
Stem Cells for Cardiac Regeneration by Cell 
Therapy and Myocardial Tissue Engineering

Jun Wu, Faquan Zeng, Richard D. Weisel, and Ren-Ke Li

Abstract Congestive heart failure, which often occurs progressively following  
a myocardial infarction, is characterized by impaired myocardial perfusion, ven-
tricular dilatation, and cardiac dysfunction. Novel treatments are required to reverse 
these effects – especially in older patients whose endogenous regenerative responses 
to currently available therapies are limited by age. This review explores the current 
state of research for two related approaches to cardiac regeneration: cell therapy 
and tissue engineering. First, to evaluate cell therapy, we review the effectiveness 
of various cell types for their ability to limit ventricular dilatation and promote 
functional recovery following implantation into a damaged heart. Next, to assess 
tissue engineering, we discuss the characteristics of several biomaterials for their 
potential to physically support the infarcted myocardium and promote implanted 
cell survival following cardiac injury. Finally, looking ahead, we present recent 
findings suggesting that hybrid constructs combining a biomaterial with stem and 
supporting cells may be the most effective approaches to cardiac regeneration.
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Abbreviations

BMC Bone marrow cell
CHF Congestive heart failure
CSC Cardiac stem cell
ES cell Embryonic stem cell
HSC Hematopoietic stem cell
MI Myocardial infarction
MSC Mesenchymal stem cell
PEG-PVL Poly(d-valerolactone)-block-poly(ethylene glycol)-block-poly 
 (d-valerolactone)

1 Congestive Heart Failure

Congestive heart failure (CHF), most often following a myocardial infarction (MI) 
[1], is the result of a structural or functional disorder that impairs the ability of the 
heart to pump sufficient blood to meet the metabolic demands of the body. Despite 
optimal medical care, many survivors of an acute MI with an ejection fraction less 
than 40% will experience progressive ventricular dysfunction [2, 3]. Heart trans-
plantation has been a therapeutic option for many decades. However, because a 
shortage of donor organs limits the feasibility of this procedure, transplantation is 
unlikely to provide a viable option for the large number of patients who face a 35% 
2 year mortality rate. In those who do receive organs, the return to “normal activity” 
is often limited by infection or rejection despite immunosuppressive treatments.

Recent studies found that the human heart has some capacity for self-repair after 
an injury [4–6]. This repair process, termed “cardiac regeneration”, appears to 
involve the participation of stem cells (both bone marrow- and heart-derived) [7–9], 
and is partially responsible for restoring heart function after an MI. However, the 
potential for endogenous regeneration is diminished with age so that cardiac regen-
eration and functional restoration are limited following an MI in aged patients. 
In this population, irreversible cardiomyocyte loss and fibrosis within the myocar-
dial scar lead to progressive ventricular remodeling, and eventually to ventricular 
dilatation and CHF. Novel therapies are urgently required to treat and prevent CHF, 
particularly in older, debilitated individuals.
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2 Stem Cell Therapy to Promote Cardiac Regeneration

Cell therapy is a novel treatment to prevent ventricular dilatation and cardiac dysfunc-
tion in patients who have suffered an MI. The concept of repopulating and regenerating 
the injured myocardium by implanting muscle or stem cells into the damaged tissue 
originated in the early 1990s [10–13], during which time a variety of somatic and stem 
cells were tested in infarcted animal hearts. The experimental data clearly demonstrated that 
implanted cells survived after implantation, restored cardiac function, increased regional 
perfusion and prevented progressive ventricular dilation. Animals that received implanted 
cells had better cardiac function than media-injected controls.

Although the mechanisms responsible for the restoration of cardiac function by 
the implanted cells remain unclear, the original concept was that the implanted cells 
improved ventricular function by increasing the number of functioning muscle cells 
through repopulation or transdifferentiation. For example, implantation of fetal cardio-
myocytes could repopulate the myocardial scar with beating muscle cells, limiting 
scar expansion and preventing cardiac dysfunction [11]. Skeletal muscle cells injected 
into the damaged myocardial tissue also survived and restored cardiac function [14]. 
Bone marrow cells (BMCs), which either homed to or were injected directly into the 
injured myocardium, appeared to form new muscle cells – albeit in very small 
numbers – and induced the formation of new capillaries and arterioles [8, 12]. 
However, subsequent studies [15, 16] suggested that improved cardiac function was 
probably the result of paracrine effects induced by the implanted cells, including 
accelerated angiogenesis, decreased deleterious matrix remodeling, and increased 
recruitment of circulating stem cells to the damaged tissue. An alternate explanation 
was that the few “new” cardiomyocytes observed after BMC implantation might have 
arisen from the fusion of implanted cells with persisting cardiomyocytes [17, 18].

Because few, if any, BMCs underwent myogenic “transdifferentiation” following 
cell implantation [18–20], it was difficult to understand how so few engrafted cells 
could restore function to the damaged heart. Multiple biological factors released or 
induced by the implanted cells have since been identified within the infarct area. 
Angiogenic factors increase the blood vessel density in the ischemic area [10]. 
The release of cytokines after cell implantation could also prevent host cardiomyocyte 
apoptosis and direct stem cell homing to the damaged area [21]. Protease inhibitors 
released by the implanted cells within the infarct and the remote (normal) myocar-
dium inhibit matrix degradation and ventricular dilatation [22]. Although the exact 
mechanisms remain ambiguous, most pre-clinical cell transplantation studies 
reported improvements in ventricular function [23], suggesting that cell therapy 
offers a unique opportunity to modify the remodeling process and enhance the 
endogenous mechanisms that promote cardiac regeneration.

Over the last 6 years, the encouraging pre-clinical findings led to the initiation of 
numerous clinical cell therapy trials [24] designed to test the efficacy of skeletal myob-
lasts or bone marrow precursor cells injected into infarcted myocardium or arteries 
[25, 26]. However, the dramatic benefits observed in the pre-clinical animal experi-
ments have not been replicated clinically. While the direct injection of muscle cells 
into the infarcted myocardium was shown to be clinically safe and some of the 
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implanted cells survived, data from clinical trials did not demonstrate a fundamental 
improvement in cardiac function. For example, in a phase II study, myoblast implanta-
tion did not prevent ventricular dysfunction [27]. The implantation of BMCs into an 
infarcted artery resulted in only transient improvements in ventricular function in the 
BOOST trial [28]. The Repair AMI trial – a randomized clinical trial involving the 
implantation of autologous stem cells from the bone marrow into the infarct-related 
coronary artery – achieved a statistically significant, but modest, improvement in car-
diac function (2.9% increase in ejection fraction compared to controls). The medical 
benefits of such a small increase compared to the potential interventional risks of cell 
injection are questionable. Combining results from all clinical trials demonstrated only 
minimal benefits when BMCs were implanted in a randomized, double-blind manner. 
In addition, the rationale for these clinical trials has been questioned because the 
implanted bone marrow-derived cells may not have the ability to become cardiomyo-
cytes. Numerous subsequent studies have questioned the “plasticity” (potential for 
transdifferentiation) of hematopoietic stem cells (HSCs – a fraction of BMCs most 
commonly used for clinical trials) [18–20].

The discrepancy between the results of the pre-clinical studies and the clinical 
trials could be due to the effects of co-morbidities such as diabetes, smoking, 
hypertension and diffuse vascular disease. Further, the age of the patients at the 
time of MI could be particularly relevant, because the majority of patients treated 
for MI are older adults, while pre-clinical studies were carried out in young ani-
mals. In particular, the regenerative capacity of endogenous stem cells becomes 
limited in aged individuals [29, 30]. In other words, the number and potency of 
endogenous stem cells available to contribute to homing, inflammatory responses, 
and the cellular micro-environment for implanted cell survival is reduced in older 
compared to younger individuals. Achieving cardiac functional improvement in 
aged individuals will require that we augment not only the capacity for engraft-
ment/survival and regeneration of the donor cells, but also the recipients’ own 
intrinsic capacity for regeneration. Ongoing research should focus on understand-
ing how the benefits of cell transplantation are impaired by aging so that the next 
generation of bio-interventions may be designed to correct these defects. For 
instance, if diminished function of older donor cells is the primary defect, then the 
donor cells might be treated, or “rejuvenated”, prior to implantation. Alternatively, 
strategies could be directed to induce tolerance in allogenic cells from young 
donors. If, however, the defect is related to an abnormal response of the recipient 
to cell implantation, then treatments could be aimed at restoring the host’s regen-
erative capacity. For example, an attenuated bone marrow response to ischemia 
(including a suppressed inflammatory response) could be corrected using strategies 
to restore the bone marrow response to approximate that of a young individual.

3 Optimal Cells for Cardiac Repair by Cell Therapy

Since the concept of cell therapy to restore cardiac function was introduced a decade ago, 
much research has focused on identifying the optimal cells for implantation. Donor 
cells must be effective, easy to obtain, abundant, and unaffected by immunorejection. 
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Autologous cells, such as cardiomyocytes [11], BMCs [10], skeletal muscle 
cells [14] and smooth muscle cells [23], have been widely used in pre-clinical 
studies. Although these cells can prevent ventricular dysfunction when implanted 
after an MI, clinical cell therapy trials have been unable to replicate the new tissue 
formation and neovascularization reported in the pre-clinical studies. Therefore, 
we must re-examine the characteristics of the various candidate cell types:

3.1 Autologous Somatic Cells

The original hypothesis for cell therapy was that donor cells would restore function 
to the damaged heart by repopulating the muscle cells within the infarct area and 
increasing the number of functioning muscle units. Pre-clinical studies demon-
strated that cardiomyocytes derived from fetal and neonatal hearts survived within 
the damaged myocardium and did form new cardiac muscle, which effectively 
prevented ventricular dilation and improved heart function [11]. The research data 
showed similar results following the implantation of adult skeletal myoblasts and 
smooth muscle cells derived from biopsies [23]. Although all three muscle cell 
types are excellent candidates for cell therapy, adult human donor cardiomyocytes 
are not available clinically, and ethical issues obstruct the use of fetal and neonatal 
cardiomyocytes. Since skeletal myoblasts (satellite cells) can be easily isolated 
from skeletal muscle, Menasche and colleagues implanted autologous skeletal 
myoblasts into patients with congestive heart failure. Their phase I clinical trial 
demonstrated the safety and potential efficacy of the cells [31]. However, the myob-
lasts produced only a limited clinical benefit in a multicenter phase II trial [27]. The 
repopulation of muscle cells within the damaged myocardial tissue results from a 
combination of factors. Among them, patient age might be particularly important, 
as we have demonstrated that growth rates differ significantly in cells isolated from 
young and aged rats [32]. The regenerative capacity of adult muscle cells may 
become diminished with age (or other co-morbidities) in patients with CHF. 
Because aging limits the effectiveness of somatic cell therapy, future studies will 
need to evaluate new methods to restore the regenerative capacity of cells isolated 
from aged patients.

3.2 Autologous Stem Cells

The new biomedical field of regenerative medicine has emerged from recent advances 
in stem cell biology. Stem cells are generally considered to be capable of both self-
renewal and differentiation [33]. By definition, a self-renewing cell should be capable 
of generating sufficient cells for cell therapy. Perhaps the most attractive characteristic 
of the stem cells is their multipotency. The microenvironment is reported to induce 
stem cell differentiation. The rationale for using autologous stem cells is that a 
patient’s own stem cells can be implanted into their myocardial tissue, where the cells 
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will rebuild the dysfunctional heart by differentiating into muscle cells, blood vessel 
cells and matrix cells. Autologous stem cells have been actively evaluated due to the 
identified limitations of autologous somatic muscle cells for cell therapy.

3.2.1 Hematopoietic Stem Cells (HSCs)

HSCs produce blood cells and are responsible for the regeneration of blood forming 
tissue [34]. They are characterized by the expression of c-kit, thy-1, sca-1 (mouse) 
and CD34 (human), are lineage negative (Lin−) [35, 36], and can be isolated from 
the bone marrow and peripheral blood. A number of in vivo studies demonstrated 
that HSCs (Lin−/c-kit+) can transdifferentiate into myogenic cells, producing new 
cardiomyocytes, smooth muscle cells and vascular endothelial cells after implanta-
tion into the infarcted myocardium [8]; tissue regeneration was associated with 
improvements in regional perfusion and cardiac function. As reviewed in Sect. 2, 
HSCs have been employed in several clinical trials over the last 6–7 years because 
they are easily obtained from blood and bone marrow, and are effective for cardiac 
functional restoration in vivo. Unfortunately, the randomized trials reported only 
limited beneficial effects, or failure. Effective cell therapy has only been demon-
strated in animal models in which young recipients received cells from young, 
healthy donors, while clinical results were obtained when aged cells were implanted 
into aged patients. Dimmeler and colleagues have attributed this discrepancy to 
diminished “stemness” in the stem cells of aged patients. Similarly, several recent 
studies have questioned the “plasticity” of HSCs [37]. As a consequence, novel and 
creative techniques will be required to develop cell therapies that employ HSCs.

3.2.2 Mesenchymal Stem Cells (MSCs)

MSCs are multipotent stem cells in bone marrow and adipose tissue [38–40]. These 
cells are attractive candidates for cell therapy because they are easy to access and 
lack the cell surface expression of MHC [41], the receptor responsible for initiating 
immune rejection. In addition, MSCs can be expanded in culture and may differen-
tiate into myogenic cells [42–45]. For example, Makino and colleagues [46] 
showed that MSCs became beating cardiomyocytes when cultured in the presence 
of 5-azacytidine, a chromosomal demethylating agent that removes epigenetic 
restrictions on cell differentiation pathways. The resulting beating cells resembled 
adult cardiomyocytes in terms of transcription factors, protein expression, electron 
microscopic structure, and electromechanical activity. A number of in vivo studies 
have demonstrated that MSCs implanted into the infarcted myocardium can survive 
within the implanted area, increase regional blood vessel density and prevent scar 
expansion [13]. Improvements in cardiac function have subsequently been con-
firmed using a clinically relevant porcine model [47], and are also supported by 
several pre-clinical studies that used other models [48, 49]. Adipose-derived MSCs 
have also been successfully used to repair infarcted regions in the rat heart [50]. 
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The positive findings have sparked several clinical applications in which MSCs are 
implanted into damaged myocardial tissue to restore cardiac function. However, as 
with autologous somatic cells and HSCs, the clinical application of MSCs produced 
only limited improvement in left ventricular ejection fraction [51].

3.2.3 Cardiac Stem Cells (CSCs)

The traditional view of the adult heart as a terminally differentiated organ without 
the potential for self-renewal has changed dramatically. The heart has recently been 
found to contain CSCs positive for various stem cell markers, including lineage 
negative c-kit [52–55], Sca-1 [56, 57], isl1 [58] and cardiosphere-forming cells [59, 
60]. The c-kit positive CSCs, identified using anti-c-kit antibodies, are small and 
round, self-renewing, clonogenic, and multipotent, giving rise to cardiomyocytes, 
smooth muscle cells and endothelial cells. CSC injection into the infarct border 
zone of an ischemic rat heart resulted in new myocardium containing cardiomyo-
cytes, capillaries and arterioles [61]. Intracoronary delivery after 4 hours of reper-
fusion following 90 min of coronary occlusion in rats limited infarct size, attenuated 
LV remodeling and ameliorated myocardial dysfunction at 5 weeks after MI 
[62]. A second CSC isolation technique utilizes an antibody against stem cell anti-
gen 1 (Sca-1). Sca-1 positive cells lack markers for blood lineage cells or c-kit, and 
do not differentiate spontaneously in vitro; however, when exposed to 5’-azacyti-
dine, a small fraction of these cells demonstrated biochemical evidence of cardio-
myocyte differentiation [63]. Further, when injected intravenously after ischemia/
reperfusion in mice, Sca-1 positive cells homed to the injured myocardium and dif-
ferentiated into cardiomyocytes, with or without fusion with host cardiomyocytes 
[56]. In Sca-1 positive CSCs recently isolated from human heart tissue, the effi-
ciency of cardiomyocyte formation and maturation in vitro was greatly enhanced 
by the addition of the growth factor TGFb1 during differentiation [64]. Chien and 
colleagues [58, 65] identified a third group of cardiac progenitor cells, called islet-1 
(isl1) positive cells, in the heart tissue of newborn rats, mice, and humans. These 
cells are defined by the presence of an isl1 protein without concomitant expression 
of c-kit or Sca-1. Unlike c-kit and Sca-1, isl1 is a transcription factor, and isl1-
expressing cells isolated from neonatal mice have the capacity to mature into beat-
ing cardiomyocytes [58]. Recently traced in the mouse heart, isl1 positive cells 
produced not only cardiomyocytes, but also smooth muscle and endothelial cells 
[65]. However, the scarcity of isl1 positive cells, and the fact that their presence is 
restricted to very young animals and humans, may limit their application. Finally, 
CSCs can be isolated from the myocardial tissue using cardiosphere-forming tech-
nology. Sphere-forming cells have recently been derived from subcultures of 
human atrial or ventricular biopsy specimens, and from murine hearts. These cells 
are clonogenic, express stem and endothelial progenitor cell antigens/markers, and 
appear to have the properties of adult CSCs. They are capable of long-term self-
renewal and can differentiate in vitro and after transplantation in vivo to yield the 
major specialized cell types of the heart: myocytes and vascular cells [59]. CSCs are 
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a new and challenging stem cell source, and much research will be required to 
determine their potential for human cell therapy.

3.3 Allogenic Stem Cells

The accumulated evidence has demonstrated that both autologous stem and somatic 
cells have limited capacities to repair damaged myocardial tissue and restore car-
diac function after an MI in patients. For aged individuals with congestive heart 
failure, the major obstacle is likely the diminished regenerative capacity – of their 
cells due to age or other co-morbidities. Since optimal cardiac regeneration likely 
requires the introduction of young, healthy muscle cells or bone marrow-derived 
stem cells, allogenic cells have been proposed as candidates for cell therapy. 
Another point in favour of allogenic cells is that they can be pre-prepared for trans-
plantation, and then “shelved” as products until they are required. The feasibility of 
allogenic MSCs for cardiac repair has been closely examined because MSCs may 
be immunoprivileged [41], and some studies suggest that they are not rejected after 
implantation [42–45]. For example, infarcted pig hearts functioned better after the 
implantation of allogenic MSCs than without cell therapy [66]. In a short- and long-
term study, Dai and colleagues found that allogenic MSCs survived for 6 months 
after implantation into damaged hearts. However, although the surviving MSCs 
differentiated into muscle cells that improved cardiac function at 4 weeks [67], the 
benefits of the surviving cells did not persist to 6 months. Therefore, the extent to 
which MSCs are useful for long-term cell therapy will require further evaluation.

3.4 Embryonic Stem (ES) Cells

ES cells, derived from the inner cell mass of blastocyst-stage embryos, were first 
isolated from in vitro cultures of mouse blastocysts [68], and were isolated in 
humans in the late 1990s [69]. They are pluripotent, and can differentiate into all 
derivatives of the three primary germ layers (ectoderm, endoderm, mesoderm) [70]. 
Protocols for ES cell isolation and propagation have been well-established, while 
techniques to induce cardiogenic differentiation in ES cells are still being developed. 
With their extensive capacity for self-renewal and potential for myogenic differen-
tiation, ES cells may be a promising candidate cell source for cell therapy.

For cardiac regeneration, an undisputed advantage of ES cells is their ability to 
differentiate into all cardiac cell types [69, 71, 72]. Scientifically, ES cells are perhaps 
the most promising cell source to generate genuine cardiomyocytes. Klug and 
colleagues [73] reported on the potential use of ES-derived myocytes for cardiac 
repair in dystrophic mice. In that study, they described the presence of ES-derived 
cardiomyocyte grafts for as long as 7 weeks after implantation. Implanted ES-derived 
cardiomyocytes survived in the injured rat myocardium [74] and improved global 
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cardiac function and myocardial contractility. Human ES cells, which have cardiac 
structures that include intercalated discs, sarcomeric organization, and electrome-
chanical integration, are currently receiving much attention for their potential to 
generate human cardiomyocytes [75–77]. The consistent formation of myocardial 
grafts in the infarcted rat heart has already been demonstrated following the 
implantation of human ES cells. The engrafted human myocardium attenuated 
ventricular dilatation and preserved regional and global contractile function relative 
to non-cardiac human ES cell-derivatives or vehicle (controls) at 4 weeks after 
coronary artery ligation [78]. However, in a comparable study, the improvement in 
cardiac function observed at 4 weeks after transplantation of human ES cell-derived 
cardiomyocytes into mice that had undergone an MI was not sustained at 12 weeks 
compared with mice receiving human ES cell-derived non-cardiomyocytes [79]. 
Although the disagreement between these observations may be related to species 
incompatibilities, shorter-term studies must be interpreted with caution, and longer-term 
follow-up is necessary before the efficacy of myocardial cell transplantation can be 
clearly determined.

Despite their obvious advantages for use in regenerative medicine, ES cells 
present a number of clinical challenges. First is the continuing ethical debate about 
the harvesting of human embryos to create the cells. A second major obstruction 
is the need for new techniques to isolate, expand and purify cardiac committed 
progenitor cells from the ES population in sufficient numbers for clinical use. A 
recent report [80] demonstrated that undifferentiated human ES cells did not pro-
duce cardiomyocytes after transplantation into normal or infarcted hearts. More 
recently however, Keller and colleagues [81] defined the sequence required to 
induce reproducibly beating cardiomyocytes from ES cells by carefully isolating 
the stages of development of the cardiovascular lineages in human ES cell differ-
entiation cultures. By induction with combinations of activin A, bone morphoge-
netic protein 4 (BMP4), basic fibroblast growth factor (bFGF, also known as 
FGF2), vascular endothelial growth factor (VEGF, also known as VEGFA) and 
dickkopf homolog 1 (DKK1) in serum-free media, they produced human ES cell-
derived embryoid bodies that generated a KDRlow/c-kitneg (CD117)neg population 
with cardiac, endothelial and vascular smooth muscle potential in vitro and, after 
transplantation, in vivo. Third, the effectiveness of ES cell transplantation may be 
limited by rejection. Although one study [82] reported no significant immune 
response, subsequent studies [83] reported a significant T-lymphocyte and den-
dritic cell population around transplanted allogenic ES cells, suggesting an 
immune response associated with ES cell differentiation in vivo. Finally, because 
ES cells are pluripotent, their implantation into the heart could result in teratoma 
formation. While pre-commitment of undifferentiated ES cells has been shown to 
limit teratoma formation [84], the inclusion within an ES cell graft of a single 
undifferentiated cell might produce a teratoma. Taken together, these studies raise 
exciting prospects for the use of ES cells in regenerative and tissue engineering 
therapies aimed at repairing and “rebuilding” the hearts of patients with congenital 
or acquired myocardial disease.
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4 Optimal Biomaterials for Cardiac Tissue Engineering

Ventricular dilatation is a major contributor to congestive heart failure. Cell therapy 
provides a novel opportunity to repopulate muscle cells within the infarct region, 
strengthen the damaged myocardial tissue and prevent ventricular dilatation and 
cardiac dysfunction. However, multiple studies have demonstrated that the number 
of implanted cells is very low within the infarct or ischemic region of the dysfunc-
tional heart at the experimental endpoints. This is possibly due to detrimental 
effects of the ischemic environment on the implanted cells. Since the number of 
implanted cells within the infarcted heart is positively correlated with the degree of 
cardiac functional restoration achieved [85], numerous studies have attempted to 
determine the optimal means to improve the microenvironment and promote the 
survival of implanted cells. For example, angiogenic factors, such as VEGF [86] 
and bFGF [87], were injected into the ischemic myocardial tissue to improve 
regional perfusion prior to cell implantation, and gene modification or pre-condi-
tioning to increase heat-shock proteins were used to increase the resistance of the 
implanted cells to an ischemic environment [88, 89]. These techniques have signifi-
cantly increased the number of implanted cells at the implanted area and the associ-
ated improvements in cardiac function. However, the proportion of implanted cells 
retained in the implanted area of the heart is still extremely low.

Recently, molecular imaging techniques have been employed for the non-invasive 
tracking of metabolically active cells in living animals [66, 90–92] (Fig. 1) and humans 
[93, 94]; these approaches offer effective tools to elucidate the spatial and temporal 
distributions of implanted cells in living subjects. Several groups have used these tech-
niques to demonstrate that cell leakage from the implanted area results in a significant 
loss of donor cells immediately after implantation. In fact, few implanted cells actually 
remain within the damaged tissue. Post-implantation cell retention is a major determi-
nant of the effectiveness of cell therapy. Fortunately, advances in the development of 
biomaterials for myocardial tissue engineering suggest that combining cell transplan-
tation with biomaterial technologies could significantly improve the potential of these 
interventions to achieve cardiac regeneration.

Two types of biomaterials have been used to repair the heart after injury: inject-
able biomaterials and surgically implanted biomaterial grafts.

4.1 Injectable Biomaterials

In situ polymer biodegradable biomaterials include injectable fibrin glue, matrigel, 
collagen, alginate gels and self-assembling peptides (summarized in Table 1). These 
materials are injected in liquid form, and assume a gel structure in the heart [95, 96]. 
The greatest advantage of an injectable biomaterial is the opportunity to combine it 
with a mixture of cells and biologically active molecules prior to implantation [97]. 
The resulting extracellular matrixes can not only reduce physical infarct expansion, 
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Table 1 Selected injectable biomaterials (gels) used to create scaffolds for myocardial tissue 
engineering

Gel type Gel composition Gelling process MTE applications References

Protein-based

Fibrin glue Fibrin + thrombin Scar limitation,  
cell retention

102–105

Matrigel Temperature-sensitive  
(liquid at 4°C; gels at  
37°C)

Cell retention 106–108

Natural  
polymer-
based

Protein  
nono-fibers

Polymer  
self-aggregation

Cell retention and  
cytokine carrier

109–111

Alginate Alginate + calcium  
chloride

Cell retention and  
cytokine carrier

112

Synthetic  
polymer-
based

PEG-PVL Temperature-sensitive  
(liquid at (at room temp;  
gels at 37°C, pH 7–8) 

Cell retention unpublished

PIPAAm Temperature-sensitive  
(gels at 37°C)

Cell sheets 58,114

Fig. 1 a–d Molecular imaging of cardiac cell transplantation in living animals. a Optical imaging 
in a representative rat (Transplant) transplanted with embryonic cardiomyoblasts expressing the 
Fluc reporter gene (emits significant cardiac bioluminescence activity) at days 1, 2, 4, 8, 12, and 
16 (P <0.05 vs control). Background signal only (day 2) is shown in Control rat. b MicroPET 
imaging in a representative rat (Transplant) transplanted with cardiomyoblasts expressing the 
HSV1-sr39tk reporter gene, whereby the location(s), magnitude, and survival duration were 
monitored by longitudinal imaging of [18F]-FHBG reporter activity (gray scale). c Detailed 
tomographic views of cardiac microPET images shown in short, vertical, and horizontal axes for 
Control and Transplant animals. At day 2, a representative transplant rat exhibited significant 
activity at the lateral wall, as indicated by the magnitude of [18F]-FHBG reporter activity 
(color scale) overlaid on the [13N]-NH3 perfusion image (gray scale). In contrast, the control 
rat exhibited homogeneous [13N]-NH3 perfusion, but background [18F]-FHBG reporter activity. 
d Autoradiography from the same transplant rat confirmed trapping of [18F] radioactivity by 
transplanted cells at the lateral wall at a finer spatial resolution (50 mm)
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but also closely mimic the myocardial microenvironment by facilitating the sus-
tained, local release of growth factors and cytokines that enhance implanted cell 
survival and induce neovessel formation within the ischemic myocardium [98]. 
Most important, gelation of the biomaterial after injection into the myocardial tissue 
can significantly reduce the leakage of implanted cells and biological materials.

4.1.1 Protein-Based Hydrogel

A gel is defined as a three-dimensional network swollen by a solvent, a major com-
ponent of the gel system. Gels can be classified into 2 categories based on the 
formation of their molecular network: physical gels (formed by secondary forces), 
and chemical gels (formed by covalent bonds) [99]. Some physical gels are heat 
reversible, also called “thermoreversible” [100], and others will gel in response to 
pH changes, ionic cross-linking, solvent exchange or crystallization. The most 
commonly used protein-based gels used for cardiovascular applications include 
fibrin glue, matrigel, collagen, and amphiphilic peptides.

Fibrin glue is composed of 2 separate solutions: fibrinogen and thrombin. 
When mixed together, these agents mimic the last stages of the clotting cascade to 
form a fibrin clot, or a protein gel into which cells can be incorporated. When 
injected into the ischemic myocardium of adult rats, the compound dramatically 
increased regional blood vessel density [96]. Fibrin glue, in combination with sev-
eral cell types – including skeletal muscle cells [97, 101, 102], bone marrow derived 
mononuclear cells [103], and endothelial cells [104] – has been injected into the 
damaged myocardium after an MI. Compared to the delivery of cells alone, this 
combined treatment increased the number of implanted cells at the implanted  
area [101] – likely because the mixture of fibrin glue and cells increased cell retention 
and induced greater neovascularization within the ischemic myocardium. In turn, 
these effects reduced infarct expansion beyond the limitation observed following the 
injection of biomaterial alone.

Matrigel is a protein mixture secreted by mouse tumor cells that resembles the 
complex extracellular environment found in many tissues. It exists as a liquid when 
chilled to 4 °C, but its proteins self-assemble into a gel at 37 °C (body temperature). 
Kofidis and colleagues demonstrated that injecting a mixture of matrigel and mouse 
ES cells into infarcted myocardium improved both implanted cell survival and heart 
function relative to the injection of matrigel or cells alone [105, 106]. A similar 
study demonstrated that ventricular geometry and cardiac function were improved 
relative to controls when cardiomyocytes were mixed with matrigel before they 
were delivered into infarcted myocardial tissue [107].

Amphiphilic peptides form nanofibers (7–100 nm in diameter) through molecular 
self-assembly (protein folding) via hydrogen bonding, van der Waals interaction, 
ionic bonds or hydrophobic interactions in solution at low pH or low osmolarity [108]. 
Exposed to physiological ionic strength and pH conditions, the peptides interact 
and self-assemble into stable nanofibers that interweave rapidly to form a hydrated 
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network [108]. A hydrogel scaffold created using the properties of self-assembling 
peptide nanofibers was used to mimic the intramyocardial microenvironment [95, 109]. 
After the peptides were injected into the infarcted myocardium, progenitor cells 
expressing endothelial markers and vascular smooth-muscle cells were recruited 
into the nanofiber microenvironments. Local delivery of stromal cell derived factor-1 
(SDF-1) with the nanofibers further promoted stem cell recruitment and improved 
cardiac function [110]. Enhancing the chemotaxis of stem cells by local chemokine 
delivery with an injectable biomaterial is a promising new strategy for tissue 
regeneration.

4.1.2 Natural Polymer-Based Hydrogel

Biodegradable alginates are gelatinous substances obtained from seaweed or other 
natural sources whose gel-forming properties are determined by their component 
proportions of galuronic and mannuronic acids. Sodium alginate is a naturally 
occurring polysaccharide that is easily polymerized into a matrix. Alginate with 
calcium chloride solution co-injected into the infarcted myocardium formed gel, 
stimulated angiogenesis and efficiently attenuated infarct expansion, heart dilatation, 
and cardiac dysfunction [110, 111]. Alginates offer an acellular option to facilitate 
neovascularization and self-repair within the infarcted myocardium. The combination 
of these natural polymers with appropriated cells may in future provide a new strategy 
for cardiac regeneration.

4.1.3 Synthetic Polymer-Based Hydrogel

While the temperature-controlled gel-forming properties of matrigel are desirable for 
use in combination with cell therapy for cardiac regeneration, proteins in the matrigel 
can stimulate severe inflammatory reactions that induce significant side effects 
within the host after implantation. To overcome these biological disadvantages of 
matrigel, we recently synthesized a temperature-sensitive aliphatic polyester hydrogel, 
poly(d-valerolactone)-block-poly(ethylene glycol)-block-poly(d-valerolactone) 
(PEG-PVL). This biomaterial is a liquid at room temperature, but forms a gel at 
37 °C in aqueous solution. Our preliminary data indicate that the polymer solution 
forms a hydrogel after injection into the subcutaneous tissue of adult rats (at 37 °C). 
Progressive angiogenesis observed in hydro-gel (PEG-PVL) implants harvested at 
1, 2, 3 and 4 weeks after implantation suggests that this novel, synthetic, biodegrad-
able and biocompatible polymer could be useful for the treatment of cardiovascular 
diseases.

Poly(N-isopropylacrylamide) (PIPAAm) is another temperature-responsive and 
non-biodegradable polymer. By increasing the temperature to 37 °C, PIPAAm will 
aggregate to form PIPAAm gel. Although it has not been used for cell injection, this 
biomaterial was used in the creation of cardiac tissue for cardiac repair [112, 113].
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4.2 Cardiac Grafts

Biodegradable biomaterials can be used to create sheets for cell growth, matrices 
upon which cells can form a tissue structure, or a spongy material used to generate 
a three-dimensional structure that supports cell growth on its surface.

Okano and colleagues [50, 113] created monolayered, MSC cell sheets by growing 
the cells on top of a culture dish coated with poly(N-isopropylacrylamide), which 
forms a gel at 37 °C. The sheets were then detached from the dish surface by lowering 
the temperature to below 32 °C, at which point the dish surface became (reversibly) 
hydrophilic and ceased to support adhesion. Following their implantation onto the 
epicardial surface of the infarcted myocardium [50], the grafted cell sheets showed 
evidence of in situ growth characterized by increased thickness, vascularization, and 
some cardiomyocyte differentiation. More importantly, the grafts improved left 
ventricular geometry and function within 4 weeks of implantation [102]. In that study, 
the self-propagating, multipotential and angiogenic characteristics of MSCs led to a 
thickening of the scar area and a neovascularization of the surrounding tissue, which 
reduced ventricular wall stress and facilitated cardiac functional improvement.

Since cell sheets may not be strong enough to prevent expansion of a large myo-
cardial infarct, mixed structures comprised of cells and biomaterials have been 
engineered and studied. Dr. Leor and colleagues reported that fetal rat cardiomyo-
cytes seeded into porous scaffolds composed of alginate biomaterials retained their 
viability within the scaffolds and formed multicellular beating cell clusters after 
24 hours [114]. Following implantation of these constructs into the infarcted myo-
cardium, some of the cells appeared to differentiate into mature myocardial fibers. 
The implanted grafts were supplied by intensive neovascularization, which evidently 
contributed to the survival of the seeded cells. The biografts attenuated left ven-
tricular dilatation and prevented functional deterioration. Similarly, heart tissue 
engineered by culturing a mixture of neonatal rat cardiomyocytes and liquid col-
lagen plus matrigel [115] became heavily vascularized by 14 days after implanta-
tion, and retained a well-organized myocardial structure. The contractile function 
of the graft tissue was also preserved in vivo.

In the late 1990s, our research group created a three-dimensional muscle tissue 
in vitro by growing fetal cardiomyocytes and/or smooth muscle cells on the surface 
of a gelatin sponge [116, 117]. The sponge contracted regularly and spontaneously 
both in culture and in vivo, and histological studies demonstrated that the seeded 
cardiomyocytes grew and formed junctions characteristic of cardiac tissue [116] 
(Fig. 2). When we used the cell-seeded grafts for surgical repair in adult rats [117], 
we found that they were suitable for reconstructing both a right ventricular outflow 
tract defect and a left ventricular transmural defect [118]. The grafts reduced cham-
ber volumes and improved post-MI left ventricular function. Bioengineered muscle 
grafts may therefore be superior to synthetic materials for the surgical repair of 
ventricular scar tissue.

Cardiac tissue has been engineered from numerous somatic cell types, such as 
cardiomyocytes, smooth muscle cells and skeletal muscle cells. For example, a 
research team led by Drs. Zimmermann and Eschenhagen made significant 
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contributions to the field of myocardial tissue engineering by developing a novel 
cardiac muscle construct called engineered heart tissue (EHT) [119–122] using a 
combination of neonatal cardiomyocytes and an artificial extracellular matrix made 
from collagen type I and matrigel. These all-natural EHTs demonstrated contractil-
ity in vitro and contributed to improved cardiac geometry and function after 
implantation in a rat MI model; however, EHTs may not be applicable for clinical 
use due to their limited availability, and ethical concerns related to the use of fetal 
cardiomyocytes and the biomaterial’s high immunogenicity [122]. Further, because 
tissue formation requires large numbers and multiple types of cells, a major weak-
ness of these techniques is the limited number of somatic cells that can be isolated 
for cardiac constructs.

Fig. 2 a-b Tissue-engineered cardiac graft. Photomicrographs demonstrating hematoxylin and 
eosin staining (a: magnification = 40×; b: magnification = 100×) of a tissue-engineered graft (G; 
composed of cell-seeded gelatin sponge) at 5 weeks after suturing to the surface of a left ventricu-
lar scar (s). Seeded cells (arrow in b) filled the interstices of the gelatin mesh and formed tissue 
resembling myocardium. The graft (G) was adherent to the surface of the scar
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5 Stem Cell-Based Cardiac Tissue Engineering

Because they are more potent and proliferative than somatic cells, stem cells are a 
promising alternative cell source for cardiac tissue engineering. For example, bone 
marrow stem cells have been used in the construction of in vivo tissue-engineered 
vascular autografts [123], and to seed a biodegradable scaffold used to repair car-
diac defects. The main advantage of these stem cells is their multipotency. Of the 
seeded cells, some will differentiate into endothelial cells that adhere to the scaffold 
to prevent thrombosis, while others will proliferate and differentiate into smooth 
muscle cells, and still others will produce VEGF and angiopoietin-1 within the 
graft to stimulate angiogenesis.

Tissue-engineered vascular autographs engineered using bone marrow stem 
cells are particularly useful for cardiovascular surgical applications in humans, 
especially in children, who require biocompatible materials with growth potential. 
In 2005, Shin’oka and colleagues reported the first clinical series of tissue-engi-
neered vascular autografts for repair of congenital heart defects [124]. Forty-two 
patients received an autologous BMC-derived biodegradable patch or conduit com-
posed of an l-lactide and e-caprolactone co-polymer reinforced with a woven PGA 
fabric. Mid-term follow-up (mean of 490 days, maximum of 31 months) confirmed 
the procedure was both feasible and safe, producing only a single mortality unre-
lated to graft function, and no morbidity or prosthesis-related complications. 
Follow-up angiography and computed tomography revealed two patch stenoses but 
no dilation or rupture of the implanted autografts. All conduits were patent without 
signs of calcification and demonstrated increases in graft diameter, suggesting 
growth as the children matured.

Autologous bone marrow stem cells were used in combination with a hybrid 
biodegradable polymer scaffold to tissue-engineer a venous vascular patch in the 
dog [125]. Eight weeks after implantation, the patches remained patent with no 
signs of thrombosis, stenoses, or dilatation. Histological, immunohistochemical, 
and scanning electron microscopic analyses of the excised vascular patches 
revealed regeneration of the endothelium and smooth muscle cells, and the pres-
ence of collagen. Immunofluorescent double staining confirmed that the 
implanted cells not only survived after implantation, but also contributed to tis-
sue regeneration observed within the implanted patches. A similar autologous 
conduit was constructed from bone marrow-derived vascular cells in an ovine 
model [126].

ES cells can also be used to create cardiac grafts. In mice, ES cell-seeded bio-
absorbable patches grafted onto the post-MI myocardium repaired the infarcted 
tissue and improved cardiac function [127]. In another innovative study, a vascular-
ized, three-dimensional tissue-engineered human cardiac muscle was created in 
vitro using cardiomyocytes and endothelial cells plus fibroblasts derived from 
human ES cells [128]. The cells were seeded into porous biodegradable sponges 
composed of poly-(L-lactic acid) and poly(lactic acid-co-glycolic acid) (50%:50%). 
The authors confirmed cardiac-specific molecular, ultrastructural, and functional 
properties within the generated myocardial constructs, with synchronous activity 
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mediated by action potential propagation through gap junctions. Such cell-based 
cardiac grafts offer great possibilities for the next generation of engineered heart 
tissues [129]. However, functional integration, connection to the vascular system 
and electrophysiological coupling of donor grafts to the recipient heart tissue will 
present challenges and will require investigation.

6 Future Research

Cell therapy and tissue engineering (or the combination) offer unique advantages 
as the starting points of new therapies that may someday be used to treat CHF 
patients. We have seen many advances in the field, but these successes have raised 
further questions. To date, no single repair technique has been shown to generate 
tissue with all the desirable characteristics of engineered myocardial tissue, including 
consistent and meaningful contractility, stable electrophysiological properties, 
vascularization, and an autologous cell source.

Before we can engineer the “ideal” cardiac tissue for clinical use, we need to identify 
the optimal cells, biomaterials and techniques that will compose the tissue. Cardiac 
grafts seeded with skeletal myoblasts, cardiomyocytes, or smooth muscle cells can 
effectively repair damaged myocardial tissue and improve cardiac function; however, 
the relatively small number of cells that can be obtained from aged patients prevents the 
generation of sufficiently large grafts for clinical use. Highly- proliferative and multipo-
tent bone marrow stem cells can generate a cardiac graft with multiple cell types, but 
the tissue generated from BMC-engineered grafts is non-beating. To this end, ES cells 
have been used to engineer contractile cardiomyocytes and contractile cardiac grafts 
that have been used in cardiac repair with encouraging results. However, a main concern 
with the use of ES cells for cardiac repair is the continuing ethical debate regarding the 
harvesting of human embryos. Another major limitation is the potential for immunore-
jection, since the cardiac grafts must be generated using allogenic ES cells. Alternatively, 
ES cell lines (currently collected at stem cell banks world wide) that match the MHC-
pattern of a large number of recipients in the population might be used in combination 
with a mild immunosuppressive treatment. Another approach is to use nuclear transfer 
to produce individualized ES cells [130, 131].

A recent advance in stem cell biology offers the opportunity to produce fully 
differentiated cardiomyocytes from adult cells [132–136]. Induced pluripotent stem 
cells (iPS cells) are similar to ES cells but are derived from adult cells. IPS cells can be 
generated from fully-differentiated somatic cells (such as skin fibroblasts) by exposure 
to defined factors such as Oct3/4, Sox2, c-Myc and Klf4 [134]. Mouse and human 
fibroblasts can also be reprogrammed into ES-like cells by introducing transcription 
factors such as OCT4, SOX2, NANOG and LIN28 [136]. The human iPS cells have 
normal karyotypes and telomerase activity, express cell surface markers and genes that 
characterize human ES cells, and maintain the developmental potential to differentiate 
into advanced derivatives of all 3 primary germ layers. The cardiomyocytes generated 
from these induced cells have the potential to regenerate the injured myocardium [132]. 



124 J. Wu et al.

This new cell source may eliminate concerns over immunorejection by facilitating the 
induction of multipotential ES cells from individuals with heart disease. New advances 
in stem cell biology are bringing cell therapy closer to clinical application.
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