enabled graft survival.
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Engineered tissue as a model system for in vitro studies
One of the main strengths of the tissue engineering approach, combined with the use of
human cardiomyocytes, lies in the ability to create models of healthy and diseased
myocardium. Towards this goal, Eschenhagen and colleagues developed a simple technique
to construct a series of fibrin-based EHTs and automatically evaluate contractile activity
[61**] . Dose-dependent responses were measured in the presence of four drugs with known
proarrhythmic or cardiotoxic effects, thereby validating the utility of such a system as a
high-through put method for drug screening and disease modeling [61**].

In vivo myocardial cell transplantation studies have utilized various cell types including
embryonic, fetal and neonatal cardiomyocytes (CMs), skeletal myoblasts, bone marrow stem
cells, and resident cardiac progenitors (reviewed in [62]). One of the main limitations in
clinical studies has been low cell retention rate, although functional improvements have
been noted [63]. The complexity of the in vivo environment and the heterogeneity of native
cardiac tissue have made it difficult to isolate cell effects on heart function. Thus we
hypothesized that EHT could be used as an in vitro model to study integration and
differentiation potential of stem and progenitor cells in a cardiac environment [64,65*]. We
injected R1 Flk1+/PDGFRα+ cardiac progenitors and assessed their potential to functionally
integrate with the host EHT. These cardiac progenitors were able to appropriately
differentiate into cardiomyocytes and integrate into EHT while mouse-ESC derived
cardiomyocytes exhibited limited integration potential (Figure (3(F-O))[65*]. Additionally
EHT was instrumental in enabling identification of residual undifferentiated cell activity in
mouse ESC derived populations [64].

Challenges and future studies
The field of cardiac tissue engineering is rapidly advancing. Although the results to date are
exceedingly encouraging, much remains to be done in order to develop clinically relevant
approaches. Since the in vivo studies conducted thus far used different cell sources,
biomaterials, animal models, delivery times post-infarction and experimental time frames, a
direct comparison between the methods cannot be achieved. While all reported studies have
shown some form of improvement, complete myocardial regeneration has not been
achieved. Perhaps, a valid question to be answered in the future is: What is the required
level of myocardial regeneration in terms of survival and attenuation of symptoms?

The discovery of human iPSCs[66] and ability to generate cardiomyocytes from them
[67**] offers the possibility to engineer an autologous cardiac patch of clinically relevant
size. Bioreactors will also need to be developed for large scale production of such cells
(>108 cells/patient/patch). Careful consideration is required so that all non-human
components (i.e. serum, Matrigel) are replaced. Sophisticated techniques such as mechanical
and electrical stimulation have been developed to control the level of differentiation and
maturation of primary rat cardiomyocytes in the EHT. It remains to be seen if the same
techniques can be utilized to mature cardiomyocytes derived from pluripotent stem cells.
Another critical question is: How mature and developed should the cardiac patch be to
enable appropriate integration with the host myocardium? Additionally, it will be useful to
generate different subtypes of human cardiomyocytes, with pacemaking-, atrial-,
ventricular-, or Purkinje-like phenotypes, so that replacement therapies can be extended over
a wide range of heart diseases.

In contrast to cultivating grafts for cardiac repair, the basic pre-requisite for developing
effective, high-throughput methods for pharmacological and developmental studies is the
miniaturization of the EHT. We anticipate that microfluidic devices and BioMEMS (Micro-
Electro-Mechanical Systems) will enable this goal.
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Conclusions
Heart disease remains the number one cause of mortality and morbidity in North America
and myocardial tissue engineering may offer a new treatment option. In vitro approaches
focus on recreating the physiological conditions found in the body. Bioreactor technologies
have enabled this through application of biochemical, electrical, and mechanical stimuli
necessary for cell survival and function. Oxygen delivery and vascularization have been
addressed through the use of perfusion bioreactors, cell tri-culture, as well as angiogenic
growth factor immobilization and delivery techniques. Cell sheet engineering and
topographical guidance represent novel approaches to manipulate structure and function of
the EHT. Meanwhile, the discovery of human iPSCs offers the promise of generating
millions of autologous cardiomyocytes required for engineering of a clinically relevant heart
patch.
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Highlights

• The review highlights recent advances in cardiac tissue engineering.

• We cover classical cell-scaffold approaches and advanced bioreactor designs.

• Cell sheet engineering and whole organ decellularization.

• Stem-cell based approaches and topographical control of tissue organization and
function.

• Challenges in the field include stem cell control, maturation and tissue
vascularization.
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Figure 1. Main cardiac tissue engineering approahces
(A) Stacking five single EHTs (B) on a custom-made device facilitated EHT fusion and
allowed contractions under auxotonic load resulting in synchronously contracting (C)
multiloop EHTs ready for in vivo engraftment. (D) Six single-knot sutures served to fix
multiloop EHTs on (E) the recipient hearts ((A-E), with permission from [7] ). (F)
Photograph of an assembled electrical stimulation chamber developed by Radisic and
colleagues for applying pulsatile electrical field stimuli to (G) cardiac cells seeded on
scaffolds. (H) Representative transmission electron micrographs of stimulated and non-
stimulated constructs after 8 days of cultivation, compared with neonatal rat ventricles. (I)
Stimulated constructs and neonatal ventricles contained higher levels of β-Myosin heavy
chain staining compared to non-stimulated constructs ((F-I), with permission from [8]). (J)
Decellularized cadaveric rat heart. (K) H&E staining indicates no intact cells or nuclei with
large vascular conduits maintained (black asterisks) Scale bar, 200 μm. (L)
Immunofluorescence staining of cadaveric and SDS-decellularized rat heart thin sections
showing the presence or absence, respectively, of DAPI-positive nuclei (purple), cardiac α-
myosin heavy chain (green) and sarcomeric α-actin (red). Scale bars, 50 μm. (M)
Recellularized whole rat heart at day 4 of perfusion culture, showing cross-sectional ring
harvested for functional analysis (day 8, Upper Insert), and Masson’s trichrome staining of a
ring thin section showing cells throughout the thickness of the wall (Lower Insert). Scale
bar, 100 μm. Force generation in recellularized left ventricular rings after (N) 1-Hz and (O)
2-Hz electrical stimulation ((J-O), with permission from [20**]).
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Figure 2. Vascularization and topographical cues for engineered cardiac tissues
(A) Tube formation after 7-day cultivation of endothelial cells on collagen scaffolds with
covalently immobilized vascular endothelial growth factor (VEGF) and angiopoietin-1
(Ang1). Images of PBS control group (scaffold with no growth factor) and VEGF+Ang1
group (scaffold with immobilized VEGF and Ang1) with live/dead staining (CFDA stains
live cells green, PI stains dead cells red), hematoxylin and eosin staining, and von
Willebrand factor staining. Sponges without cells are also shown. Random clusters of cells
were found in PBS control group, compared to circular structures formed by elongated thin
cells with nuclei in the peripheral position in the VEGF+Ang1 group ((A) with permission
from [34]). (B-G) Implantation of collagen scaffolds with covalently immobilized VEGF to
replace a full right ventricular free wall defect in rat hearts (B-D) Masson’s trichrome
staining at 28 days after repair of right ventricular free wall defect shows higher patch
thickness for patches with low dose VEGF (14.5 ± 1.4 ng VEGF) and high dose VEGF (97.2
± 8.0 ng VEGF), compared to control patch with no VEGF. Arrows indicate thickness of the
patch. (E-G) CD31 staining shows more CD31-positive vascular structures (indicated by
arrows) for patch with high dose VEGF, compared to control low dose VEGF patch ((B-G)
with permission from [36]). (H-L) Formation of realistic cardiac microstructure using
micropatterned anisotropic slice cultures that replicate the natural fiber directions in
ventricular cross sections. (H-J) The cells attached, spread and aligned to the micropatterned
fibronectin lines and formed confluent cardiac fibers by Day 6. (K) A composite image of
the entire micropatterned slice culture as well as (L) close-up images of four sections with
the underlying fibronectin pattern (green, inset) is shown ((H-L) with permission from
[44*]). (M-P) PDMS molds with arrays of (M) mesoscopic posts were used to fabricate
three-dimensional muscle tissue architectures. (N) After 2 weeks of cultivation, tissue
constructs were formed with densely aligned and striated cardiomyocytes, showing a high
level of connexin-43 expression.. Directions of cell alignment in subregions (blue squares)
were obtained to show more aligned cells in (O) PDMS molds with posts compared to (P)
those without posts. (P,O) Inset shows the same image with F-actin stain (green) ((M-P)
with permission from [47] ).
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Figure 3. Stem cells in cardiac tissue engineering
(A-E) Double transgenic mice (Isl1-dsRed and Nkx-2.5-eGFP) were used to create
embryonic stem cells with a defined myogenic identity. (A) ESC-derived progenitor cells
from the R+G+ population grown on micropatterned fibronectin lanes showed striated
sarcomeric α-actinin staining (green) and little smooth muscle myosin heavy chain staining
(red). (B) R+G- cells and (C) G+R- cells (D) Negative control exhibited less cardiac-like
cells. (E) R+G+ progenitors were used to generate contractile muscular thin films (MTF)
((A-E) with permission from [55]). (F-I) Engineered heart tissues (EHTs) were used as
surrogate tissues to evaluate integration of the injected ESC-derived cell populations. (F)
Schematic depicting the EHT and injected cells. (G) Left Isochronal activation maps depict
the speed of electrical impulses through the EHT, showing that ESC-derived cardiac
progenitors improve conduction velocity and impulse propagation in EHTs. Right ,
Immunohistochemical staining of the injected EHT shows YFP+ injected cells (purple) and
expression of key cardiac markers including Connexin-43 (Cx43, red) and cardiac troponin
T (cTnT, green) as well as nuclear counterstaining (DAPI, blue). Conversely, impulse
propagation is uniform but slower in EHTs injected with (H) neonatal cardiomyocytes
(nCMs) and is even blocked by the addition of (I) cardiac fibroblasts (cFBs) ((F-I) with
permission from [65*]).
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