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Abstract: Myocardial infarction (MI) is characterized by heart-wall thinning, myocyte slip-

page, and ventricular dilation. The injury to the heart-wall muscle after MI is permanent, as 

after an abundant cell loss the myocardial tissue lacks the intrinsic capability to regenerate. 

New therapeutics are required for functional improvement and regeneration of the infarcted 

myocardium, to overcome harmful diagnosis of patients with heart failure, and to overcome 

the shortage of heart donors. In the past few years, myocardial tissue engineering has emerged 

as a new and ambitious approach for treating MI. Several left ventricular assist devices and 

epicardial patches have been developed for MI. These devices and acellular/cellular cardiac 

patches are employed surgically and sutured to the epicardial surface of the heart, limiting the 

region of therapeutic benefit. An injectable system offers the potential benefit of minimally 

invasive release into the myocardium either to restore the injured extracellular matrix or to 

act as a scaffold for cell delivery. Furthermore, intramyocardial injection of biomaterials 

and cells has opened new opportunities to explore and also to augment the potentials of this 

technique to ease morbidity and mortality rates owing to heart failure. This review sum-

marizes the growing body of literature in the field of myocardial tissue engineering, where 

biomaterial injection, with or without simultaneous cellular delivery, has been pursued to 

enhance functional and structural outcomes following MI. Additionally, this review also 

provides a complete outlook on the tissue-engineering therapies presently being used for 

myocardial regeneration, as well as some perceptivity into the possible issues that may hinder 

its progress in the future.
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Introduction
Coronary heart disease is the main cause of death in the United States, with an 

approximated annual cost surpassing $150 billion.1 Myocardial infarction (MI) 

results in heart-wall thinning, myocyte slippage, and ventricular dilation. The 

damage to the heart-wall muscle after MI is permanent, as after a phenomenal cell 

loss the myocardial tissue lacks the intrinsic capability to regenerate.2 MI is caused 

when supply of oxygen and nutrients to the cardiac muscle is impaired, usually due 

to occluded coronary arteries. In addition to life-threatening arrhythmia, damage 

to muscle tissue in the left ventricle (LV) can cause dysfunction and remodeling 

in terms of progressive dilation imparting structural changes to the myocardium. 

As a result, the contractile efficiency of the ventricles is greatly reduced. Although 

the body compensates for LV remodeling initially, mismatch of the mechanical and 

electrical impulses of the scar tissue with native myocardium eventually affects 
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functioning of the heart, leading to chronic heart failure. 

Remodeling of the LV is characterized by increased stress 

on its wall, which can be explained by Laplace’s law. 

Laplace’s law explains anatomical design affecting func-

tional aspects in terms of the relationship between stress 

(T) and pressure difference across the inner and outer wall 

(∆P). If t is the wall thickness, and R is the radius of the 

wall, stress is mathematically calculated as T = (R∆P)/t. 

The mechanical properties of the tissue-engineered scaf-

folds employed for cardiac regeneration should be such 

that they have the potential to take the stress off the heart 

walls. There are presently three biomaterial approaches 

for the intervention of MI: (1) polymeric left ventricular 

restraint devices, (2) in vitro-engineered cardiac tissue, 

which is subsequently implanted in vivo, and (3) inject-

ing cells and/or scaffold into the myocardium to create in 

situ-engineered cardiac tissue. The critical goal for cardiac 

tissue engineering (CTE) is to generate biocompatible, 

nonimmunogenic heart muscles with morphological, 

mechanical, and functional properties similar to that of 

the native myocardium. Previous reviews in the field of 

myocardial regeneration have focused on natural and syn-

thetic scaffolds compared with cell-based therapy alone3 

and injectable acellular hydrogels for cardiac repair,4 and 

a review by Rane and Christman5 focused on the progress 

made in the field of cardiac biomaterial treatments for MI 

over a time span of 5 years (2006–2011). A recent review 

by Nunes et al, focused on the latest advancements in 

CTE based on the use of adult, induced pluripotent, or 

embryonic stem cells and various strategies such as direct 

injection of cells and/or biomaterials.6 Another review 

highlighted the importance of stem cells as promising 

tools for cell therapy for the regeneration of MI, stress-

ing the importance of pluripotent stem cells and tissue 

engineering for cardiac applications.7 In another study, 

progress in engineering stem cell-derived cardiac tissues, 

scaffold-free cell-sheet engineering, application of natural/

synthetic polymers and decellularized organs as engi-

neering constructs, association of cardiac cells through 

microfabrication methods, and the application of perfusion 

and mechanical/electrical stimulation in bioreactors were 

discussed.8 The present review attempts to summarize the 

growing body of literature in the field of CTE, primarily 

with regard to injectable systems and the importance of 

nanotopography for myocardial regeneration. Addition-

ally, this review also provides a complete overview of 

the cell-based and tissue-engineering therapies presently 

being employed in CTE, as well as some perception into 

the possible problems that may obstruct its progress in 

the near future.

Complex architecture of the human 
myocardium
Heart muscle is highly vascular and contractile tissue 

enclosed in a double-walled sac called the pericardium, 

which protects the heart. The outer wall of the human 

heart is composed of three layers. The outer layer is 

called the epicardium, or visceral pericardium – since 

it is also the inner wall of the pericardium – a muscular 

myocardium, and an endothelial-lined endocardium. The 

muscular myocardium consists of cardiac muscle cells 

called cardiomyocytes and fibroblasts.9–11 The myocytes 

are enclosed within the ECM network produced by cardiac 

fibroblasts.12 Essentially, the cardiac ECM is composed 

of 80% and 10% collagen types I and III, respectively.13 

Other less abundant matrix molecules are collagen types 

IV, V, and VI; elastin and laminins are also present in the 

myocardium.14 Differential amounts of coexisting colla-

gens account for altered mechanical properties in differ-

ent regions within the heart.15 During systole, alignment 

of myocytes is maintained by surrounding collagen that 

is responsible for transmission of force, although most 

of the wall stress is borne by myocytes. During diastole, 

lengthening of myocytes uncoils collagen fibers and suc-

tion of blood occurs. Appropriate lengthening protects the 

myocytes from overstretching, while subsequent shorten-

ing causes contraction of heart and ejection of blood.15,16 

Cardiac muscle tissue is also comprised of elongated cells 

containing striated fibers,17 the tissue being attached by 

intercalated discs that transmit electrochemical potentials 

between the cytoplasm of consecutive cells via gap junc-

tions. Gap junctions permit action potentials to spread 

among cells by depolarizing and repolarizing the heart via 

sodium/potassium exchange channels. This coordinative 

motion of ions allows the heart to undergo normal diastolic 

and systolic functions. Besides, there are specialized tissues 

present for rhythmically producing electrical signals to the 

myocardium. Therefore, any engineered heart tissue should 

form functional and electrical syncytia, withstand diastolic 

load, develop systolic force, and contain a blood-supply 

system.18,19 Precisely how the design of the myocardium 

relates to heart function has been described by Torrent-

Guasp et al.20 As shown in Figure 1,20 the heart was spatially 

unfolded by macroscopic dissection, showing a muscular 

band that starts at the pulmonary artery and ends at the 

aorta. This band is comprised of a myocardial fold that 
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Current treatments employed for MI
The existing treatment alternatives for patients with early stage 

heart disease are risk-factor modification and medical treatment 

including beta-adrenergic antagonists, angiotensin-converting 

enzyme inhibitors, aldosterone antagonists, and late-stage 

resynchronization therapy.21 However, drugs alone cannot 

control disease progression competently.22 As a result, patients 

depend upon two lifesaving options: heart transplantation or 

the use of left ventricular assist devices. For final-stage heart 

failure due to MI, heart transplantation is the gold standard 

for the survival of patients. There are issues relating to access, 

with the number of transplants being performed at a declining 

level in spite of an ascending demand for donor hearts.23 In 

those with less severe form of disease, valve replacement or 

repair, interventions such as bypass grafting or angioplasty 

to reestablish blood flow to compromised myocardium, and 

pacemakers and defibrillators to regulate heart rhythms are 

employed.24 Despite these treatment options, there is no cure for 

heart disease, and current therapies simply slow down progres-

sion of the disease. Therefore, alternative therapies are required 

for restoring the infarcted myocardium. The growing field of 

regenerative therapy and tissue engineering offers promise to 

restore or replace tissue lost following myocardial infarction.25 

Table 1 shows the various treatment modalities employed for 

treatment of MI and their advantages and disadvantages.

LV restraint devices
The goal of investigations on LV restraint devices has been to 

preserve the geometry of the heart by physically wrapping it 

and therefore preventing the decline of cardiac function that 

results from the altered spherical structure of post-MI heart. 

Kelley et al26 demonstrated that poly(propylene) (Marlex) 
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Figure 1 Schematic representation of the ventricular myocardial band (A–E) for 
consecutive stages of unwinding. The myocardial band can be divided into four 
segments (E): RV free wall (RFw, black), LV free wall (LFw, dark gray), descending 
segment (DS, white), and ascending segment (AS, light gray). The myocardial band 
extends between the pulmonary artery (PA) and the aorta (Ao). These segments 
spatially conform to two loops: the basal loop (from A to B), constituted by RFw 
(black) and LFw (dark gray), and the apical loop (from B to C) formed by the 
descending segment (DS, white) and the ascending segment (AS, light gray).
Note: Arrows indicate the cleavage plane that provides clues for unwinding the 
myocardial band.
Abbreviations: apm, anterior papillary muscle; LFw, left ventricular free wall; lt, 
left trigone of the aorta; ppm, posterior papillary muscle; RFw, right ventricular free 
wall; rt, right trigone of the aorta; RV, right.
Reprinted from J Thorac Cardiovasc Surg. Torrent-Guasp F, Ballester M, Buckberg 
GD, et al. Spatial orientation of the ventricular muscle band: physiologic contribution 
and surgical implications. 122:389–392. Copyright (2001) with permission from 
Elsevier.20

divides the heart into two simple loops called the basal and 

apical loops. It comprises a horizontal or transverse fiber 

arrangement for the basal loop that surrounds the right and 

left ventricles, and a change in fiber orientation through a 

spiral fold in the ventricular band, forming a ventricular 

helix that contains obliquely arranged fibers. These form 

descending and ascending segments of the apical loop with 

an apical vortex. Every pattern reflects the oblique fiber 

arrangement that employs maximum force during ejection 

and suction. This complex structure of the human heart 

focuses the stumbling blocks in CTE for treating MI.

Table 1 Different treatment modalities and their advantages and 
drawbacks

Treatment Advantages Drawbacks

Cellular  
cardiomyoplasty

Noninvasive Abundant cell loss

Injection of biomaterials Matrix for homing  
autologous  
progenitor cells

Immunogenicity, 
mismatching of 
mechanical properties

In situ engineering  
(injection of combination  
of cells and biomaterials)

Biomaterials support  
cell adhesion and  
prevent cell loss

Infancy stage

Left ventricular  
restraint devices

No cells Involves surgical 
procedure

Tissue engineering Ensures cells are  
delivered to desired  
site with minimal  
cell loss

Involves surgical 
procedure
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mesh, when sutured onto the myocardium at the MI-induced 

region, restrained the infarct wall and also preserved both 

LV geometry and cardiac function, as evidenced by echocar-

diogram results. Another type of LV restraint consisting of a 

knitted polyester mesh has been developed by Acorn Cardio-

vascular (St Paul, MN). In a study by Chaudhry et al, a cardiac 

support device (CSD) that was fitted around both ventricles 

using a canine chronic heart failure model was shown to lower 

myocyte hypertrophy, LV end-diastolic volume, interstitial 

fibrosis, and increase fractional shortening.27 In short, this 

device principally follows Laplace’s law by sharing LV pres-

sure and maintaining normal myocardial wall pressure for 

preventing LV remodeling.28 Acorn’s clinical trial involving 

around 300 patients originally reported that the CSD reduced 

LV diastolic volume and improved patients’ quality of life.25 

Nevertheless, the implication of the research has been ques-

tioned, owing to some contradictory outcomes as to the actual 

benefit of CSDs in clinical trials, where some measures of 

cardiac function are ameliorated while other functions are 

unchanged or deteriorated.29 Similarly, the HeartNet device 

(Paracor Medical, Sunnyvale, CA) is a nitinol mesh that is 

flexible over a wide range of sizes and can be implanted surgi-

cally around the ventricle. The HeartNet device was studied in 

a pilot trial on 51 patients; however, the results observed were 

consistent with those observed in the Acorn trial.30 Presently, 

the HeartNet Ventricular Support System is being assessed in 

the Prospective Evaluation of Elastic Restraint to Lessen the 

Effects of Heart Failure (PEERLESS-HF) trial, which will 

determine whether the device is suitable for treating patients 

with an ejection fraction of #30%. Even though the initial 

studies examining epicardial polymeric LV restraints had 

supporting results, a major drawback with this technique is 

the surgery required for implantation of the device.

In vitro-engineered myocardial tissue
An in vitro-engineered cardiac construct is desired to pos-

sess certain essential characteristics, such as appropriate 

physical and mechanical properties, ready adherence, 

 biocompatibility, nonantigenicity, noninvasive  applicability, 

and ability for complete integration with host tissues. 

Li et al31 examined the transplantation of cells in a biomate-

rial scaffold for the treatment of MI. They demonstrated the 

survival of fetal cardiomyocytes on a biodegradable gelatin 

mesh in vitro and implanted onto the myocardial surface in 

a cryoinjury model; however, the cell-seeded gelatin grafts 

did not induce functional improvement of cardiac tissue. 

Subsequently, Leor et al32 demonstrated both survival and 

maintenance of cardiac function with fetal cardiomyocytes 

seeded onto an alginate scaffold, which was later implanted 

in a rat MI model. In another study, embryonic stem cells 

were mixed with type I collagen and implanted into the 

infarct wall by surgically creating an intramural pouch in 

a rat heterotopic heart-transplant model.33 The seeded cells 

formed viable grafts that improved fractional shortening and 

prevented infarct-wall thinning compared to animals that 

received either the scaffold without cells or treatment. Zim-

mermann et al34 created engineered heart tissue (EHT) by mix-

ing cardiac myocytes isolated from neonatal Fischer 344 rats 

with liquid type I collagen, Matrigel, and serum-containing 

culture medium. EHT was made in a circular shape to fit 

around the circumference of hearts from syngeneic rats. After 

12 days in culture, EHT was implanted on uninjured hearts. 

After fourteen days of implantation, EHT was completely 

vascularized and retained a well-organized heart muscle 

structure, evidenced by immunocytochemistry. However the 

study had drawbacks pertaining to the need for continuous 

administration of immunosuppressive drugs. This is because 

generally synthetic constructs do not allow normal cellular 

remodeling and may trigger immune response that may limit 

graft–host integration. These studies have involved scaffold-

free or natural matrices for CTE, such as collagen type I and 

III, the major constituents of the native myocardial matrix. 

Studies have reported that scaffold-free human myocardial 

scaffolds, consisting of cardiomyocytes and the matrix to 

secrete, initially survive poorly after transplantation, but upon 

inclusion of stromal and endothelial cells enhance survival 

and vascularization, devoid of any foreign-body response 

at the graft–host interface. Moreover, it was validated that 

collagen-based cardiac constructs may provide additional 

cell-engraftment benefit over cell-injection therapies for 

infarct repair due to the positioning of the construct over and 

across an infarct rather than within it, which may increase 

therapeutic performance, owing to the (1) position that may 

enhance electrical coupling with intact myocardium on either 

side of the infarct and (2) separation of the graft from the 

inflammatory infarct environment.35 Recently, Fujimoto et al36 

demonstrated an in vivo model using a biodegradable porous 

polyurethane patch sutured to the region of infarcted myocar-

dium. The implanted patch improved cardiac remodeling and 

contractile function of the heart. Yamada et al37 and Okano 

et al38 utilized a temperature-responsive polymer, poly(N-

isopropylacrylamide), which is hydrophobic and adhesive to 

cells at 37°C but becomes hydrophilic and resistant to cells 

at 32°C due to rapid hydration and swelling. Cardiomyocytes 

derived from embryonic stem cells (ESCs) were cultured with 

liquid collagen type I and Matrigel to construct engineered 
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cardiac tissue.39 After 7 days of in vitro loading, the constructs 

could beat synchronously and react to physical/pharmaceuti-

cal stimulation. Similarly, rat cardiomyocytes cultured on a 

poly(N-isopropylacrylamide) sheet showed that the polymer 

caused the cell layers to detach when the temperature was 

reduced, thereby releasing cardiac myocyte sheets from the 

dishes without enzymatic or ethylenediaminetetraacetic acid 

treatment. Six months later, the researchers also observed 

these patches were beating and had been infiltrated by blood 

vessels.40 Zhang et al41 used a mixture of collagen, Matrigel, 

and cell-culture medium to deliver cardiomyocytes similar to 

Zimmermann et al18,19,34 in vitro, and reported conserved LV 

geometry and heart function. Implantation of engineered neo-

natal cardiomyocyte sheets to the MI region showed integration 

with infarcted myocardium and ameliorated cardiac function. 

Moreover, cultured cardiac cell sheets expressed angiogenesis-

related genes, migrated to connect with the host vasculature, 

and formed endothelial cell networks after transplantation.42  

Recent studies observed poly(glycerol sebacate) (PGS) to be a 

suitable elastomer for engineering cardiac myocardium.43,44 It 

is a biodegradable, synthetic, and biocompatible polymer and 

exhibits elastomer-like mechanical behavior,45 showing a wide 

range of stiffness values (10 kPa to 1.2 MPa) that could be tai-

lored to be either softer or stiffer than the heart muscles.46 Rav-

ichandran et al47 fabricated PGS/fibrinogen core/shell fibers 

for culturing cardiomyocytes that showed enhanced expres-

sion of cardiac-specific marker proteins like actinin, troponin, 

and myosin heavy-chain and gap junction protein connexin-43 

compared to tissue culture plate and fibrinogen nanofibers, 

as shown in Figure 2, indicating that these core/shell fibers 

may prove to be suitable biomaterial for the treatment of MI. 

They attributed enhanced survival of cardiomyocytes on these 

scaffolds to the ECM-mimicking nanofibrous architecture and 

the favorable elastic property provided by PGS.47 In a similar 

Figure 2 Immunocytochemical analysis for the expression of cardiac marker protein α-actinin (A–C), β-myosin heavy chain (D–F), troponin (G–I), connexin 43 (J–L) on 
tricalcium phosphate (A, D, G and J) and fibrinogen nanofibers (B, E, H and K) and poly(glycerol sebacate)/fibrinogen core/shell fibers (C, F, I and L) at 60× magnification.
Note: Nucleus stained with DAPI (4′,6-diamidino-2-phenylindole).
Reprinted from Int J Cardiol. Ravichandran R, Venugopal JR, Sundarrajan S, Mukherjee S, Sridhar R, Ramakrishna S. Expression of cardiac proteins in neonatal cardiomyocytes 
on PGS/fibrinogen core/shell substrate for cardiac tissue engineering. Copyright 2012, with permission from Elsevier.47
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study, hydrophilic, biocompatible nanofibrous scaffolds 

made of poly(l-lactic acid)-co-poly(ε-caprolactone)/collagen 

blend, fabricated by electrospinning, were reported to pro-

vide enhanced attachment and growth of adult cardiac cells 

favoring native myocardium-like alignment of cardiac cells 

for regeneration of infarcted myocardium.48 However, even 

with all the efforts invested, the in vitro approach for CTE 

followed by transplantation of biomaterial in vivo has shown 

only partial success. After transplantation, adequate perfu-

sion, rapid vascularization, cell survival, integration, and 

function of the engineered cardiac patch remain vital steps 

in the translation of in vitro cardiac patches into effective  

clinical tools.

Limitations
Although these studies share the desire of regenerating sizable 

constructs using an in vitro approach, the present thickness 

of 0.5 mm is improbable to produce any significant changes 

in human myocardium, which is larger than rat myocardium. 

Therefore, developing an in vitro-engineered cardiac construct 

for humans is currently a major obstacle. Furthermore, the 

constructs do not possess similar anisotropic and nanofibrous 

structural properties to that of native ECM of myocardium. 

While acellular and cellular cardiac patches are applied surgi-

cally to epicardial heart surface, injectable materials offer the 

benefit of minimally invasive delivery into the myocardium 

either to act as a scaffold for cell delivery or to replace the 

damaged matrix. Additionally, patch materials are sutured to 

the epicardial heart surface, limiting the therapeutic benefit. 

Hence, unlike the patch materials, an injectable system offers 

an advantageous solution for the regeneration of the infarcted 

myocardium noninvasively.

Injectables
An injectable material system offers an exclusive solution 

for replacing the injured myocardial ECM and delivering 

cells directly to the region of infarction while providing 

prospective minimally invasive delivery. The ideal inject-

able material would be one that mimics the native cardiac 

ECM environment and meets the clinical requirement of 

minimally invasive catheter delivery. For tissue engineer-

ing, it is important that a material is biocompatible and 

provides the suitable cell–biomaterial interactions for cell 

adhesion, proliferation, differentiation, and maturation.49–51 

 Electrospinning is a versatile technique for producing 

electrospun nanofibers that are capable of mimicking ECM 

architecture in vitro. A recent study by our group hypoth-

esized that the injection of cells along with short PGS fibers 

would increase cell-transplant retention and survival within 

the infarct, compared to the standard cell-injection system. 

It was reported that electrospun short PGS nanofibers pro-

vide the desired nanostructures for tissue-engineering appli-

cations, as well as lend themselves to injectable delivery, as 

shown in Figure 3. With this approach, cells would remain 

adhered to the nanofibrous injectable material, preventing 

cell loss and providing a more site-directed cardiac repair 

mechanism.52 Thus, injectable biomaterials should provide 

biomimetic ECM architecture and meet design necessities 

Figure 3 (A) The homogeneous mixture of poly(glycerol sebacate) (PGS) fibers suspended in phosphate-buffered saline solution after stirring for 2 hours with a magnetic 
stirrer at 37°C. (B) The PGS fibers loaded in a 1 mL syringe prepared for the injectable system. (C) The morphology of the PGS short fibers is retained after passing through 
the 18 G needle, at 40× magnification. (D) The morphology of the PGS short fibers after passing through the 18 G needle, at 60× magnification. Reprinted with permission 
Nanotechnology. Ravichandran R, Venugopal JR, Sundarrajan S, Mukherjee S, Sridhar R, Ramakrishna S. Minimally invasive injectable short nanofibers of poly(glycerol sebacate) 
for cardiac tissue engineering.  Copyright 2012 IOP Publishing.52
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for coronary or endocardial catheter delivery and must have 

good gelation properties and kinetics to remain in liquid 

state within the catheter while allowing the formation of a 

solid gel within the myocardium.

Injecting cells
Researchers have over the past decade looked into the pos-

sibility of cell transplantation for cardiac repairs.53 Several 

cell types have been considered for such therapies, including 

skeletal myoblasts,54 bone marrow-derived hematopoietic 

stem cells,55 mesenchymal stem cells,56 intrinsic cardiac 

stem cells (CSCs),57 ESCs,58 and induced pluripotent stem 

(iPS) cells.59 Cell transplantation may be accomplished in 

one of the following ways: (1) transplanting cells through 

transepicardial, intracoronary or transendocardial delivery; 

(2) mobilizing resident stem cells to the injured site using 

cytokines, such as granulocyte colony-stimulating factor and 

stem cell factor; or (3) treatment with growth factors, such as 

insulin-like and hepatocyte growth factors, to induce differ-

entiation of cardiac progenitor cells into cardiomyocytes.60

Approaches of stem cell delivery  
to the damaged heart
Modes of stem cell delivery into the infarcted site include: 

(1) intravenous injection,61 (2) infusion into coronary arteries,62 

and (3) direct endomyocardial injection.63 For instance, with 

intravenous injection, it has not been ascertained which ele-

ments affect the number of stem cells that home on the heart 

upon circulation. Intracoronary infusion extends the benefits 

of directed local delivery, increasing the amount of cells that 

reach the target tissue compared to the systemic intravenous 

route.63 These methods, however, presume that blood flow of 

patients after a heart attack is normal.  Surgically aided stem 

cell deliveries are also possible, but depend upon identifi-

cation of the infarcted area and viable neighboring tissue. 

A balloon catheter to deliver the stem cells into the infarcted 

zone through heart vessels after percutaneous transluminal 

coronary angioplasty has been demonstrated.64 Recently, this 

technique for cell injection has been used for the regeneration 

of myocardium.65 This intravascular delivery was based on the 

migratory properties of a few cells that retain their power to 

cross the basal lamina. This approach should be feasible for 

mononuclear bone marrow cells (BMCs) alone (mean diam-

eter very small [10–12 µm]), since intracoronary delivery of 

skeletal myoblasts and bone marrow mesenchymal stem cells 

could cause microemboli formation.66 Another approach was 

to deliver stem cells into the systemic vasculature system so 

that the stem cells home to the site of infarcted myocardium. 

The site of circulatory system introduction includes intra-

coronary and intravenous injection, retrograde venous 

infusion, and intra-aortic root administration. A drawback 

of these methodologies is that they have the possibility to 

cause embolization if the stem cells are very big or clump 

into aggregates when huge quantities of cells are infused.67 

Nevertheless, the success of postischemic intramyocardial 

delivery of cells seems to be hampered by limited cell survival 

in the ischemic area68 and low cell retention.69 The infarcted 

myocardium is a harsh hypoxic environment that is not suit-

able for cell survival and regeneration. Also, mechanical loss 

and vascular washout may account for a large amount of cell 

loss upon intramyocardial injection.70

Stem cells
Stem cells are the optimum source for tissue regeneration 

and also have the following advantages: (1) capacity for 

self-replication throughout life, (2) they are clonogenic, 

and hence each cell can form a colony in which all the 

cells are derived from a single cell having identical genetic 

makeup, and (3) they are able to differentiate into one or 

more specialized cell types. Expansion of stem cells can 

be directed to differentiate into cardiomyogenic lineage.71–73 

Therefore, stem cell administration for cardiac regeneration 

has been under intensive research during the last decade. 

There are somatic stem cells and ESCs. Somatic stem 

cells are isolated from adult somatic tissue, such as bone 

marrow, adipose tissue, umbilical cord blood, peripheral 

blood, and skeletal muscle. ESCs are derived from embryo 

at the blastocyst stage and can form completely functional 

differentiated cells, as well as cardiomyocytes. Stem cell-

based therapy for myocardial regeneration was initially 

based on the assumption that the injected stem cells would 

differentiate into cardiomyocytes, integrate with the native 

myocardium, and favor the regeneration of infarcted heart. 

In vivo studies have showed that stem cell injection attenu-

ated LV dilatation, decreased scar-tissue formation, and 

improved contractile function.74–76 Moreover, studies have 

also recommended that the beneficial effects of stem cell 

injection were due to the paracrine action of the injected 

cells. Bone marrow stem cells have the capability to pro-

duce angiogenic growth factors such as vascular endothelial 

growth factor (VEGF) and platelet-derived growth factor, 

and antiapoptotic factors such as insulin-like growth fac-

tor (IGF-1) and hepatocyte growth factor.77,78 This capacity 

is improved further under a hypoxia environment in the 

infarcted region, thereby promoting both angiogenesis and 

cardiomyocyte survival.79,80
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Bone marrow cells
Bone marrow stem cells are primitive cells in the marrow and 

can be separated as: (1) bone marrow-derived mesenchymal 

stem cells (MSCs) and (2) hematopoietic stem cells (HSCs). 

Thompson et al81 reported the introduction of BMCs in 

collagen into the myocardium via catheter; however, no 

conclusive results could be derived from this study as the 

injection was done in uninjured hearts, and comparison 

with cell injection in a liquid solution was not performed. 

Orlic et al82 reported that a subpopulation of BMCs was 

capable of myocardial generation in mice. Kocher et al75 

found that intravenous injection of 2.0 × 106 human BMCs 

to the infarcted heart of rats caused considerable increase in 

neovascularization of postinfarcted myocardium, reduction 

in cardiomyocyte cell death, and LV remodeling. The abil-

ity of BMCs to heal an infarcted myocardium by inducing 

vasculogenesis and thereby improving heart viability and 

restoration of cardiac function has promoted the studies from 

in vivo models to clinical trials.83 Intracoronary injection of 

autologous mononuclear BMCs in patients with acute MI 

causes a short-term inflammatory response that reduces after 

3 months, as influenced by the circulating levels of certain 

inflammation markers, proposing a suitable window for 

stem cell transplantation in MI.84 Strauer et al64 transplanted 

BMCs directly into the infarcted zone of the myocardium 

by a balloon catheter placed within the infarct-related artery. 

Intracoronary cell transplantation via balloon catheter was 

performed, using six to seven fractional high-pressure infu-

sions of 2–3 mL cell suspension, each of which contained 

1.5–4 × 106 mononuclear cells. The results of the group 

with cell therapy showed considerable improvement in LV 

 function. Presently, results of three medium-sized clinical tri-

als (100–200 patients) show a varying and moderate healing 

function of autologous bone marrow stem cells in cardiac 

function.85,86 The application of BMCs for CTE is still in its 

preliminary stage, as optimum cell source, mode of injection, 

dose, and timing require optimization. However, the appli-

cation of bone marrow-derived stem cells is limited by the 

acquisition of an adequate number of autologous cells from a 

patient with MI in time in order to prevent postinfarction.

Bone marrow derived mesenchymal stem cells
Chen et al87 reported substantial improvement in global and 

LV function after intracoronary transplantation of autologous 

bone marrow MSCs in patients with acute MI. Nagaya et al88 

showed that transplanted MSCs expressed cardiac and 

endothelial cell markers within infarcted sites of rat. The 

results support the concept that stem cell therapy ameliorates 

cardiac function after acute MI through enhanced angiogen-

esis and myogenesis in the ischemic myocardium. There is 

a growing body of literature signifying the advantageous 

effect of bone marrow MSCs on myocardial function and 

remodeling via indirect paracrine signaling that induce cell 

proliferation and migration and stimulate angiogenesis rather 

than induction of physiologically significant regeneration of 

contractile myocardium.89 MSCs secrete a variety of bioac-

tive molecules and mediators that promote tissue repair.90 

MSCs also secrete large amounts of angiogenic and anti-

apoptotic factors in vitro including fibroblast growth factor 

(FGF), VEGF, basic transforming growth factor, hepato-

cyte growth factor, and adrenomedullin (an antiapoptotic 

peptide).90 Additionally, MSCs produce IGF-1, which is a 

mediator for myocardial growth and placental growth factor, 

which has an effect on angiogenesis and monocyte recruit-

ment. Further, Tang et al91 also observed that expression of 

angiogenic factors, including VEGF, FGF, and stem cell-

homing factor (stromal cell-derived factor-1α) increased 

significantly in the engrafted MSCs after 2 weeks of trans-

plantation into myocardial infarcts in rats. Additionally, 

echocardiography showed that LV contractility, measured by 

fractional shortening, was enhanced 8 weeks after implan-

tation. It was proposed that the engrafted MSCs improved 

cardiac function through paracrine mechanism. Dai et al92 

examined the long-term effects of MSCs to treat infarcted 

scars. They found in rat models of MI that the differentiation 

of transplanted MSCs to cardiomyocytes was incomplete at 

the end of 6 months. Furthermore, the long-term capabil-

ity of MSCs to repair the infarcted myocardium was also 

questioned by this study.92

Hematopoietic stem cells
HSCs are regularly isolated from the bone marrow, peripheral 

blood, and umbilical cord based on CD34 and/or CD133 

antigens expression. Orlic82 injected HSCs into the rat myo-

cardium, which were able to repair 60%–70% of the ischemic 

damaged tissue by generating endothelial smooth-muscle and 

cardiomyocytic cells, but cardiomyocyte transdifferentiation 

was still controversial.54,93 In vivo studies showed that HSCs 

can integrate with the damaged region and occupy up to 

68% of the infarcted site. The transplanted HSCs expressed 

connexin-43, indicating formation of gap junctions with 

host myocardium, which is absent in skeletal myoblasts.82 

Studies in vivo of ischemia and phase I and II clinical trials 

recommended that delivery of HSCs and circulating endothe-

lial progenitor cells (EPCs) may favor improvement of LV 

function in ischemic heart patients.83
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Adipose stem cells
Adipose tissue is an attractive source of MSCs for clinical 

autologous stem cell therapies and regenerative medicine, as 

it is copiously available, and more significantly it can be 

acquired in a less invasive manner and is less expensive than 

harvest of bone marrow. Adipose-derived stem cells (ASCs) 

characterize an alternate, easily expandable, and accessible 

source of stem cells, and like MSCs are multipotent and have 

been shown to give rise to adipocytes, osteoblasts, chondro-

cytes, endothelial cells, and cardiomyocytes.94,95 The primary 

benefits of ASCs include the fact that adipose tissue can be 

readily obtained through regular surgeries coupled with low 

morbidity in comparison to painful bone marrow aspiration, 

and the yield of stem cells is roughly 500-fold greater than 

that from bone marrow.96,97

Planat-Benard and colleagues found that beating cells 

with cardiomyocyte characteristics could be noticed after 

ASC culture. The cardiomyocyte phenotype was initially 

noticed by morphological observation and further con-

firmed with expression of cardiac-specific marker proteins 

by immunocytochemistry and ultrastructural analysis, 

revealing the presence of ventricle and atrial-like cells. 

 Electrophysiological studies on early culture demonstrated 

pacemaker activity of these cells.94 Additionally, the same 

group showed that adipose lineage cells function as progeni-

tors for endothelial cells. They were reported to take part 

in vascular-like structure configuration in Matrigel plug 

and improve neovascularization in ischemic heart tissue.95 

This opens novel perspectives on angiogenic therapy based 

on the injection of ASCs for treatment of MI.98 Recently, there 

has been a growing body of literature demonstrating spon-

taneous differentiation of ASCs into active cardiomyocyte 

like cells without treatment with chemicals like 5-azacyti-

dine both in in vitro94 and animal studies.99 Similarly, it was 

suggested that even though there was poor engraftment of 

intramyocardial delivery postinfarction of freshly isolated 

ASC, they showed good therapeutic effect on heart func-

tionality in rats by means of proangiogenic effect.100 A later 

study demonstrated the utilization of a tissue-engineering 

chamber that incorporates an arteriovenous loop for the 

generation of human cardiac muscle cells in vivo from 

ASCs cocultured with rat cardiomyocytes (rCMs) as shown 

in Figure 4.99 After 6 weeks of implantation, the ASC/rCM 

coimplantation allowed spontaneous differentiation of ASCs 

into cardiac cells, adipocytes, and smooth-muscle cells in 

the rat groin. This methodology successfully produced a 

considerable amount of vascularized human cardiac tissue. 

Nevertheless, to improve its clinical relevance, it is essen-

tial to have a thorough understanding of the mechanisms 

involved in ASC differentiation to cardiomyogenic lineage, 

so that autologous ASCs into cardiac tissue can be made 

without the requirement of rCM coculture and unwanted 

differentiation to adipogenic lineage can be avoided for 

CTE applications.

Cardiac stem cells (CSC)
CSCs are self-renewing, c-kit-positive, multipotent, and clo-

nogenic cells. They engender myocytes, endothelial cells, and 

smooth muscle. Although the main role of CSCs is in cardiac 

homeostasis, they also contribute to normalization of cardiac 

functioning post-MI. CSCs can also form both myocytes and 

vasculature in the MI region, favoring restoration of dead 

tissue.101 Beltrami et al57 reported the functional regeneration 

of the infarcted myocardium by injecting 2 × 105 CSCs into 

ischemic rat hearts. A recent study by Li et al challenges 

the present claims about CSC regenerative potential on the 

infarcted myocardium.102 They isolated mice c-kit-positive 

and Sca-1-negative CSC coexpressing the MSC markers 

CD106 and CD90. They were then injected into murine 

infarcted myocardium and their fate analyzed by in vivo 

bioluminescence imaging, as shown in Figure 5. The results 

showed acute donor stem cell apoptosis after intramyocardial 

delivery of cells, and most importantly CSC transplantation 

was unsuccessful in providing any functional improve-

ment in comparison to infarcted mice injected with saline. 

In a phase 1 clinical trial (Stem Cell Infusion in Patients with 

Ischemic Cardiomyopathy [SCIPIO]) of autologous CSCs for 

the treatment of cardiac failure as a result of ischemic heart 

disease was performed. The study reported that in 14 CSC-

treated patients, intracoronary infusion of autologous CSCs 

was efficient in improving LV systolic function and reduc-

ing infarct size in those patients, compared to seven control 

Figure 4 (A) An AV loop was constructed and placed into the tissue engineering 
chamber in the nude rat groin. (B) Cells (ASC–rCM or ASC or rCM) suspended in 
Matrigel™ were seeded around the AV loop.
Reprinted from Biomaterials. Choi YS, Matsuda K, Dusting GJ, Morrison wA, 
Dilley RJ. Engineering cardiac tissue in vivo from human adipose-derived stem cells. 
31:2236–2242. Copyright 2010 with permission from Elsevier.99
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Figure 5 (A–D) Tracking of grafted cardiac stem cells (CSCs) by immunofluorescence. (A and B) CSCs within the recipient myocardium 3 days after injection shown at 
low and high magnification. (C and D) Transplanted CSCs can differentiate and integrate with host myocardium, as confirmed by green fluorescence protein (GFP) and 
α-sarcomeric actin (SA) double-staining. At day 14, CSCs could differentiate into cardiomyocytes, as confirmed by α-SA and GFP double-staining (C). However, this population 
became significantly decreased when the tissues were examined at day 28 (D), which is also consistent with the decrease in bioluminescence signals over this period. 
Scale bar = 100 µm (A), 20 µm (B–D).
Reprinted  from J Am Coll Cardiol. Li Z, Lee A, Huang M, et al. Imaging survival and function of transplanted cardiac resident stem cells.53:1229–1240. Copyright 2009 with 
permission from Elsevier.102

patients, during the corresponding time interval.103 On the 

whole, these results indicated that future studies focusing on 

the mechanisms underlying CSC biology and also on ways to 

exploit these cells for CTE, like harvesting methodologies, 

are necessary before any therapy employing these cells is 

incorporated therapeutically.

Embryonic stem cells (ESCs)
ESCs can be isolated from the inner mass of blastocyst and 

expanded for an indefinite period in vitro.104 ESCs remain 

pluripotent in an undifferentiated state in culture, and can 

differentiate into various somatic cell lineages.105 Moreover, 

ESCs have advantages in direct cardiogenic differentiation,106 

integration with the host heart, and improvement of electri-

cal conduction.107 Thus, theoretically ESCs could provide 

an infinite supply of cardiomyocytes for the regeneration of 

infarcted myocardium. Application of ESCs to repair cardiac 

tissues postinjury has been tested in several preclinical stud-

ies, with positive results.108 The first study using ESCs as a 

source for cell transplantation into the heart was reported by 

using genetically selected mouse ESC-derived cardiomyo-

cytes. They demonstrated that the differentiated cells formed 

myofibrils and gap junctions between neighboring cells and 

performed synchronous contractile activity in vitro for up to 

7 weeks.109 Alperin and coworkers have demonstrated suc-

cessfully that ESC-derived cardiomyocytes on thin polyure-

thane films generated  myocytes that showed fully contractile  

behavior and few structural properties characteristic of 

early stage myocytes. They also produced sufficient force to 

allow for contraction of thin polyurethane films.110 Another 

study showed that in the MI region, grafted ESCs differ-

entiated into cardiomyocytes with functional activity and 

integrated with surrounding tissue, improving contractile 

activity.111,112
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Menard et al demonstrated that cardiac-committed mouse 

ESCs, when transplanted to the infarcted heart of sheep after 

incubation with bone morphogenetic protein 2, differentiated 

to mature cardiomyocytes, and also considerable improve-

ment in cardiac function independent of whether sheep 

were immunosuppressed or not.113,114 Another study showed 

increased immunogenicity of mouse ESCs upon in vivo 

differentiation after transplantation into the MI region of 

allogeneic animals, proving that clinical injection of alloge-

neic ESCs for the treatment of infarcted myocardium may 

necessitate immunosuppressive therapy.115 This was further 

confirmed by Nussbaum et al,116 who noticed that undiffer-

entiated mouse ESCs constantly formed cardiac teratomas in 

nude or immunocompetent syngeneic mice, suggesting lack 

of guided differentiation into cardiac lineage. Thus, the main 

obstacles that hinder the clinical use of ESCs are immunologi-

cal rejection and their tendency to form teratomas upon injec-

tion in vivo.117 Recently, methods to limit teratoma formation 

have been established that include the genetic selection of 

differentiated ESCs118 or the differentiation of ESCs in vitro 

into cardiomyocytes or endothelial cells before transplanta-

tion.119 However, the clinical relevance of these procedures 

for cardiac regeneration is still under question.

Induced pluripotent stem cells (iPS)
Recently, cells with characteristics reminiscent of ESCs were 

isolated from somatic tissues through nuclear reprogramming 

via the ectopic expression of genes related to pluripotency.120,121 

This groundbreaking advance provides a substitute to generate 

cell lines with cardiomyogenic potential in lieu of embryos. 

Furthermore, this strategy can be used to develop patient-

specific stem cells for probing into the genetics of disease 

progress, regenerative biology, and drug actions. In general, 

iPS cells are similar to ESCs in morphology, differentiation 

capacity, gene-expression profile, and teratoma formation, 

although there are subtle epigenetic variations related to 

the reprogramming mechanism.122 Studies have shown that 

human fibroblasts or iPS cells transduced with human stem-

ness factors are capable of differentiation into functional 

cardiomyocytes.123 A study demonstrated that iPS cells, 

upon transplantation into infarcted myocardium in adults, 

generated engraft without disrupting the cytoarchitecture in 

immune-competent recipients. Contradictory to fibroblasts, 

iPS cells could restore postischemic contractile functionality, 

electrical stability, and ventricular wall thickness.59 In view 

of the similarity of iPS cells with ESC, the issues that baffle 

ESC scientists also face iPS scientists. For instance, traditional 

methodologies of reprogramming using oncogenes and vector 

incorporation forbid the therapeutic application of iPS cells. 

Nevertheless, current studies suggest proof of concept for 

nonvector pluripotent induction.124 Nonvector techniques will 

make iPS cells an attractive viable prospect for CTE.

Cardiomyocytes
Earlier cell-transplantation studies were centered on using 

fetal or neonatal rodent cardiomyocytes, as these have the 

intrinsic structural, electrophysiological, and contractile 

properties of cardiomyocytes, besides retaining some pro-

liferative potential. One gram of adult myocardium con-

tains approximately 20–40 million myocytes125 and MI that 

induces heart failure leads to a loss of roughly 50 g of the 

heart muscle.126 To counterbalance such a huge loss, it seems 

likely that engineered myocardium should not only have the 

same volume but also contain the same amount of myocytes 

(1–2 billion/50 g). Both fetal cardiomyocytes127 and neonatal 

cardiomyocytes128 have been employed in vivo and have dem-

onstrated improved global ventricular  functionality. Soonpaa 

et al noticed that fetal cardiomyocyte could be transplanted 

and incorporated within the healthy mouse myocardium, and 

that the surviving donor cells were aligned with recipient cells 

and produced cell-to-cell contacts.129 Cardiomyocyte trans-

plantation, when applied to smaller infarcts,130 has proved 

effective in the prevention of cardiac dilation and remodeling 

after infarction.131 However, it is  proven that cardiomyocytes 

are predifferentiated cells without the proliferative capacity 

to regenerate, though a couple of studies in patients who suf-

fered an acute MI suggest that there is a small number of car-

diomyocytes capable of entering the cell cycle actively.132,133 

Although in vivo transplanted cardiomyocytes were found 

to integrate into the damaged myocardium,127,128 the results 

in a porcine animal model showed that the majority of the 

transplanted cells were separated from host cardiomyocytes 

by scar tissue.134 This is a severe drawback, as incomplete 

electrical conduct would lead to fatal arrhythmias. Besides, 

several queries are still unanswered in terms of using car-

diomyocytes to form cardiac tissue. A chief drawback of this 

approach is the limited proliferation ability of cardiomyo-

cytes.135 The low percentage of proliferating cardiomyocytes 

in addition to the damaged myocardium limits the clinical 

impact possible in CTE.

Myoblasts
Muscle-derived stem cells, also known as myoblasts or 

satellite cells, are precursors rather than stem cells, which 

usually lie in a dormant state under the basal membrane 

of skeletal muscle fibers. Upon injury to tissue, these cells 
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quickly mobilize, proliferate, and combine, thus regenerating 

the injured tissue. They have a high proliferation capacity 

under proper cell-culture conditions, which allows for a 

substantial scale-up of the initial biopsy, and a high resis-

tance to ischemia, which is likely to enhance cell survival 

following attachment into poorly vascularized scars. The first 

studies using skeletal myoblasts (SkMs) were performed by 

transplantation of SkMs into cryoinjured dog hearts.136 Later, 

functional improvements in myocardium-injured in vivo 

models by intramyocardial transplantation of SkMs were 

demonstrated.137 Pouly et al138 further demonstrated that 

transplanted myoblasts could embed into a nonischemically 

diseased myocardium and favor improved LV performance. 

Tambara et al studied the transplantation of diverse numbers 

of freshly isolated neonatal SkMs into ischemic regions of 

Lewis rats and noticed that transplanted SkMs could com-

pletely replace the infarcted region when they survived in 

large numbers within the host.139 The valuable results from 

in vivo experiments triggered therapeutic trials of SkM 

transplantation in MI patients in 2000.140 Even though initial 

studies using SkMs were promising in treating MI, the final 

outcome was not as desired, because it was soon recognized 

that the acquisition of cardiac phenotype by a few engrafted 

SkMs was a consequence of their combination with host 

cardiomyocytes and not due to transdifferentiation, as pre-

viously assumed.141 For instance, it was demonstrated that 

transplanted myoblasts can differentiate into peculiar hyper-

excitable myotubes with a contractile activity completely 

independent of adjacent cardiomyocytes.142 The electrical 

stimulation of implanted myoblasts may risk arrhythmias.143 

The study reported that SkMs express considerable amounts 

of neural cadherin and connexin-43 but downregulation of 

these proteins as they differentiate into myotubes. The mature 

skeletal muscle grafts in the injured heart do not express 

significant amounts of connexin-43 and neural cadherin, and 

hence could not form detectable electromechanical junctions 

with host tissue, resulting in arrhythmias.

Endothelial progenitor cells (EPC)
EPCs are phenotypically and functionally different compared 

to mature endothelial cells (ECs), but have the potential 

to differentiate into mature ECs and add to the process of 

endothelium repair. In a study, the lineage relationship based 

on the angiogenic function of early EPCs and late-outgrowth 

endothelial cells (OECs) in the culture was determined. The 

authors found that human OECs and not EPCs expressed 

regulatory proteins such as endothelial nitric oxide synthase 

and caveolin-1. Moreover, OECs showed greater capacity for 

capillary morphogenesis in both in vitro and in vivo Matrigel 

models compared to EPCs. The study revealed that OECs 

possess a more pronounced endothelial phenotype than EPCs 

and hence exhibit better intrinsic angiogenicity with abun-

dant proliferative potential and may serve to move forward 

autologous cell-based therapeutic approaches to ischemic 

cardiovascular disease.144 However, optimization of OEC 

culture is required before these cells may be more accept-

ably investigated for clinical applications, as their delayed 

outgrowth from culture may hinder their relevance in the 

situation of recent ischemia if there is limited time for clini-

cal benefit. EPCs exist in adult bone marrow, cord blood, and 

peripheral blood circulation.145 An earlier report demonstrated 

that impairment of EPC functions is associated with cardio-

vascular risk factors such as diabetes mellitus, hypertension, 

and atherosclerosis.146 Hence, EPC injury might induce EC 

dysfunction, which additionally affects the progression of 

cardiovascular disease. The transplantation of EPCs might 

be an appropriate way to treat cardiovascular diseases arising 

due to injury or dysfunction of ECs.147 There is significant evi-

dence that EPCs from patients suffering from cardiovascular 

risk elements or healthy smokers have a decreased ability for 

cell proliferation and differentiation.148,149 Still, this impaired 

differentiation or proliferation ability is not present in EPCs 

from cord blood. Therefore, cord blood-derived EPCs show 

greater proliferative potential and express telomerase, a func-

tional characteristic of stem cells that is very low or absent 

in other progenitor cell populations. They also show speedy 

self-renewal and low cell death; hence, EPCs from umbilical 

cord blood are rather promising for future CTE applications 

and stem cell therapies.150

Methods to induce cardiogenic differentiation  
of stem cells in vitro
Though the differentiability of BM-MSCs into cardiomyo-

cytes and vascular cells in vivo remains uncertain,151,152 

many studies have suggested the capacity of BM-MSCs 

to display ex vivo cardiomyogenic commitment upon 

in vitro chemical treatment with the DNA demethylating 

agent 5-azacytidine,72,153 inclusion of growth factors,154 

or electrostimulation.155 Studies have shown that human 

MSCs undergo cardiogenic and vascular differentiation 

in the adult heart.156 Tomita et al compared fresh BMCs, 

cultured BMCs, and 5-aza-induced BMCs, and proved that 

improved myocardial functionality occurred in the group 

treated with 5-aza-induced BMCs. The cells were injected 

into a cryonecrosis-induced scar of the heart, and only 5-aza-

treated BMCs enhanced the contractile ability of damaged 
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heart.157 Additionally, treatment of murine MSCs with 5-aza 

was performed, and they isolated a cardiomyogenic cell line 

after continuous screening of the spontaneous beating cells.72 

Another study also showed that bone marrow-derived cells 

combine in vivo with cardiomyocytes by cell fusion.158 This 

raised the likelihood that cell fusion may favor the ability 

of transplanted stem cells to adopt the phenotype of the 

host tissue. It was also found that both differentiation and 

cell fusion favor the phenotypic changes in human bone 

marrow-derived multipotent stem cells.159 Ravichandran et al 

reported that the coculture of MSCs with cardiomyocytes, in 

the ratio of 1:1 (5000:5000 cells/well), promoted the cardio-

myogenic differentiation of MSCs on PGS/gelatin core/shell 

fibers, which was demonstrated by immunocytochemical 

analysis as indicated in Figure 6. The MSCs’ differentiation 

into cardiomyocytes was attributed to the ECM-mimicking 

microenvironment provided by the nanofibers, favoring cell 

fusion and the presence of biomolecules secreted by cardio-

myocytes in the cell-culture milieu.44

Challenges involved in the injection of cells  
for cardiac tissue engineering
Preferably, the stem cells employed for CTE should be 

readily harvestable and available with minimal morbid-

ity. Induction or exacerbation of arrhythmias after the 

injection of cells is also a chief problem. Moreover, given 

the high arrhythmogenic potential of the ischemic heart, 

improper injection of cells might also cause arrhythmias, 

as in the case of SkMs, due to incomplete differentiation, 

poor cell coupling, and electrophysiological differences 

between host and donor cells.21 Although clinical trials 

involving limited numbers of patients have described no 

harmful arrhythmia after bone marrow mononuclear cells 

(BMMNC) intramyocardial injection160 or MSC-patch  

epicardial implantation,161 prophylactic antiarrhythmic thera-

pies may be desirable before myocardial delivery of new 

tissue-engineering therapies. Originally, cellular cardiomyo-

plasty involved injection of cells in saline or media without 

any scaffold. Even though this method showed promise in 

Figure 6 Dual immunocytochemical analysis for the expression of mesenchymal stem cell marker protein CD 105 (A, D and G) and cardiac marker protein actinin 
(B, E and H) in the coculture samples and the merged image showing the dual expression of both CD 105 and actinin (C, F and I); on the tricalcium phosphate (A–C) and 
gelatin nanofibers (D–F) and poly(glycerol sebacate)/gelatin core/shell fibers (G–I) at 60× magnification.
Note: Nucleus stained with DAPI (4′,6-diamidino-2-phenylindole). Reprinted with permission Tissue Eng Part A. Ravichandran R, Venugopal JR, Sundarrajan S, Mukherjee S, 
Ramakrishna S. Poly(glycerol sebacate)/gelatin core/shell fibrous structure for regeneration of myocardial infarction. Copyright 2011 Mary Ann Liebert Inc.44
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preclinical and clinical trials,162,163 lack of a suitable extra-

cellular milieu for cellular attachment has limited cell adhe-

sion, survival, and integration within the infarct region.164 

Lately, biomimetic scaffolds have been used as injectable 

materials,32,165,166 referred to as in situ gelling  materials, 

either with or without cells to promote cell survival for CTE. 

Table 2 shows the different cell types used for cardiac tissue 

engineering and their advantages and drawbacks.

Injection of biomaterials
The combination of cells with biomaterial as an injectable 

material would improve the cell attachment, since the bioma-

terial and/or cell suspension has higher viscosity than saline-

based cell suspension. Moreover, incorporation of biomaterial 

would reduce apoptosis, as the cells can attach to the bioma-

terial to reduce cell death.80 Lack of an appropriate milieu in 

infarcted myocardium might be the reason for such stupendous 

loss of cells and ineffective homing of injected cells. Thus, in 

order to enhance cell adhesion, proliferation, and differentia-

tion, it is necessary to mimic some of the nanotopography of 

the natural myocardial ECM. Scaffolds with nanostructured 

architecture provide larger surface area to adsorb proteins 

and provide more binding site to cell-membrane receptors, 

unlike microscale and flat surfaces.167 Therefore, injection of 

biomaterials with or without cells is believed to overcome the 

aforementioned drawbacks. In addition, the biological proper-

ties of the materials also affect the cell–biomaterial interac-

tions. Natural polymers like collagen, gelatin, and alginate have 

inherent peptide sequences that can be easily recognized by the 

cell-surface receptors. Hence cell–biomaterial interactions in 

the case of natural polymers are more predominant, resulting 

in favorable cell proliferation and differentiation. However, 

in the case of synthetic polymers like PLLA and PLGA, the 

polymers are hydrophobic and lack cell-recognition moieties. 

Thus, in the majority of cases, synthetic polymers are used in 

combination with a natural polymer or small peptide sequences 

are added, in order to promote cell–biomaterial interactions 

for tissue regeneration.

Alginate
Alginate is a polysaccharide obtained from brown seaweed 

and has the exceptional ability to undergo phase transition, 

employing calcium present in the myocardium, upon injec-

tion into the LV wall.168 It has been FDA-approved for human 

use as wound-dressing material.169 The use of alginate has 

shown affirmative results in both acute and chronic rat MI 

models,170 besides also being injected with growth factors171 

or modification with RGD.172 Leor et al found that in situ 

formation of alginate hydrogel when injected via intracoro-

nary injection in a swine model reversed LV remodeling after 

MI.168 In an ongoing clinical trial sponsored by Ikaria and 

presented by Leor et al, the efficacy of the IK-5001 device, 

comprising an aqueous mixture of sodium alginate and 

calcium gluconate, was administered through intracoronary 

slow bolus injection for the prevention of LV remodeling 

and congestive heart failure, when administered to patients 

who had successful percutaneous coronary intervention with 

stent placement after ST-segment elevation MI. The trial is 

expected to be completed by November 2012. Landa et al 

studied the capability of alginate to improve LV remodeling 

and function upon injection as a bulking agent into the heart 

muscle.170 They compared the results of injecting 150 µL of 

alginate (molecular weight 30 kDa) solution both 7 days 

after infarct (recent) and 8 weeks after infarct (old). It was 

observed that 8 weeks after alginate injection into recent 

infarcts, the LV geometry improved as witnessed from LV 

wall thickness and attenuated LV dilation in comparison 

to the control hearts, which received saline injection. The 

improvement in old infarcts was comparatively less distinct, 

indicating the greater difficulty in rescuing a chronically 

infarcted  myocardium. Another possibility is that the injected 

biomaterial did not improve heart function by inducing regen-

eration, but by preventing remodeling and deterioration, and 

hence there was improvement in recent but not old infarct. 

Others have reported that injection of plain alginate into the 

myocardium causes increase in capillary and arteriole den-

sity and myofibroblast infiltration.171,172 They reported that 

Table 2 Different types of cells used for cardiac tissue engineering and their advantages and drawbacks

Cells Autologous Easily  
obtainable

Highly  
expandable

Cardiac  
myogenesis

Clinical  
trials

Safety

Fetal cardiomyocytes No No No Yes No No
Skeletal myoblasts Yes Yes Age-dependent Debated Yes Cause arrhythmias
Smooth-muscle cells Yes Yes Yes No No No
Fibroblasts Yes Yes Yes No No No
Mesenchymal stem cells Yes No Age-dependent Yes No Fibrotic calcification
Endothelial progenitor cells Yes Yes Age-dependent Debated No Calcification
Embryonic stem cells No No Yes Yes No Teratoma
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alginate hydrogel injection into the infarct area of rats 5 weeks 

post-MI showed improved heart function, accompanied by 

increased arteriole density and capillary formation, while LV 

function in the control group degenerated.172 Even though the 

direct reason behind the increase in cell population was not 

thoroughly understood, it may be due to alginate creating a 

favorable milieu through stress shielding, which increases 

cell infiltration. Another mode to promote cell infiltration into 

alginate was the blending of conducting polymer polypyrrole 

(PPy) with alginate.173 Though PPy does not possess good 

mechanical properties, it may be principally beneficial for 

cardiac injection, owing to its ability to transmit electrical 

signals and support endothelial cell growth.174 Injection of 

0.025% w/v PPy with alginate led to a considerably higher 

arteriole density than alginate injection alone. The enhanced 

cell adhesion to PPy, both in vitro and in vivo, was reported to 

be because of improved arteriole density. In spite of the recent 

success, limitations with regard to alginate material include 

poor cell attachment and infiltration, as the hydrophilic nature 

of alginate hampers protein adsorption and mammalian cell 

interaction.175 Additionally, since alginate is derived from 

nonmammalian sources, it is likely that they do not provide 

the desired cardiac extracellular milieu.

Fibrin
Fibrin, a critical component of blood, is responsible for 

hemostasis, and is extensively employed in tissue engineer-

ing in many forms, such as fibrin hydrogels, fibrin glue, and 

fibrin microbeads.176 It is a fibrillar protein involved in the 

coagulation cascade, wound healing,177 and encouraging 

angiogenesis.81 Fibrin glue is FDA-approved, and hence is 

frequently used as a surgical adhesive and sealant. Fibrin 

glue, consisting primarily of two components – enriched 

fibrinogen and thrombin – was the original material used 

to study whether an injectable biomaterial can promote cell 

adhesion, neovascularization, and maintain cardiac function 

with/without cells.166,178 Fibrin injected into rat hearts after 

creation of infarction by ischemia–reperfusion injury yielded 

positive results.179 Christman et al used 0.5% bovine serum 

albumin in saline, fibrin glue alone, SkMs alone, or SkMs in 

fibrin glue, and injected these materials into the ischemic LV 

of an acute rat MI model. Echocardiography results showed 

that fibrin glue injection with/without SkMs preserved LV 

geometry and cardiac function.166 Further similar results 

with implantation of BM-MNCs with/without fibrin were 

obtained.180 However, the disadvantage of injection of fibrin 

is that it requires a double-barreled injection system that is 

presently not compatible with catheter delivery unless the 

catheter is flushed with saline between injections. This tech-

nique is likely not feasible clinically, as multiple flushes of 

material into the bloodstream would occur.181

Chitosan
Chitosan is derived from a structural component of crustacean 

shells; it is a polysaccharide with amenable chemistry that 

allows control of degradation properties.182 It is comprised of 

glucosamine and N-acetyl glucosamine units linked by β(1–4) 

glycosidic bonds. The ability of chitosan at physiologic tem-

perature to have temperature-phase transition allows it to 

gel in situ upon injection into the myocardium with/ without 

cells. The study demonstrated that a thermally  responsive 

chitosan formed by mixing chitosan with β-glycerol 

phosphate and hydoxyethyl cellulose, when injected into 

infarcted rat hearts 1 week after an ischemia–reperfusion 

injury showed enhanced cell preservation and engraftment 

upon injection with chitosan, as well as improved function 

and  neovascularization.183 Thermal responsiveness favors 

chitosan to be optimized for injection, with attainable elastic 

moduli over 5 kPa tested after  gelation.184 Another study 

demonstrated a novel material combination of azidobenzoic 

acid-modified chitosan with acryloyl poly(ethylene glycol)–

RGDS to make a photo-cross-linkable gel for injection.185 

This material formed a gel in situ after 2 minutes’ ultraviolet 

irradiation and had a shear modulus up to 370 Pa, besides 

supporting cell proliferation similar to tissue-culture poly-

styrene and was also able to release VEGF in vitro for more 

than 24 days. Although this material is yet to be studied 

in vivo, it does signify the building interest in material 

properties through improved material design for the field 

of CTE.  Limitations for employing chitosan include lack of 

solubility in neutral solutions and unpredictability in cellular 

attachment for tissue engineering.175

Collagen
Collagen is the most abundant protein in animals and 

exhibits excellent biodegradability, weak antigenicity, and 

superior biocompatibility. Collagen has a helical structure 

with a definite pattern of amino acid sequences that is easily 

recognized by the body; it is the main protein component of 

most ECM, and is hence the most frequent material of choice 

for tissue-engineering applications.186 Commercially avail-

able collagen products have been used as injectable scaffolds 

for CTE.81,165 Injection of collagen as an acellular treatment 

into the infarcted myocardium demonstrated improved LV 

geometry and cardiac functionality without improved vascu-

larization in comparison to saline controls.165 Another study 
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also demonstrated that collagen matrices could improve the 

retention of transplanted cardiomyoblasts and favor func-

tional improvement of ischemic rat hearts, which was further 

confirmed by optical bioluminescence imaging.187,188 It was 

also demonstrated that collagen matrix promoted progeni-

tor cell retention and limited the circulation to nonspecific 

sites, as evidenced by positron emission tomography imag-

ing, biodistribution, and histology.189 Injection of 100 µL 

of collagen at a particular point in the infarct zone led to a 

higher ejection fraction than saline injection 6 weeks after 

treatment. However, the injected material did not allow cell 

penetration or angiogenesis, and thus behaved similarly to 

the native collagen-rich infarcted region. The improved ejec-

tion fraction may have been a consequence of the augmented 

wall thickness that was noticed after injection.190 Contrarily, 

other studies showed improved myocardial angiogenesis 

and myofibroblast infiltration into injected collagen.191 The 

rationale behind these contrasting results could be due to the 

infarct model. No cell penetration or angiogenesis was seen 

when collagen was injected 1 week after infarction, while 

there was cell penetration if injected after just 30 minutes 

of ischemia. These data may further reveal the complexity 

of salvaging late-stage diseased tissue and necessitates the 

significance of timing for clinical applications.

Matrigel
Matrigel is a purified matrix derived from Engelbreth–Holm–

Swarm mouse sarcoma cells and comprises an intricate 

mixture of collagen IV, laminin, heparan sulfate proteogly-

cans, entactin, and growth factors. Matrigel injection was 

able to form a collagen fiber network that ran parallel to the 

host myocardium and integrated with native collagen.192 In 

subsequent research, Matrigel-based liquid cell mixture was 

injected into the infarcted myocardium in a rat heterotopic 

heart-transplantation model, and the results demonstrated that 

the injected biomaterial restored the geometry and function 

of the heart.193 A mixture of Matrigel, collagen, and cell-

culture medium was used to deliver cardiomyocytes, and it 

showed preserved cardiac geometry and function.41 However, 

there are certain limitations associated with Matrigel, 

as it is obtained from a mouse sarcoma cell line, is not 

tissue-specific, and presents the risk of tumor formation,194 

which will likely limit its therapeutic potential. Besides, 

Matrigel may not be conducive to neovascularization, as a 

recent study revealed.191 In another study, lack of both cel-

lular penetration and vascular cell infiltration into injected 

Matrigel was also reported.195

Decellularized ECM
Decellularization necessitates physical, chemical, or enzy-

matic removal of cellular content from an organ or tissue, 

leaving only the ECM. Even though it may alter the ECM’s 

chemical and structural components, decellularization is 

advantageous, as it favors removal of cellular antigens, 

which could induce an immune response, inflammation, 

and potential transplant rejection.196 Moreover, decellular-

ized materials offer the benefit of being cardiac-specific and 

potentially autologous injectable therapies. Studies have 

shown that decellularized porcine ventricular tissue and 

porcine and human pericardial tissue can be processed to 

obtain a solubilized liquid with the ability to gel via self-

assembly at physiologic temperature upon injection into 

the myocardium, both in vitro and in vivo.197,198 Moreover, 

gelation of myocardial matrix occurs with the proper 

kinetics to allow for transendocardial catheter delivery, as 

examined in a porcine model.181 Each tissue has its par-

ticular ECM, designed for and secreted by those particular 

cells, signifying that there are tissue-specific interactions 

between cells and the ECM.199 Thus, decellularized myo-

cardial matrix could mimic the native myocardial ECM’s 

chemical and biological cues, providing the most suitable 

scaffold. Studies have demonstrated the use of decellular-

ized rat hearts as a whole scaffold for seeding endothelial 

cells and cardiomyocytes.200 Surprisingly, rat endothelial 

cells formed single layers around vessels within the heart 

construct, signifying that chemical cues were retained in 

the decellularized ECM to direct cells. Several groups have 

studied other decellularizing tissues, such as liver, small 

intestine, urinary bladder, dermis, blood vessels, and heart 

valves for several tissue-engineering applications.196,199 For 

instance, in a study by Zhao et al, small-intestine ECM 

emulsion was injected into the infarcted myocardium, and 

its efficacy in recruiting cells was evaluated. Histological 

examination and echocardiography results revealed that 

injection of ECM emulsion into the infarcted myocardium 

increased neovascularization and preserved cardiac func-

tion, essentially by enhanced recruitment of c-kit cells, 

myofibroblasts, and macrophages, proving that cardiac 

remodeling can be modified by supplying ECM after 

MI.201 However, for cardiac applications, materials like 

small-intestine submucosa and urinary bladder matrix have 

been examined to form unwanted tissue, such as cartilage 

in the myocardium,202 maybe because they do not provide 

cardiac-specific cues for cell-matrix interactions in the 

cardiac environment.
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Comparative studies
Very few studies have directly compared different types of 

materials used for CTE.179,191 These include collagen–Matri-

gel,41 a fibrin–alginate biocomposite,203 and a poly(ethylene 

glycol) PEGylated fibrin biomatrix.204 Even though these 

combinations provide a more intricate scaffold, they do not 

completely mimic the cardiac ECM. In these, the precise 

differences in properties of materials can be directly linked 

to study outcomes, since all other parameters were kept con-

stant. For instance, in a study, fibrin, Matrigel and collagen 

were each injected 1 week after an ischemia–reperfusion 

injury into separate rat groups. Although deficient in car-

diac functionality data, this study showed that for all three 

materials, there was a related increase in capillary density, 

myofibroblast infiltration, and arteriole density in comparison 

to saline injection. In a study, comparison was made between 

alginate and fibrin, and the significance of material residence 

time was analyzed.179 After 2 days of  injection, both these 

materials resulted in comparable decrease in intraventricular 

diameter, increase in wall thickening and, increased fractional 

shortening (FS). After 5 weeks, the fibrin-injected hearts 

did not show improved function, in spite of preserving LV 

wall thickness, as shown in Figure 7. Alginate, however, 

improved FS, although at levels less than was shown at 2 days. 

Infarct size was appreciably reduced in the fibrin group, 

and there was a trend towards a smaller MI in the alginate 

group. Another difference was that alginate was still there in 

considerable amounts even after 5 weeks, while fibrin was 

totally resorbed after transplantation.179 Table 3 gives a list 

of potential biomaterials employed for cardiac regeneration 

and their properties.

Self-assembling peptides
Peptides with particularly placed sequences of amino acid 

can self-assemble into macroscopic materials that can support 

cell growth and have been considered as injectable systems 

for CTE.205,206 Peptides with amino acid sequence AcN-

RARADADARARADADA-CNH2 (RAD16-II) can form a 

nanofibrous 3-D gel, and have been analyzed as an injectable 

material to treat MI. Davis et al195 also showed that self-

assembling peptides (SAPs) are suitable for cell and vessel 

ingrowth in vivo. Upon injection of 10 µL of peptide gel alone 

at the infarct site, progenitor cells expressing endothelial cell 

markers and vascular smooth-muscle cells were incorporated 
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Figure 7 (A–E) Histologic assessment 5 weeks after injection. Masson’s trichrome staining showed the collagen deposition (blue) in the infarcted areas of the phosphate-
buffered saline- (PBS; A), fibrin- (B), and alginate- (C) injected groups. Black arrows indicate the existence of alginate. The infarcted percentage of the left ventricle (LV; D) 
and wall thickness (E) were measured.
Note: Scale bars = 1.0 mm. *represents P < 0.05.
Reprinted from J Thorac Cardiovasc Surg. Yu J, Christman KL, Chin E, Sievers RE, Saeed M, Lee RJ. Restoration of left ventricular geometry and improvement of left ventricular 
func tion in a rodent model of chronic ischemic cardiomyopathy.137:180–187. Copyright (2009) with permission from Elsevier.179
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into the nanofibers. Neonatal cardiomyocytes injected with 

the nanofibers were also found to improve recruitment of 

endogenous cells. Injection of 80 µL of the same material 

into a sham animal model in a parallel work resulted in a tem-

porary decline in FS and LV end-systolic diameters before 

going back to normal levels after 2 months.207 Thus, while 

this material may be beneficial on the cellular aspect, the 

addition of noncontractile material to the myocardium may 

have a transient negative consequence on systolic function 

of the heart. In another study, RAD16-II nanofiber injec-

tion into a rat heart instantly after coronary ligation was not 

able to progress cardiac geometry, function, or histology in 

comparison to control MI groups.208,209 This lack of progress 

has not been studied, but may be due to much less material 

being injected or the material not being mechanically robust. 

Variable results have been obtained with regard to injec-

tion of SAPs in MI models, wherein success has only been 

accomplished with the inclusion of tethered growth factors, 

with varying results depending on the growth factor and the 

cell type injected in MI rats.

Synthetic hydrogels
Hydrogels have high water content and diffusivity, and hence 

are widely employed for tissue-engineering applications. 

Studies have shown that injection of PEG hydrogel into the 

MI heart initially resulted in augmented wall thickness and 

attenuated dilation.210 However, these effects persisted for 

only the first 4 weeks; by 3 months, the hydrogel-injection 

group had retrograded to cardiac function and geometry simi-

lar to that of the control saline group. The authors suggested 

that PEG may be an adequate mechanical support originally, 

but as the  myocardium continues to dilate, the wall stresses 

ultimately become more than the PEG hydrogel can sustain, 

and remodeling of LV continues uncurbed.  Thermoresponsive 

hydrogels like N-isopropyl acrylamide were also studied 

for CTE. In one study, a degradable, thermally responsive 

copolymer of N-isopropylacrylamide, acrylic acid, and 

hydroxyl(ethyl) methacrylate–poly(trimethylene  carbonate) 

was developed.211 The sol–gel transition of this polymer 

occurred at about 33°C. The authors demonstrated that 

injection of this material into a chronic rat infarction 

model prohibited the progression of cardiac dilation and 

remodeling. Besides cellular penetration into the material, 

histological analysis of the LV wall 8 weeks after injection 

revealed formation of a layer of smooth muscle next to the 

remaining material, which showed protein expression related 

to a contractile phenotype, suggesting potential use of this 

material for CTE. Studies have reported the cooperative roles 

of stromal cell-derived factor 1a (SDF-1a) and hyaluronic 

acid (HA) in order to enhance endogenous BMCs homing 

to the heart, subsequent to MI. In particular, recombinant 

SDF-1a was encapsulated in degradable HA hydrogels that 

form in situ on the heart, in order to localize SDF-1a and 

HA homing cues to favor cardiac remodeling for improved 

engraftment of circulating BMCs in the myocardium. Their 

motivation for choosing HA as a biomaterial for MI was 

because (1) HA is the major ligand for CD44, which is 

responsible for cell motility processes that govern BMC 

homing, and (2) HA is a negatively charged glycosamino-

glycan that can regulate chemokines in tissues.212 In another 

recent study, the efficiency of silk fibroin and HA (SH) in 

combination with BMSC was demonstrated for MI heart 

repairs. The authors reported that BMSC/SH significantly 

enhanced the survival of delivered BMCS, prevented cell 

apoptosis, restored contractile proteins, and stimulated 

secretion of growth factors for cardiac repairs in MI zones 

of the hearts.213 In a recent study, a biodegradable, injectable 

hydrogel composite of oligo(poly[ethylene glycol] fumarate) 

Table 3 List of polymer biomaterials and their properties

Biomaterial Elastomer (E)/ 
thermoplastic (T)

Young’s modulus  
(stiffness)

Tensile  
strength

Degradation 
(months)

PGA T 7–10 GPa 70 MPa 2–12
PLLA T 1–4 GPa 30–80 MPa 2–12
PHB E 2–3 GPa 36 MPa Degradable
PPD or PDS E 0.6 GPa 12 MPa 6
TMC E 6 MPa 12 MPa Degradable
POC T 1–16 MPa 6.7 MPa Degradable
PGS E 0.04–1.2 MPa 0.2–0.5 MPa Degradable
Collagen fiber (tendon bone) E 2–46 MPa 1–7 MPa Degradable
Collagen gel (calf skin) E 0.002–0.022 MPa 1–9 kPa Degradable
Rat myocardium E 0.001–0.14 MPa 30–70 kPa NA
Human myocardium E 0.02–0.5 MPa 3–15 kPa NA

Abbreviations: PGA, Poly glycolic acid; PLLA, Poly l-lactic acid; PHB, Polyhydroxybutyrate; PPD, p-Phenylenediamine; TMC, trimethylenecarbonate; POC, poly(octanediol-
co-citrate); PGS, Poly(glycerol sebacate).
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(OPF) was studied as a carrier of mouse embryonic stem 

cells (mESCs) for treatment of MI. Echocardiography and 

histological analysis were performed, and it was found that 

in the presence of ascorbic acid, the mESCs differentiated 

into cardiomyocytes and other cell types in all three lineages 

in the OPF hydrogel. The study concluded that besides OPF 

with mESCs, OPF hydrogel alone also showed significantly 

reduced collagen deposition and infarct size and improved LV 

function, highlighting the potential of OPF hydrogels for stem 

cell retention and transplantation for regeneration of MI.214 

OPF has the advantages of being inert, so does not induce 

any inflammatory response, it is easy and cost-effective to 

manufacture, and it is synthetic, annulling the possibility 

of pathogen transfer. A major challenge associated with the 

use of synthetic hydrogels for CTE includes controlling the 

development of hydrogel structure in situ after injection. 

Although weak hydrogels may be forced through a needle, the 

material property may be insufficient for such a mechanically 

robust environment as the cardiac muscle, and hence a more 

mechanically suitable biomaterial is desired.

Injection of growth factors
In situ regeneration in the infarcted myocardium may be 

stimulated by delivery of cytokines that induce homing of 

stem cells in the region of infarction, which in turn may 

differentiate into endothelial cells and cardiomyocytes, 

eventually leading to regeneration of myocardium. These 

cytokines include granulocyte colony-stimulating factor 

(G-CSF), SDF-1, IGF-1, leukemia inhibitory factor, and 

erythropoietin.49 It was demonstrated that intramyocardial 

injection of a hepatocyte growth factor and IGF-1stimulates 

resident cardiac progenitor cells to form myocytes and 

coronary vessels within the region of infarction and results 

in progress in the contractile performance.101 Table 4 pro-

vides the list of growth factors and their functions. Studies 

have shown that incorporation of IGF-1 with SAPs favors 

cardiomyocyte survival, improves cardiac function,215 and 

improves proliferation of cardiac progenitor cells.216 Another 

study demonstrated that G-CSF mobilizes stem cells, and 

these undergo cardiogenic differentiation.217 G-CSF was also 

shown to prevent LV remodeling, improve cardiac function, 

increase angiogenesis, and decrease apoptosis.218 In another 

study, G-CSF and stem cell factor mobilized hematopoietic 

progenitor cells from bone marrow into circulation and 

resulted in improvement in LV function. However, the factors 

did not prevent remodeling or replace the scar tissue with new 

muscle cells. This suggested that the combination of G-CSF 

and stem cell factor improves LV function by enhancing the 

functional reserve of the myocardium, and not by replacing 

the muscle.219

Angiogenic factors like VEGF are also necessary for 

improving the MI microenvironment. For instance, targeted 

delivery of VEGF using encapsulating immunoliposomes 

into the MI zone has been shown to significantly enhance 

morphology and function of infarcted region.220 Iwakura et al221 

delivered basic FGF via injectable gelatin microspheres and 

demonstrated improved angiogenesis and cardiac function. 

Delivery of a plasmid encoding the angiogenic growth factor 

pleiotrophin in fibrin glue also increased neovascularization 

in infarcted myocardium.222 SAPs as a delivery vehicle for 

platelet-derived growth factor BB also showed sustained deliv-

ery of growth factor for 14 days in the infarct, which decreased 

apoptosis, preserved cardiac function, and reduced infarct size 

compared to either the peptides or the growth factor alone.208 

Poly(lactic-co-glycolic acid) microspheres incorporated within 

porous alginate scaffold were capable of controlling the release 

of angiogenic factors, such as basic FGF. In vitro, basic FGF 

was control-released, and it was biologically active as evaluated 

by its capability to induce cardiac fibroblast proliferation.223 

These diverse results suggest the importance of injecting 

growth factors to create an appropriate milieu for the cell type/

biomaterial being injected into the ischemic myocardium.

Table 4 Source of growth factors and functions

Growth factors Source Function

VEGF Endothelial cells Angiogenesis
PDGF Platelets, endothelial cells, placenta Promotes proliferation of connective tissue and smooth muscle cells
EGF Submaxillary gland, Brunner’s glands Promotes proliferation of mesenchymal, glial, and epithelial cells
TGF-α Transformed cells wound healing
TGF-β Activated Th1 cells (T-helper) and natural killer (NK) cells Anti-inflammatory, wound-healing
EPO Kidney Promotes proliferation and differentiation of erythrocytes
IGF-1 Liver Proliferation of various cells
FGF wide range of cells Promotes proliferation of many cells

Abbreviations: VEGF, vascular endothelial growth factor; PDGF, platelet-derived growth factor; EGF, epidermal growth factor; TGF, transforming growth factor; 
EPO, erythropoietin; IGF, insulin-like growth factor; FGF, fibroblast growth factor.
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Limitations of an injectable system
The significant limitation in the injection of biomaterials 

with or without cells is that it depends mainly on the cells to 

improve cardiac function, without considering biological and 

mechanical properties of the biomaterials employed. Most of 

the biomaterials employed have unmatched mechanical prop-

erties to the infarcted myocardium. The stiffness of a range of 

possible injectable materials is in the range of 10 Pa to 20 kPa, 

such as fibrin (50 Pa),224 Matrigel (30–120 Pa),225 type I col-

lagen gels (20–80 Pa for 1–3 mg/mL),226 bioactive hydrogels 

based on N-isopropylacrylamide (100–400 Pa),227,228 alginate 

(100 Pa to 6 kPa),229 and PEG (1–3 kPa).230 These biomate-

rials are significantly softer than the human cardiac muscle 

at the end of diastole, the stiffness of which is 50 kPa in 

normal hearts or 200–300 kPa in congestive heart-failure 

hearts.231 Thus, it is not possible that they could provide 

satisfactory mechanical support to the infarcted heart. Also, 

the biomaterials ought to be biodegradable ECMs, so that 

they may be degraded over a period of time when implanted 

in vivo upon the functional improvement and regeneration of 

the infarcted myocardium to its native ECM. Additionally, 

few biomaterials have slow gelation rates, which may raise 

the likelihood of blocking the flow of blood, causing tissue 

necrosis in vivo.232 Hence, it is necessary to engineer a suit-

able biomaterial system with mechanical properties similar 

to that of the native myocardium.

Future perspectives
Given the intricate anisotropic mechanical behavior of myo-

cardium, it is not easy to produce a polymer that responds to 

mechanical stresses similar to the heart. Moreover, mamma-

lian heart is not purely composed of cardiomyocytes alone, 

but is comprised of cardiomyocytes, smooth-muscle cells, 

fibroblasts, macrophages, endothelial cells, and other cells 

of leukocytotic origin. Nonmyocytes play a crucial role in 

heart and cardiomyocyte development, function, and hyper-

trophy. Therefore, concepts have to be developed taking into 

consideration the various cell types in the heart that would 

be required for successful tissue-engineered constructs. It 

has been proposed that cardiac grafts should survive and be 

vascularized after implantation/injection.232 Besides their 

paracrine mechanism, adult stem cell grafts will most likely 

not be able to support vascularization and long-term cell 

survival after injection. Hence, vital aspects such as thick-

ness of the graft and the need for prevascularization prior 

to implantation should be considered. The heart, being an 

intricate organ, has more than three dimensions, featuring 

rhythm and contractility. Additionally, it is nonsymmetric 

and nonisotropic, with variable anatomy and microstructure. 

To fulfill the functional demands comparably well to natural 

heart muscle, more sophisticated technology is necessary. 

With the advancement of tissue engineering and nanotech-

nology, more robust products can be developed. Further, the 

release of cytokines and bioactive proteins in a controlled 

manner through nanostructured materials with appropriate 

biological and mechanical properties would be the ultimate 

mode for improving heart function. Development of materials 

involving injectable polymeric scaffolds suitable for catheter 

delivery allows for establishment of cellular milieu more 

desirable for CTE. Although each CTE technique brings 

about myocardial functional enhancement, the mechanisms 

of repair pathways are still unclear. It would be worth con-

sidering whether it is the functional activity of cells injected 

or structural changes brought about by biomaterial injection 

that is responsible for repair of the infarcted heart. Long term 

in vivo studies are required to understand these crossroads 

of tissue engineering, biomaterials, myocardial repair, stem 

cells, and growth factors. Additionally, the optimum design 

parameters, injectability potential, degradation rate, elastic 

modulus, and several other properties are still to be elucidated 

and therefore offer a fertile area for a hypothesis-driven 

injectable system.

Conclusion
The design of innovative therapeutics that allow nonsurgi-

cal delivery into the patient and induce the least morbidity 

will play a pivotal role clinically in treating MI. Surgical 

techniques aiming at implantation of bioengineered cardiac 

patches via laparoscopic routes need preclinical investigation. 

Achievement of all prevailing models succeeds or fails with 

their clinical pertinence. If a new technique to treat cardiac 

failure is to be made available to patients, it is desirable that 

it cannot be more invasive than the existing major cardiac 

procedures. This may render cardiac tissue engineering, with 

any cell source, a possible clinical choice, which may com-

pete with the existing ones. It is widely known that injecting 

cells is not the only option for myocardial repair, and that 

tissue-engineered biomaterial scaffolds should also be used to 

provide structural support to the heart wall whilst delivering 

the necessary cytokines, proteome, and genes that will stimu-

late efficiently the heart’s inherent regenerative mechanism. 

In summary, these studies confirmed the feasibility of using a 

minimally invasive injectable CTE approach for treatment of 

myocardial infarction. Nevertheless, the type of  biomaterial, 

timing, dose, and injection technique is still uncertain to 

accomplish success in cardiac tissue engineering.
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