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Abstract

In light of the limited efficacy of current treatments for cardiac regeneration, tissue engineering 

approaches have been explored for their potential to provide mechanical support to injured cardiac 

tissues, deliver cardio-protective molecules, and improve cell-based therapeutic techniques. 

Injectable hydrogels are a particularly appealing system as they hold promise as a minimally 

invasive therapeutic approach. Moreover, injectable acellular alginate-based hydrogels have been 

tested clinically in patients with myocardial infarction (MI) and show preservation of the left 

ventricular (LV) indices and left ventricular ejection fraction (LVEF). Thus, avoiding adverse 

remodeling post MI. In this review, we provide an overview of recent developments that have 

occurred in the design and engineering of various injectable hydrogel systems for cardiac tissue 

engineering efforts, including a comparison of natural vs synthetic systems with emphasis on the 

ideal characteristics for biomimetic cardiac materials.

Graphical Abstract

Injectable hydrogels for cardiac tissue engineering can be used for in vitro models, in vivo 
preclinical purposes and for clinical trials.
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1. Introduction

Heart failure (HF) affects around 6.5 million individuals over the age of 20 in the United 

States alone1, and a limited availability of donor hearts presents a significant hurdle for 

cardiac transplantation, which is currently the only definitive option for end-stage HF2–4. HF 

can be caused by myocardial infarction (MI)5,6, which occurs when a blocked coronary 

artery decreases or ceases blood flow to part of the heart, causing decreased oxygen supply 

to the heart muscle tissue and eventually necrosis7–9. The infarcted region initially becomes 

particularly damaged by the ischemic event, then post MI, the surrounding heart wall 

becomes thinner, leading to ventricular dilation and progression towards HF10–12. During 

HF, cardiomyocyte (CM) loss, cardiac matrix degradation, and fibrosis make the heart 

muscle unable to efficiently pump blood to the rest of the body13–16. HF is associated with 

poor quality of life, high healthcare costs, and a high mortality rate17–20. According to the 

American Heart Association, in recent years (2005–2013) there have been approximately 

960,000 new cases annually in the United States, highlighting an urgent need for novel 

treatment approaches1.

Due to the limited supply of donor hearts21–23 and the poor regenerative ability of the 

myocardium24–27, investigators have turned to therapeutic approaches aimed at improving 

myocardial function. Such approaches that have been explored include the direct injection of 

biomolecules28,29, chemokines30,31, and CMs32–34 for treating HF. However, each of these 

techniques face significant hurdles that have yet to be overcome, namely short biomolecule 

half-life in vivo, nonspecific cell/molecule delivery, low cell survival, and poor localization 

to the target area. Cardiac tissue engineering efforts have sought to overcome these 

limitations by utilizing biomaterials that can protect deliverables from degradation, improve 

targeted delivery, and increase cell viability35–37. These biomaterials may be composed of 
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synthetic or natural materials, or may be a hybrid of the two. In addition, the biomaterials 

may be prepared and delivered in many formats, the primary ones most explored for cardiac 

tissue engineering efforts being injectable hydrogels38,39, patches40,41, and cell sheets42,43 

(Figure 1). Injectable hydrogels utilize polymeric biomaterials that undergo a solution to gel 

phase transition and may incorporate embedded cells and/or active compounds. Patches are 

porous solid polymeric matrices which may contain cells and/or biomolecules attached to 

the biomaterial. Cell sheets are typically cell monolayers cultured on tissue culture plates 

coated with a temperaturesensitive material that enables cell detachment at room 

temperature. The various properties of each system should not only ideally improve the 

delivery and functionality of cells/molecules, but also provide mechanical support for 

damaged and weakened cardiac tissue44,45. In addition, biomaterials ideal for cardiac 

regeneration should be biomimetic, providing biological, mechanical, electrical, and 

chemical cues similar to those found in the native myocardium. Furthermore, the material 

should be biocompatible to help overcome immune rejection, potentially biodegradable, and 

able to be delivered through a minimally invasive procedure to reduce any additional damage 

incurred through surgical implantation. In some circumstances, it may be desirable to deliver 

material in a minimal invasive way to a specific localized area of the heart tissue, such as the 

infarcted region in individuals with cardiac infarcts46. Although patch-based and cell sheet 

systems have been widely studied and present promising results for cardiac tissue 

engineering, they require a more invasive surgery intervention. These procedures may be 

more complicated to translate into clinical applications in which minimally invasive 

procedures are more preferable47. Because injectable hydrogels can be deployed into the 

myocardium through minimal invasive approaches, such as catheter delivery, they are 

particularly appealing for cardiac regeneration. Moreover, they possess many of the criteria 

required for cardiac tissue engineering such as high biocompatibility, tunable physical and 

chemical properties and most important, they can be deployed in a minimally invasive 

manner 9, therefore they will be the focus of this review.

This review provides an overview of recent advances and hurdles that remain to be 

overcome in the biomaterial design and engineering of various injectable hydrogel systems, 

with emphasis placed on systems being used in cardiac tissue engineering efforts. The 

articles that comprise the focus of this review are shown in Table 148–75.

2. Overview of Injectable hydrogels for cardiac tissue engineering

Injectable hydrogels can assemble into a three-dimensional polymeric network with a 

highwater content. They have been used extensively as scaffolds for tissue engineering 

approaches or as delivery systems for therapeutic agents and cells. Injectable hydrogels 

function well in biological systems in general, owing to their high permeability, 

biodegradability, and biocompatibility, and have already been tested in two clinical trials. In 

one clinical pilot study, injectable acellular alginate-based hydrogels were tested in 27 

patients with MI. All patients were treated with the hydrogel and all demonstrated 

tolerability of the procedure, with no adverse events. Moreover, echocardiographic results 

demonstrated that the left ventricular (LV) indices and the LVEF were preserved. There 

results make injectable hydrogels promising materials for such cardiac regeneration 

therapies76. However, a recent study by Anker et al. reported that in a large clinical trial 
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using alginate hydrogels injected into the LV heart muscle of patients with advanced HF, 

while the treatment improved exercise capacity and mitigated HF symptoms, 8.6% of 

patients who received the hydrogel injection died within 30 days post injection. During this 

same time, no fatalities occurred within the control group (which received no surgery)77. 

These results suggest that further studies and additional efforts to improve biocompatible 

hydrogels and explore other possible issues to tolerance are still need.

In regards to compatibility specifically with the cardiac environment, injectable hydrogels 

are ideal as they can be altered to provide specific physical, chemical, and electrical 

properties, the latter of which may be important for supporting the conductive properties of 

the heart78–80. Their ability to provide structural support with varying stiffness may also 

enable compatibility with the contractions continually produced by the cardiac muscle38, an 

activity that makes it a particularly challenging tissue to physically repair. Hydrogels 

injected directly into damaged cardiac tissue can serve as a potential delivery vehicle for 

cells, growth factors, and therapeutic peptides or drugs, etc.55,56. Hydrogels may also be 

used to support various gene delivery systems, including viral and non-viral methods, 

enabling controlled delivery to the desired site and efficient localized therapy83,84. Such 

deliverables could be specifically sequestered to the target tissue, reducing nonspecific 

spreading to other nearby tissues.

While considerable efforts and accomplishments have been made recently by the scientific 

community in developing injectable hydrogels ideal for cardiac regeneration, progress 

remains to be made for these biomaterials to be fully optimized for regular clinical use. In 

particular, injectable hydrogels should ideally be designed to closely resemble cardiac 

muscle cues and possess properties that enable them to support cell viability and/or maintain 

biomolecule activity even in the harsh, damaged localized tissue environments that exist post 

MI85,86. Utilizing high degrees of biocompatibility, particularly including cues supportive of 

cell/biomolecule integration into the cardiac tissue87, and controlled degradation, so that the 

hydrogel may initially be supportive of new cell/biomolecule engraftment but may then later 

harmlessly degrade to leave behind no foreign materials within the body that could 

potentially trigger an autoimmune response88,89, may be essential for the optimization of 

such injectable hydrogels. In addition, tight control over the gelation properties and process 

is also important for these hydrogels to be successful90–92; it may be ideal for them to 

remain in a liquid state while inside a catheter to enable a smooth deployment, and then 

transition to a gel state only seconds after injection into the target area to support rapid 

integration of the hydrogel93 (with or without embedded cells/biomolecules) into the tissue. 

Being able to rapidly integrate into the tissue is especially important for cardiac muscle 

tissue as it is continually contracting and thus effectively in motion.

3. Natural Vs. Synthetic Material Considerations

Injectable scaffolds for cardiac engineering can be fashioned from natural materials, 

synthetic materials, or a hybrid of the two38. These different groups of materials offer their 

own unique set of advantages and disadvantages that will be discussed in this section, with 

emphasis on their relevance for designing and fabricating scaffold systems for cardiac tissue 

engineering.
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3.1. Natural Polymers

Natural polymers have proven advantageous for tissue engineering applications as they 

preserve their biochemical and biological properties, increasing their biocompatibility with 

the host tissue94,95. Some common natural polymers used for cardiac tissue engineering 

include collagen, gelatin, laminin, Matrigel, hyaluronic acid (hyaluronan), alginate, and 

chitosan96. These natural materials are composed of proteins, and/or polysaccharides, which 

allow water absorption and swelling97. This absorptive property enables these materials to 

diffuse nutrients and waste easily through the scaffold, thus improving cell survival and cell 

motility into the surrounding tissue98. However, potential drawbacks for these materials 

include immune response complications, rapid degradation, long gelation times, poor 

mechanical properties, insufficient electrical conductivity, and lack of inherent antioxidant 

properties99,100. These disadvantages, and the aforementioned advantages, will be explored 

in the following subsections.

3.1.1. Collagen Polymers—Collagen IV forms a major protein component of the native 

cardiac EM, with other highly expressed ECM proteins including certain laminins and 

vitronectin101. Collagen-based hydrogels are biodegradable, easily available and versatile. 

Moreover, they exhibit great tissue compatibility and promote cell attachment and survival 

when used with CMs. Collagen-based gels can be obtained by either decellularized methods, 

preserving the original structure of the tissue, or by extraction, in which the obtained product 

is further conjugated with other materials. However, since collagen is a protein, its structure 

and stability can be easily compromised when exposed to a high temperature or different 

kinds of irradiation. For example, they cannot be autoclaved or exposed to low gamma or 

beta irradiation without altering its molecular structure which may result in the loss of 

mechanical and enzymatic resistance102. However, despite these drawbacks, the use of 

collagen-based hydrogels has been broadly studied both in vivo and in vitro. Blackburn et al.
54 demonstrated that collagen hydrogels can stimulate the myocardial cytokine profile, 

promoting angiogenesis and reducing fibrosis and cell death in the injured cardiac tissue of a 

MI mice model. They also found that the injection of collagen into injured cardiac tissue 

leads to better cardio-protective effects when it is administrated relatively soon after the 

onset of ischemia and inflammation. However, while collagen hydrogels are highly 

biocompatible and widely used for tissue engineering approaches, they have weak 

mechanical103,104 and electrical properties which are key properties for cardiac tissue 

engineering that will be further discussed in sections 4.3 and 4.4 respectively. To overcome 

these limitations, Sun et al.48 tested the addition carbon nanotubes (CNTs) to the collagen 

matrix. CNTs were chosen due to their ability support electrical conductivity and increase 

mechanical stiffness105,106. They found that the incorporation of CNTs significantly 

increased the stiffness of the hydrogels. The stiffness of collagen alone was 13 kilopascals 

(kPa), whereas collagen with incorporated CNT hydrogels at different concentrations (0.5, 

1.5 and 2% w/w) was 21, 24 and 28.8 kPa, (shear modulus of normal and infarcted 

myocardium is 6 kPa and 18 kPa respectably). In addition, the electrical properties were also 

increased in the collagen/CNT hydrogels, with the 2% w/w collagen/CNT hydrogel being 

the most conductive (~600 millisiemens/meter [mS/m]) and the 0.5% w/w collagen/CNT 

hydrogel being the least conductive (~400 mS/m) of the CNT hydrogels. These values are 

actually greater than those found in the native myocardium, which can vary from 5 to 160 
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mS/m107, and consequently such materials being more conductive than the cardiac tissue 

may be detrimental. Moreover, they also found that the incorporation of CNTs into collagen 

hydrogels promotes cell alignment and improves cell function when tested in in vitro studies 

using neonatal rat ventricular myocytes (NRVMs).

3.1.2. Fibrin Polymers—Similar to collagen, fibrin is another natural polymer that has 

been extensively employed for cardiac cell encapsulation and cardiac tissue engineering 

efforts108. Fibrin is produced from the rapid polymerization of fibrinogen monomers and the 

proteolytic enzyme thrombin109. The ratio of these two components can be modulated to 

vary the gelation rate and mechanical properties of the fibrin scaffold. An advantage of fibrin 

for use in cardiac tissue engineering is that it is extremely elastic110, enabling for increased 

deformation that is needed in the heart. In addition, fibrin naturally contains ligands for cell 

adhesion that will improve survival of transplanted cells108. Moreover, fibrin-based 

hydrogels present a low inflammatory response and foreign body reaction and can be 

absorbed during the normal wound healing process. Although fibrin-based gels have great 

potential for tissue engineering, they present poor mechanical properties and have a 

tendency to shrink, which could be problematic when injected into the heart tissue108. 

Despite these problems, fibrin-based hydrogels have been widely used for cardiac tissue 

engineering approaches111–113. For example, Zhang. et al.111 injected rat adipose derived 

stem cells (rADSC) in a rat MI model. They found that the LV end diastolic diameter 

(EDD), the LV end-systolic diameter, the ejection fraction and fraction of shortening were 

improved in the fibrin + ADSC group compared with controls (fibrin, ADSC and sham 

PBS). In another study, Christman et al.112 found that the injection of rat skeletal myoblast 

into the infarct area on a rat MI improved cell transplantation survival and decreased the 

infarct size when compared with controls (injection of bovine serum albumin (BSA) fibrin 

gel, and skeletal myoblast in BSA). Ryu et al.113 found that injecting fibrin gel with bone 

marrow mononuclear cells (BMMNCs) in a rat MI model, induced by cryoinjury, promoted 

cell survival and enhanced neovascularization when compared with control groups: injection 

of BMMNCs in media and injection of media. In this regard, the microvessel density and the 

internal diameter of the microvessels was significantly larger in the fibrin group. In a most 

recent study, fibrin hydrogels were utilized in MI rat models to promote the controlled 

delivery of growth factors (GFs) (fibroblast growth factor [FGF]-2 and stromal cell-derived 

factor [SDF]-1a) as well as tissue inhibitor of metalloproteinases-3 (TIMP3) 57. To stabilize 

and control the delivery of the GFs, the hydrogels were incorporated into aggregates with a 

synthetic poly(ethylene argininylaspartate diglyceride) (PEAD) polymer and heparin. The 

GF/PEAD/heparin aggregates and MMP inhibitor were incorporated together within the 

fibrin matrix. This investigation found that the controlled release of GFs and MMP inhibitor 

reduced ventricular dilatation, inflammation, fibrosis, and ECM degradation in the MI rat 

model. Although this demonstrated positive results for cardiac repair, it is well known that 

fibrin exhibits weak stiffness114 and slow gelation time115, making it difficult for the matrix 

to retain encapsulated cells or active molecules upon injection into heart tissue. The use of 

the PEAD polymer likely helped prolong the benefits of the supplied GFs, while the fast 

release of the MMP inhibitor helped to prevent cardiac ECM degradation normally caused 

by MMPs. Therefore, while fibrin alone does not possess characteristics ideal for cardiac 
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tissue engineering, however this polymer can serve as the basis for innovative designs that 

are more supportive and lead to improved cardiac regeneration.

3.1.3. Decellularized ECM Materials—Scaffolds derived from decellularized 

materials have gained substantial attention in the cardiac engineering field due to their 

ability to more closely mimic the biophysical and topographical properties of the native 

ECM45. Most ECM scaffolds are prepared through the decellularization of native tissues, 

such as the pericardium or myocardium116. In more recent investigations, solubilized ECM 

has gained increased attention as an injectable hydrogel117. Once the ECM is decellularized, 

it can be lyophilized, ground into a powder, and the powder then enzymatically digested into 

a liquid solution49. After exposing this ECM solution to physiological temperature for 

period of time, it can assemble into a hydrogel. Figure 2 shows the process of 

decellularization and digestion of porcine cardiac ECM tissue. For example, Seif-Naraghi et 

al.51 tested a hydrogel derived from porcine myocardium ECM in a MI mini-pig model. Two 

weeks post-MI, the hydrogel was injected into the LV free wall of the endocardium through 

a 30-gauge needle. They found that at 3 months post injection, the ejection fraction (EF), 

which is a measure of cardiac function, was significantly increased in the groups that 

received the hydrogel injection compared to the control animals (saline injection alone). 

Moreover, the diastolic volume (EDV) and end systolic volume (ESV) were smaller than 

those of the control groups, indicating an improvement of the ventricular volumes among the 

hydrogel groups. In addition, the global wall motion index (a conventional parameter used to 

estimate and rank the LV function as normal, hypokinetic, akinetic, or dyskinetic118) was 

scored as normal in the hydrogel groups, while in the control groups it worsened to being 

scored as hypokinetic. SeifNaraghi et al. also assessed the compatibility of the ECM 

hydrogel in rats by injecting the material into the LV lumen of the heart. Histological 

analysis found that the degree of inflammation was minimal and similar to that of controls 

(which received a saline injection), demonstrating that the ECM hydrogel is well-tolerated 

for up to at least 112 days post injection. Although decellularized ECM is a scaffold that 

closely mimics cardiac tissue, the risk of immunogenic response hinders its use in clinical 

applications119,120. As it stands, there is no decellularizing process to ensure the complete 

removal of immunogenic proteins that could provoke an immune response in humans, 

although a number of techniques have been used to fabricate ECM-derived hydrogels with 

low cellular and DNA content. One such method was published by Ungerleider et al.55, 

which used detergent treatments and enzymatic digestions to generate ECM hydrogels 

derived from cardiac and skeletal muscle with low immunogenic content. The treatment 

involved decellularizing the tissues with a 1% (w/v) sodium dodecyl sulfate solution. The 

decellularized tissues were treated with isopropyl alcohol to remove lipids, which can inhibit 

gelation. The tissues were then rinsed with water, lyophilized, and milled with a Wiley mini-

Mill, #40 or 60 filter to create a powder. To liquefy the ECM, pepsin treatment was 

employed, followed by titration of the liquid to pH 7.4. Finally, the material was frozen and 

lyophilized. They found that this method generated ECM hydrogels with low cellular and 

DNA content. Moreover, they retained glycosaminoglycans and other ECM proteins. 

However, they recommended performing all experiments with only one batch of ECM 

hydrogels to avoid batch-to-batch variability.
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Hydrogels derived from ECMs have been shown to have slow gelation times and rapid 

degradation, causing a decrease in the retention of encapsulated cells or biomolecules in the 

target area121; several methods have been tested to reduce the degradation of decellularized, 

ECM-based hydrogels. In one investigation, Jeffords et al.49 used different amounts of 

genipin to cross-link hydrogels derived from porcine ECM. In vitro degradation analysis 

using collagenase showed that genipin addition reduced the hydrogel degradation when 

compared with non-cross-linked hydrogels. Moreover, the use of genipin reduced the 

swelling percent of the material from ~7000% to ~4000%, which could be beneficial to 

avoid heart wall disruption after injection. They also found that the cross-linked ECM 

hydrogels promoted endothelial differentiation of human mesenchymal stem cells (MSCs), 

which may be attractive to promote vascularization in the injured cardiac tissue. Other 

efforts to decrease degradation include adding doxycycline, an MMP inhibitor, into 

hydrogels derived from porcine ventricular myocardium ECM52. For example, Wassenaar et 

al.52 found that the addition of doxycycline reduced the material degradation over a period 

of 2 weeks, without affecting the mechanical and biocompatible properties of the ECM 

hydrogel when injected into healthy rat myocardium. Efraim et al.53 developed a cross-

linked decellularized porcine cardiac ECM, using genipin, and functionalized with chitosan. 

They found that the material significantly improved cardiac function in a MI rat model after 

eight weeks post-treatment.

3.1.4. Chitosans—Chitosans are natural polysaccharides derived from chitin122 with 

considerable biocompatibility, antibacterial, and antifungal properties. Chitosan are easily 

available as they can be obtained from shellfish and waste from the seafood industry. 

Chitosan-based hydrogels responds to a variety of external stimuli such as light and 

temperature and assemble as interconnected-porous structures, which can further aid in cell 

infiltration. The temperature-responsive chitosan-based hydrogels are attractive because 

bioactive compounds and/or cells can be easily incorporated into the polymer solution 

without compromising their activity/viability. Once exposed to temperatures close to body 

temperature, the polymeric solution becomes a gel within a short period of time, localizing 

these cells/compounds within the injected area. Moreover, the mechanical properties of these 

hydrogels can be tuned by controlling the pore sizes and pore orientation of the scaffolds123. 

The stiffness of porous chitosan-based hydrogels can range from 0.1 to 0.5 MPa, whereas 

the stiffness of the nonporous chitosan-based hydrogels can range from 5 to 7 MPa123. In 

addition, chitosan-based hydrogel degradation products are biocompatible and their 

biodegradability can be controlled124. Because of these properties, chitosans are broadly 

used to synthetize thermosensitive chitosan-based hydrogels125–127. While chitosans have 

limited solubility at physiological pH128 and can cause premature metabolism of drugs in 

the presence of proteolytic enzymes129, chemical modification of chitosans into hydrogels 

mitigates these drawbacks. Shu et al.56 developed a chitosan chloride-RoY (CSCl-RoY) 

hydrogel that improves angiogenesis under hypoxia after MI. They functionalized CSCl with 

RoY, a peptide that binds membrane receptors of vascular endothelial cells under hypoxia 

and activates cellular pathways related to cell survival and proliferation130. They found that 

these CSCl-RoY hydrogels not only improved angiogenesis in a MI rat model, but also 

reduced the infarct size from ~55% to 30%, and improved the MI-induced thinning of the 

wall by increasing wall thickness (from 550 μm to ~700 μm)131. Regarding cardiac function, 
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both left ventricular fraction shortening (LVFS) and left ventricular ejection fraction (LVEF) 

were significantly improved with the CSCl-RoY hydrogel when compared with controls 

(PBS and CSCl injections), demonstrating that the addition of RoY to the CSCL hydrogels 

improve cardiac function.

Chitosan can be dissolved in weak acidic solutions, such acetic acid, and then be used for in 
vitro applications in cardiac tissue engineering. In one study, Baei et al.58 used acetic acid to 

solubilize chitosan and β-glycerophosphate disodium salt (β-GP) dissolved in water to 

promote hydrogel gelation. The concentrations they used (1.6% w/w for chitosan and 10% 

w/w for βGP) had previously proven to be cytocompatible and transition to form gels close 

to body temperature. In addition, they added gold nanoparticles (GNs) to make the polymer 

conductive (labeling it CS-GN). They assessed the polymer with and without GN in vitro 
using MSCs and found that the CS-GN hydrogel promoted cell viability, proliferation, and 

maturation of MSCs into CMs, along with the development of uniform cellular constructs. 

Immunohistochemistry for early and mature cardiac markers showed enhanced CM 

differentiation of MSCs within the CS-GN compared to the CS matrix alone. In another 

investigation, Alimirzaei et al.59 also used acetic acid solutions to solubilize chitosan. They 

used aqueous acetic acid solution and cell culture media with acetic acid. To promote a gel 

formation, they change the pH of the solution from acidic to neutral, which allowed the 

solution to form a gel instantaneously after injection. The hydrogels were tested in vitro 
using human bone marrow MSC (hBMSCs) and human adipose MSC (hAMSCs). They 

found that hBMCs survived in the gels for up to 21 days and the degradation products of the 

hydrogel were not cytotoxic on hAMSCs when evaluated by 3(4,5- dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The results overall demonstrated good 

cytocompatibility of the material.

3.1.5. Alginate—Alginate is a natural polysaccharide isolated from brown seaweed and 

bacteria. It has excellent biocompatibility, primarily due to its structural resemblance to the 

native ECM132, and consequently has been widely used for tissue engineering 

applications133,134. The most common method to prepare alginate-based hydrogels is 

through the interaction of alginate with divalent cations that facilitate hydrogel crosslinking, 

but they can be obtained by free radical polymerization and click reactions134. Moreover, 

alginate is biodegradable, non-antigenic and approved by the US Food and Drug 

Administration (FDA) for human use. The mechanical and gelation properties of alginate 

can be easily modified through the conjugation of other materials, immobilization of specific 

ligands such as peptide and sugar molecules, and crosslinking134. However, alginate also 

present some drawbacks such as its high hydrophilicity that can negatively impact cell 

adhesion and proliferation, which can be a limitation for cell delivery therapies50. Moreover, 

commercial alginate contains a large number of impurities that are responsible for side 

effects in humans, therefore further purification processes are required for biomedical 

applications135. In more recent investigations to overcome alginate drawbacks, Hao et al.50 

developed a fullerenol-nanoparticle/alginate hydrogel that possesses antioxidant properties, 

promotes survival of brown adipose-derived stem cells (BADSCs), and improves 

cardiomyogenic differentiation of BADSCs. They found that the fullerenol/alginate hydrogel 

can reduce reactive oxygen species (ROS) levels in a MI rat model. Moreover, this injectable 
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hydrogel can improve cell retention and survival of BADSCs, and reduce the infarct size as 

shown in Figure 3. Most of these protective benefits can be attributed to the fullerenol, 

which has antioxidant properties that can reduce ROS levels in the injured myocardium50. 

Moreover, fullerenol nanoparticles can penetrate cell membranes and translocate into 

organelles that induce the expression of MAPK signaling proteins related to stem cell 

survival proliferation and cardiomyogenesis50.

Although alginate has been already used in a pilot clinical trial with positive outcomes, as 

previously described, a more recent a clinical trial reported by Anker et al.77 showed the 

injection of an alginate hydrogel into the LV heart muscle of patients with advanced HF to 

result in an increased mortality rate. These results demonstrate that more advances are 

required to translate alginate hydrogel-based technologies into additional clinical trials.

3.2. Synthetic Polymers

Synthetic polymers have been developed with the aim of eliminating the disadvantageous 

properties of natural polymers while retaining their desirable ones136–139. Although many 

advances in cardiac engineering have been made with natural injectable polymers, their 

variable properties, immunogenic risk, and weak stiffness currently make them unsuitable 

for clinical applications. Due to this, the focus of many cardiac tissue engineering efforts has 

turned to utilizing synthetic materials, exploring polymers that come in many variations and 

that can be more easily manipulated to fit the needs of specific applications. Through 

changes in the synthesis process, researchers can vary the mechanical strength, porosity, 

degradation rate, gelation rate, and other polymer properties. Synthetic materials are also 

more easily controlled to produce a predictable product with less risk for immune rejection 

upon implantation. In addition, they generally possess less batch-to-batch variation than 

natural polymers. The disadvantages of synthetic polymers are that they are typically less 

biocompatible, lack natural cell adhesion sites, and fail to possess the same 3D structure of 

the complex native ECM140. Current research in this field has focused on developing ways 

to overcome these disadvantages, as we shall discuss in the subsequent sections. Figure 4 
illustrates the chemical structure of some synthetic injectable hydrogels used for cardiac 

tissue engineering.

3.2.1. Polyethylene glycol (PEG)—PEG is a biocompatible synthetic polymer that has 

been used extensively for tissue engineering approaches141,142. PEG has been quite 

successful in the tissue engineering area because it is soluble in water and in organic 

solvents, exhibits low protein adhesion (lending to its nonimmunogenicity), and is 

nontoxic143. In addition, PEG can be easily tailored to meet the needs of various 

applications through the conjugation of functional groups to the polymer backbone90. 

Because PEG is a synthetic polymer, its mechanical properties can be more easily modulated 

compared to natural polymers. These characteristics have led to injectable PEG hydrogels 

being broadly used in cardiac regeneration approaches. However, PEG-based hydrogels 

alone are unable to provide an ideal environment for cell survival, adhesion and growth due 

to their bioinert nature. To overcome this limitation several investigations have chemically 

conjugated natural polymers to PEG hydrogels or incorporated bioactive molecules. For 

example, Chow et al.65 used PEG acrylate copolymerized with PEG dithiol to develop a 
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degradable hydrogel with mechanical properties similar to the normal and infarcted 

myocardium. They assessed the use of this PEG-based hydrogel as a delivery system of 

erythropoietin (EPO) and CMs derived from human induced pluripotent stem cell (hiPSC-

CMs). EPO was chosen due to its ability to reduce cell apoptosis, improve cardiac 

remodeling post MI, and have antioxidant properties. Although they found that the PEG-

based hydrogel loaded with EPO and hiPSC-CMs improved cardiac function in a MI rat 

model, they did not observe engrafted hiPSC-CMs within the host tissue. PEG has also been 

used to modify other polymers due to its long hydrophilic chains being able to prohibit 

unwanted protein adsorption and improve the biocompatibility of the other materials144. 

Ciocci et al.63 used PEG-diacrylated (PEGDA) to develop a photo-polymerizable PEGDA-

silk fibroin (PEGDA-SF) hydrogel. To improve cell adhesion and increase material porosity, 

they used protein microspheres. They tested this PEG hydrogel in vitro using MSCs. They 

found that the hydrogel promoted cell viability and expression of cardiac muscle marker 

proteins. Although these were promising results, the use of UV to induce gelation is a risk 

factor for further in vivo applications64, which will be discussed later in this review in 

section 4.2.2. Light-Induced Crosslinking.

PEG’s ability to act as a stabilizer for natural materials degradation has also been explored 

in multiple studies with some promising results. For example, Geuss et al.69 crosslinked 

PEG with fibrin prior the addition of thrombin to obtain a more stable fibrin/PEG-based 

hydrogel. Fibrin hydrogels normally are biodegraded within 7 days in physiological 

conditions, limiting their applications for tissue engineering69. Therefore, the hope was to 

produce a less readily degradable hydrogel that still maintained the biocompatibility of fibrin 

by incorporating PEG into the hydrogel system. This group assessed the fibrin/PEG-based 

hydrogels in vitro using HL-1 cells, which are a cardiomyocyte cell line obtained from 

mouse atrial tumors that possess characteristics of an adult cardiomyocyte phenotype145. 

Geuss et al. found that their hydrogels supported cell proliferation and expression of cardiac 

markers. They also compared 2-dimensional (2D) vs 3D cell cultures and found that culture 

of the cells in these two different formats affected HL-1 cell contractibility; specifically, they 

surprisingly found that cells growing in 3D did not exhibit spontaneous contraction, whereas 

cells growing in 2D did.

3.2.2. Poly(N-isopropylacrylamide) (PNIPAAm)—PNIPAAm is a thermosensitive 

water-soluble homopolymer that has garnered a lot of attention in the biomedical field due to 

its sharp, reversible solution-to-gelation (sol-to-gel) transition point of 32°C being 

sufficiently high to enable it to be a solution at room temperature, yet still low enough so 

that it becomes a gel at body temperature146, making it extremely useful for many 

biomedical applications147,148. When conjugated with other polymers, PNIPAAm may 

impart its thermosensitive behavior on otherwise non-thermo-sensitive polymers149–151. 

Thus, this polymer system may be injected into the treatment site and will conform to the 

irregularities of the injury site via in situ gelation. PNIPAAm-based polymer systems have 

been used for cardiac tissue engineering approaches as drug delivery systems, cell 

scaffolding and transplantation, and in vitro cell culture applications152153.

Regarding in vitro cell culture applications, PNIPAAm-based hydrogels have been used 

widely to support co-cultures of cells. Since the cardiac tissue is composed of a variety of 
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cells154, a hydrogel capable of supporting co-cultured cardiac cells is extremely desirable for 

cardiac tissue engineering. For example, Navaei et al.71 used a 3D PNIPAAM-gelatin based 

hydrogel to evaluate its potential for co-culturing NRVMs and cardiac fibroblasts (CFs) in 
vitro. As a control, they used a monoculture of NRVMs cultured in the 3D hydrogel. They 

found that the co-cultured cells had increased cell interactions, a better cytoskeleton 

organization, and a more homogeneous beating behavior when compared with controls71. In 

one of our own investigations, we developed a poly(serinol hexamethylene urea)(PSHU)-

PNIPAAm hydrogel functionalized with poly-lysine, which is commonly used to promote 

cardiomyocyte attachment73. PSHU-PNIPAAm-lysine undergoes sol-to-gel transition close 

to body temperature. We found that the PSHU-PNIPAAm-lysine can be used as a 3D co-

culture in vitro model using NRVMs and CFs. Moreover, PSHU-PNIPAAm promoted 

survival and function of NRVMs for up to 21 days and controlled the proliferation of CF. 

Our results demonstrate that these systems could be used as in vitro cardiac tissue models 

for applications such as drug testing.

Although PNIPAAm-based systems possess several advantages for cardiac tissue 

engineering, some of these systems are not biodegradable155 and thus they do not readily 

clear from the body. To mitigate these drawbacks, researchers have developed different 

methods to improve safe biodegradation of these hydrogel systems. One example is the 

investigation performed by Fan et al.67, were they developed a degradable poly(NIPAAm-

co-2-hydroxyethyl methacrylate (HEMA)-co-acrylate oligolactide (AOLA) hydrogel for the 

delivery of CTTHWGFTLC (CTT), a peptide that inhibits MMP-267. Post cardiac injury, 

MMP-2 becomes upregulated, causing an imbalance with the MMP inhibitors and 

degradation of the cardiac ECM156,157. In this study, they found that incorporation of AOLA 

and HEMA in poly(NIPAAm) allows the hydrogel to be degraded by creating degradation 

byproducts with gelation temperatures of ~41°C, causing these byproducts to be in solution 

form and water soluble at body temperature. In addition, Fan et al. found that this CTT 

delivery system prevented cardiac ECM from degradation, attenuated cardiac fibrosis, and 

improved cardiac function when used in a MI rat model. In another study, Xia et al.68 

conjugated collagen type I to a biodegradable Poly(NIPAAm)-co-acrylic acid (AAc)-co-2-

hydroxylethyl methacrylate (HEMA)-poly(ecaprolactone)(PCL) copolymer to develop a 

MSC delivery system. They found that HEMAPCL contributed biodegradability to the 

hydrogel, and that AAc adjusted the lower critical solution temperature (LCST) of the 

degradation products. Overall, this PNIPAAm-based hydrogel was shown to promote MSC 

survival, increase neovascularization, and improve heart function when tested in a MI mouse 

model. Wan et al.72 studied the use of a partially degradable dextran (Dex)PCL-HEMA-

PNIPAAm hydrogel as a delivery system of a short-hairpin (sh) RNA of angiotensin 

converting enzyme (ACE) in a MI rat model. ACE is an important protein that is expressed 

following cardiac tissue damage and ultimately leads to increased cell death and thus infarct 

magnitude158. The study by Wan et al. showed that their Dex-PCL-HEMA-PNIPAAm 

injectable polymer system could effectively deliver a sustained flow of plasmid encoding 

ACEshRNA following cardiac infarct in a rat MI model. Thirty days following MI and 

intramyocardial injection of the polymer/ACE-shRNA system, there was a decrease in ACE 

expression, cell death, infarct size as well as improved cardiac function as compared to bolus 

injection of free ACE-shRNA72.
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In more recent studies, PNIPAAm has been used in conjunction with CNTs, an attractive 

combination for cardiac engineering in particular due to the conductive abilities and strong 

mechanical properties of CNTs159,160. In one such study, Li et al.70 used PNIPAAm’s 

unique abilities to permit the injection of single-walled carbon nanotubes (SWCNTs) and 

encapsulated brown adipose-derived stem cells (BASCs) into the myocardium of a rat MI 

model. They found that the hydrogel showed enhanced cell integration and therapeutic 

benefit70. Since CNTs are toxic when aggregated, to avoid CNT release and aggregation, 

CNTs should be chemically conjugated into hydrogels rather than simply mixed into the 

matrix. To this aim, we chemically incorporated multi-walled carbon nanotubes (MWCNT) 

in our PSHU-PNIPAAm-lysine hydrogel and further assessed in vitro co-culture of NRVMs 

and CFs62. Figure 5A illustrates the synthesis of the CNT-COOH and Figure 5B shows the 

chemical structure of PSHUPNIPAAm-lysine-CNT. We found that the chemical 

incorporation of CNT-COOH into the polymer did not affect the gelation properties of the 

materials as shown in Figure 5C. Moreover, the CNTs organized as net inside the polymer 

pore structure. Figure 5D shows the morphological structure of the PHUS-PNINAAm-

lysine-CNT hydrogel. Importantly, the incorporation of CNTs provided electrical cues to the 

hydrogel and improved its mechanical properties, making the polymer stiffer. Culturing the 

cells in the 3D CNT hydrogel was also found to promote long-term CM survival and CMs 

alignment. Moreover, our polymeric matrices, both with and without CNTs, control the 

proliferation of fibroblast, maintaining their population almost constant for up to 21 days 

(Figure 5E). Regarding CM function, the area of Cx43 was significantly increased in the 

CMs cultured in the 3D RTG-CNT hydrogel after 21 days of culture (Figure 5F-G), we 

believe that this promoted more homogeneous spontaneous Ca+2 transients on the CMs 

cultured for 21 days in the 3D RTG-CNT polymers compared with controls (Figure 5H). In 

addition, the CMs growing within the 3D CNT hydrogel also appeared to be proliferative in 

the initial days of culturing (Figure 5I). This apparent burst of proliferation has also been 

reported by Martinelli et al.161 in 2D CNT substrate experiments.

Lastly, PNIPAAm-based hydrogels have the potential to be used as protein delivery systems. 

We developed a sulfonated-PSHU-PNIPAAm hydrogel for the delivery of positively charged 

proteins74. Some examples of positively charged proteins are angiogenic growth factors 

(GF) such as vascular endothelial growth factor (VEGF)162. We found that the incorporation 

of sulfonated groups in the hydrogels prolonged the release of positively-charged proteins, 

without altering their structures, for at least to 70 days in vitro. Moreover, this hydrogel was 

well tolerated in vitro using C2C12 myoblasts and an in vivo subcutaneous rat injection 

model. Our results suggest that this sulfonated hydrogel could potentially be used as a 

control delivery system for the release of supportive GFs (such as angiogenic growth factors) 

to further improve vascularization in the injured heart.

3.2.3. Aniline-Based Materials—Aniline-based materials have been attractive for 

cardiac tissue engineering approaches due to their electroactive and antioxidant 

properties163,164 which are key for cardiac regeneration and will be discussed more details in 

section 4.4 and section 4.5.1. Several approaches have been used to provide electrical cues to 

polymeric materials. One of them is the use of electroactive biopolymers based on 

conductive oligomers such as aniline oligomers165. Some examples of these aniline 
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oligomers are tetraaniline and aniline pentamer. Furthermore, polyaniline and its oligomers 

present antioxidant properties which can block the effect of reactive oxygen species (ROS) 

to avoid cellular damage such as, direct damage to membranes and proteins or indirect 

damage through the activation of pro-apoptotic pathways61.

Some examples of aniline-based hydrogels were reported by Dong et al.60 They developed 

hydrogels based on a chitosan-graft-aniline tetramer (CS-AT) and di-benzaldehyde-

terminated poly(ethylene glycol) (PEG-DA). Polyaniline is intrinsically conductive, and so 

its incorporation into the polymer backbone enabled the hydrogels to transmit electrical 

cues. In vitro studies using murine myoblasts and adipose-derived MSC (ADMSCs), marked 

with CellTraker Green, demonstrated that the cells maintained good levels of viability and 

proliferation when encapsulated within the hydrogels. Moreover, subcutaneous injections in 

rats showed good material biocompatibility and ADMSCs retention (marked with cellTraker 

deep red). Cui et al.61,66 developed antioxidant and conductive carboxyl tetra-aniline 

(CTA)poly(D,L, lactic acid-co-glycolic acid) (PLGA)-PEG-PLGA-CTA and 

P(NIPAAm)poly(ethylene glycol methacrylate) (PEGMA)- 2-methylene-1,3-dioxepane 

(MDO)- methacrylate tetra-aniline (MATA) hydrogels. In vitro live/dead studies using 

myoblasts in vitro demonstrated that the material is tolerated well by cells in culture, 

possessing good cytocompatibility. Moreover, subcutaneous injections in a rat model of the 

acellular material demonstrated acceptable biocompatibility in vivo. Although aniline-based 

hydrogels intrinsically possess relevant mechanical, conductive, and antioxidant properties, 

additional studies using cardiomyocytes and cardiac injections in animal models should be 

undertaken to demonstrate any clinical potential they have for cardiac tissue engineering 

efforts.

3.2.4. hybrid Gelatin Methacryloyl Hydrogels—Hybrid gelatin methacryloyl 

(GelMA) hydrogels have been widely used for various tissue engineering approaches due to 

their high biocompatibility and controlled biodegradability166,167. GelMA can be 

synthetized by conjugating gelatin with methacrylic anhydride 167. Gelatin is obtained from 

denatured and partially hydrolyzed native collagen. Due to the denaturalization process, 

gelatin present low antigenicity but retain the bioactive sequences of collagen to promote 

cell attachment and matrix metalloproteinase (MMP)-sensitive sites for biodegradation. 

Although gelatin is highly used in in vitro applications, it is unstable at body temperature 

and thus, the conjugation of methacrylic anhydride offers a biocompatible hybrid polymer 

with great potential for tissue engineering. GelMA hydrogels can be tailored by modifying 

the amount of methacrylic anhydride. This can provide the hydrogels with considerable 

strength and stiffness167. For example Li et al. 75 developed muscle myofibers using 

GelMA, PEGDMA (PEG dimethacrylate) and C2C12 myoblast with a variety of stiffness 

ranging from 12 to 42 kPa. By applying magnetic and non-contact tensile stretch to these 

GelMA/PEGDMA-myofibers, they were able to induce muscle myofiber formation. The 

fabrication of these GelMA/PEGDMA-myofibers were performed in a high-throughput 

manner in which the polymeric/cell solution was injected and exposed to UV light for 

crosslinking purposes and further squeezed through sieves for fiber formation, obtaining 

thousands of fibers within seconds. These hydrogel/cell fibers can be further used as 

templates for the development of fiber-shaped tissues such as blood vessels168.
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UV light is commonly used to cross-link GelMA to form hydrogels169. However, UV light 

can be harmful for the myocardium64, as will be discussed later in this review. To overcome 

this limitation, Noshadi et al.64 developed cross-linkable GelMa hydrogels that can be 

induced to cross-link from exposure to visible light. They found that NRVMs cultured on top 

of the hydrogels were viable and retained their cardiac phenotype for at least 7 days. 

Additionally, the GelMA hydrogels supported the contractile function of the cells. Moreover, 

they assessed the injectability and polymerization of the hydrogel in ex vivo tests using adult 

rat hearts. After injecting the GelMA hydrogel (200 uL total, 10% [w/v] concentration) into 

the right ventricle of the heart, they applied visible light (for 180 s at a distance of 1 cm) and 

found that the polymer could easily form a stable gel in this relatively short time period. 

Furthermore, they assessed the polymer in a MI rat model and found GelMA hydrogel 

injection to reduce myofibroblast activation, thus reducing fibrosis when compared with 

control groups (saline injections). In addition, the hydrogel helped in the maintenance of 

larger blood vessels in the infarcted region. This new approach of using visible light to 

induce crosslinking makes GelMA hydrogels appealing for such in vivo uses.

3.3. Summary of natural vs synthetic hydrogels

Hydrogels for cardiac tissue engineering applications should have several properties 

including biocompatibility, degradability, low toxicity, and immunogenicity. However, 

natural and synthetic materials alone possess only some of these desirable properties. 

Synthetic hydrogels provide greater control over the mechanical and biochemical properties 

and they are in general more stable and reproducible than natural hydrogels. However, they 

are less biocompatible as they lack natural cell adhesion sites. The advantages of natural 

materials are biocompatibility and biological properties consistent with in vivo features. 

However, their rapid degradation, long gelation times, poor mechanical properties, 

insufficient electrical conductivity, and lack of inherent antioxidant properties make them far 

from ideal for cardiac tissue engineering. Conjugating natural materials with synthetic 

hydrogels seems to represent the most promising approach to develop materials with 

controllable mechanical and biochemical properties without compromising biocompatibility 

and biodegradability. Therefore, hybrid hydrogels that possess the biochemical and 

biomechanical environment of the native cardiac tissue are needed for successful cardiac 

tissue engineering approaches.

4. Design of Injectable Hydrogels for Cardiac Tissue Engineering

Ideally, hydrogels for cardiac tissue engineering should be designed in a way that they can 

be integrated with the host tissue to offer mechanical support to the injured heart, decrease 

wall stress, compensate for contraction and inhibit pathological remodeling9. Moreover, 

their biological and physical properties should be designed to mimic those of the cardiac 

tissue. Engineered hydrogels should be potentially biodegradable with the capability to 

degrade upon functional regeneration of the injured cardiac tissue. They need to be designed 

with a stiffness similar to that of cardiac tissue. The gelation time is another important 

parameter to be considered in the design of injectable hydrogels. Slow gelation times can be 

problematic as they may increase tissue necrosis by blocking arteries affecting the blood 

stream. The heart is an electrical conductive system with a continuous electrical network that 
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directs the spontaneous heart cycle. Malfunction of electrical coupling induces arrhythmia 

and compromises heart function78. Therefore, injectable hydrogels need to be designed with 

electrical cues to be electrically integrated into the heart and thus, support its electrical 

function170. Since ROS are increased during cardiac injury, injectable hydrogels with 

antioxidant properties are appealing to avoid cellular damage due to ROS. Finally, the 

incorporation of other proteins and cytokines into injectable hydrogels should be also 

considered as they can offer cardio-protective effects9.

In this section, several material properties that typically belie the success of a given 

injectable cardiac hydrogel will be explored. Namely this includes the hydrogel’s gelation 

time, mechanical strength, electrical conductivity, and other biological cues it provides, all 

features that can significantly impact the formation of functional cardiac tissue. Table 2 and 

Table 3 show an overview of natural and synthetic material properties reviewed here.

4.1. Design of Gelation Time

Ideally, injectable hydrogels for cardiac tissue engineering efforts should undergo a rapid, 

tightly-controlled phase transition from a liquid solution (while in a catheter prior to 

injection) to a gel state (after being injected into the targeted region)38. The sol-to-gel 

transition should be designed such that it provides optimal cell and/or biomolecule retention, 

hydrogel deployment, and cellular engraftment. To this end, the gelation kinetics of an 

injectable hydrogel should maintain the material in solution while still inside of the catheter, 

and then rapidly – perhaps ideally within seconds -- form a gel after injection into the target 

tissue171. Natural injectable hydrogels often demonstrate slow sol-to-gel transition rates (15 

min to 24 h) as shown in Table 2, which, when injected into vessel-rich cardiac tissue, may 

increase loss of cells and biomolecules as the semi-liquid gel can be washed away. In 

addition to concerns over cell and therapeutic molecule loss, slow gelation rates could 

impede normal blood flow, ultimately leading to tissue necrosis172. Synthetic injectable 

materials, on the other hand, typically possess much faster gelation times, on the scale of 

seconds to a few minutes, as shown in Table 3. Since slow gelation time is the main problem 

of natural hydrogels, here will overview the most recent approaches to improve gelation 

times in natural hydrogels and possible applications for materials with relatively slow 

gelation times.

Several investigations have reduced gelation on natural materials by incorporating peptides 

or organic other compounds. As one example, Shu et al.56 demonstrated that when natural 

chitosan chloride hydrogels have the addition of RoY, a peptide that can bind 78 kilo 

Daltons glucoseregulated protein (GRP78) receptors expressed on membrane surface of 

vascular endothelial cells under hypoxia, their gelation times become significantly reduced, 

from 17 min to 8–12 min.

Although natural materials do not gel as fast as synthetic materials, they can be used as 

acellular matrices to cardiac function or as fast release delivery systems in vivo as previously 

mentioned in section 3.1. For example, Seif-Naraghi 51et al. used porcine myocardial ECM 

in a Yucatan mini pig MI model. Two weeks post MI, the hydrogel was injected into the 

infarcted area. They found that after 3 months post injection, the hydrogel improved cardiac 

function. Similarly, Wassenaar et al.52 tested a hydrogel derived from decellularized porcine 
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ventricular myocardium with matrix metalloproteinase (MMP) inhibitor in vivo using rats to 

assess degradation and biocompatibility. Efraim et al.53 assessed porcine ECM crosslinked 

with genipin and/or modified with chitosan and tested them in vivo using a MI rat model. 

All these investigations were previously discussed in more detail in section 3.1.3 

decellularized ECM materials. Awada et al.57 assessed a fibrin hydrogel for fast protein 

delivery using a MI rat model (more details in section 3.1.2 Fibrin polymers).

4.2. Gelation stimuli

4.2.1. Thermal Stimuli—Several mechanisms have been explored for controlling the 

sol-to-gel transition of injectable hydrogels used for cardiac tissue engineering with varying 

results. These approaches include manipulation via light-induced crosslinking, ionic 

interactions, chemical crosslinking, hydrophobic interactions, and thermal stimuli. Among 

these, using thermal stimuli is one of the most widely used for both natural and synthetic 

systems155 as shown in Table 2 and Table 3. Gelation triggered by thermal stimuli in such 

thermo-sensitive hydrogels is advantageous in that it is potentially less harmful to 

encapsulated cells, as it does not require UV radiation for crosslinking, which may generate 

endogenous oxidative damage to DNA173, or other potentially irritating solutions62. 

Thermo-sensitive hydrogels can be formed by several methods, the first one is the swelling 

behavior due to a change in their temperature174. Below its lower critical solution 

temperature (LCST), the hydrogel retains water and swells due to water affinity. Above the 

LCST, the hydrogel becomes more hydrophobic and the swelling process ends by creating a 

stable hydrogel9. Another variation of thermo-sensitive materials involves those that gel due 

to hydrophobic interactions induced by an increase in temperature, without the swelling 

process73. In these cases, the polymer is more hydrophilic below the LCST and becomes 

more hydrophobic when the temperature is above the LCST. In those cases, the higher the 

temperature is, the more hydrophobic the material becomes. Another category for 

thermosensitive hydrogels is triblock co-polymer. Triblock co-polymers are composed of a 

hydrophilic-hydrophobic-hydrophilic backbone that undergoes sol-to-gel transition based on 

micelle formation due to an increase in temperature175. An example of these polymers is a 

type developed by Park et al.176 that involved an triblock with two terminal hydrophilic 

blocks composed of poly(ethylene glycol) and an hydrophobic block composed of 

poly(serinol hexamethylene urethane). This hydrogel undergoes sol-to-gel transition close to 

body temperature and has been used successfully in several tissue engineering 

applications177–179.

4.2.2. Light-Induced Crosslinking—Light-inducible crosslinking or 

photopolymerization is another popular gelation mechanism by which injectable hydrogels 

undergo the sol-to-gel transition180. Light can promote polymerization of a monomer or the 

crosslinking of a hydrogel. The main interest of using light to induce a chemical reaction lies 

in the high initiation rate provided by intense illumination and its fast reaction. Thus, a 

liquid polymeric solution can polymerize quickly to a hydrogel by simple exposure to UV 

radiation or other sources of light181. However, most systems are not readily activated by 

light, and in this case a photoinitiator is required. If the reaction if performed at 

physiological pH and temperature, the in-situ formation of crosslinked hydrogels may have 

the ability to encapsulate cells or biomolecules within their 3D structure without highly 
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compromising their viability or function as demonstrated by Li et al.75. However, because 

using UV radiation to induce crosslinking may affect the integrity of sensitive tissues such as 

the cardiac tissue, some researchers, such as Noshadi et al.64, have developed visible light 

cross-linkable gelatin methacryloyl hydrogels that are more compatible with cardiac tissue 

to overcome these hurdles. In addition, these hydrogels have a gelation time on the order of 

seconds. These novel hydrogels represent a promising alternative to thermos-sensitive 

hydrogels with suitable mechanical properties for cardiac tissue engineering.

4.2.3. Michael Addition—The Michael addition reaction is another gelation mechanism 

that has been used to generate chemically crosslinked injectable hydrogels for cardiac 

bioengineering efforts90. The Michael addition reaction is characterized by the reaction of a 

nucleophile (Michael donor) with an activated electrophilic olefin (Michael acceptor) in the 

presence of a catalyst to an α, β- unsaturated carbonyl to form a Michael adduct182. This 

reaction can yield highly selective products in an efficient manner under non-toxic reaction 

conditions. Most specifically, the thiolMichael addition reaction has generated recent 

interest. In this regard, the thiol-acrylate reaction is one of the most commonly used thiol-

Michael reactions. Here the reaction is based on thiols and either acrylates or vinyl sulfones 

precursors182. An example of this type of hydrogel is the one developed by Chow et al.65 in 

which they added PEG dithiol to PEG acrylate to form PEG hydrogels. They tested the PEG 

hydrogels in vivo in a MI model and found that the hydrogels attenuated the pathogenic 

ventricular remodeling of the heart compared with controls (saline injections).

4.2.4. Ionic Crosslinking—Ionic crosslinking has been used as a common gelation 

mechanism to obtain alginate hydrogels133,183, which have been used as injectable 

hydrogels for cardiac bioengineering studies. In these experiments, calcium gluconate or 

calcium chloride solutions have been used as calcium donors184,185. The ionic crosslinking 

occurs when sodium alginate is placed in contact with a solution of calcium ions, whereupon 

the calcium ions replace the negatively charged sodium ions. The positively charged calcium 

ions then interact with the alginate strands, starting a crosslinking reaction186. Hao et al.50 

developed fullerenol/alginate hydrogels using calcium gluconate to induce gelation. They 

found this hydrogel can reduce reactive oxygen species (ROS) levels in a MI rat model, 

improve cell retention and survival of BADSCs, and promote angiogenesis.

4.2.5. pH stimuli—Lastly, pH has also been explored as a stimulus to induce hydrogel 

gelation. Such pHresponsive hydrogels were reported by Alimirzaei et al.59, where a pH 

sensitive chitosan hydrogel was developed for human adipose MSCs (hADSCs) 

encapsulation. This hydrogel undergoes sol-to-gel transition when it reaches physiological 

pH. They dissolved chitosan in either an aqueous acetic solution (1% w/w) or a cell culture 

media acetic solution (1% w/w). The final pH concentrations of the solutions were between 

4.0 and 5.0. To create a gel, they added sodium hydroxide (NaOH) (10 N) to adjust the pH to 

6.8 to 6.9. They also developed a coaxial needle to deliver both chitosan solution and NaOH. 

They found this hydrogel capable of undergoing sol-to-gel transition in seconds.
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4.3. Design of Mechanical Strength

Post MI, both cellular loss and changes in the myocardial biomechanical microenvironment 

can lead to a decrease in cardiac function and strength via wall stress and adverse ventricular 

remodeling (e.g., ventricular dilation) culminating in fibrosis, hypertrophy and myocardial 

dysfunction. This maladaptive remodeling starts when the myocardium undergoes 

irreversible necrosis due to a cascade of effects that disrupt the cell membrane and disorder 

the structure of the cardiac tissue187,188. Within the first 3 days, an inflammatory response 

takes place in which leukocytes accumulate in the infarcted site. Then, neutrophils start to 

infiltrate until they fill the infarcted area. Finally, macrophages are called to the site to 

phagocytose dead cardiomyocytes. Around day 5, fibroblasts start to proliferate and collagen 

deposition begins. After 4 weeks, a dense fibrous scar tissue is formed, and the pathological 

cardiac remodeling is nearly completed. The maturation of the scar tissue formation will 

further contribute to heart wall dilation to compensate for the lost heart function ending in 

myocardial dysfunction187,188. Injectable hydrogels should ideally offer relevant mechanical 

support to the injured myocardium to compensate for the damaging of this tissue. While 

many injectable materials present with relatively soft mechanical properties that enable easy 

injection into the damaged myocardium, such as ECM hydrogels, these materials are 

typically insufficiently robust for providing sustained, continual mechanical support to the 

injured cardiac tissue, which remains under considerable strain and constant contraction 

within the active cardiac muscle environment. Two strategies to tune the mechanical strength 

of hydrogels consist in modifying the degree of crosslinking and altering the polymer 

concentration; these will be discussed next.

4.3.1. Modulating the Polymer Concentration to Regulate Mechanical 
Strength—Investigators have found that by varying the amount of polymer dissolved in 

aqueous solutions, the mechanical strength can be altered, and in this way injectable 

hydrogels can be developed with mechanical strengths similar to those found in the cardiac 

tissue environment. For example, Chow et al.65 designed a mechanically-tailored injectable 

PEG hydrogel. They specifically designed and tested hydrogels containing polymer 

concentrations of 5, 10, 20, and 30% w/v. The shear modulus for the materials was 0.8, 6.9, 

17.2, and 35 kPa, respectively. They found that the 10% and the 20% w/v hydrogels most 

closely matched the shear modulus of normal (6 kPa) and infarcted (18 kPa) myocardium, 

respectively. Upon injection of the 10% hydrogels into a MI rat model, they found that, at 10 

weeks post injection, pathogenic ventricular remodeling was attenuated in these rats 

(compared to controls). In another experiment, Fan et al.67 demonstrated that a 

thermosensitive PNIPAAm-co-HEMA-co-AOLA hydrogel loaded with a MMP-2 inhibitor 

displayed a stiffness of 35 kPa when produced using a high concentration of PNIPAAm-co-

HEMA-co-AOLA (20% w/v). This relatively stiff system efficiently prevented cardiac ECM 

degradation in a MI rat model and improved cardiac function.

4.3.2. Varying Monomer Composition to Regulate Mechanical Strength—
Another way to modify the mechanical properties of hydrogels is to change the chemical 

composition of the polymer itself by using monomers at varying concentrations. For 

example, Cui61 et al. developed PNIPAM-mPEGMA-MDO-MATA or PN-TA hydrogels 

with storage moduli ranging from 1 to 10 kPa. The mechanical properties of these hydrogels 
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were tuned by adjusting the hydrogel concentration in solution and chemically varying the 

monomer composition termed PN-TA1, PN-TA2 and PN-TA3, as shown in Table 4. The 

final copolymers were dissolved in phosphate buffer saline solution at 20% (w/v). They 

found that the PN-TA1 and PN-T3 presented a mechanical stiffness around ~10 kPa and the 

PN-TA2 around ~1kPa at 37 °C. However, only the PN-TA2 presented a phase transition 

temperature close to 37 °C, whereas the PN-TA1 and PN-T3 had phase transition 

temperatures of ~40 °C and ~30 °C, respectively. Upon testing these materials in vitro using 

murine myoblasts (H9C2 cell line), they found that the myoblasts retained relatively high 

viability when cultured in 3D using the PN-TA2 hydrogel for at least 7 days. Subcutaneous 

injection in rats of the acellular hydrogel also demonstrated that the material is well-

tolerated, with no apparent abnormalities on the skin nor signs of edema, redness, or tissue 

necrosis around the implanted hydrogel. Another example of varying the monomer 

composition to obtain a different stiffness is the investigation performed by Li et al. 75 By 

changing the mass ratio of PEGDMA and keeping the constant the mass ratio of GelMA 

(2:1, 3:1 and 4:1) they were able to fabricate fibers with a stiffness of ~12, 23 and 24 kPa for 

mass ratios of 2:1, 3:1 and 4:1 respectively.

4.3.3. Using Crosslinking to Regulate Mechanical Strength—A third strategy 

frequently used by researchers to alter the mechanical strength of injectable hydrogels for 

cardiac engineering efforts is using various cross-linking agents. For example, Efraim et al.
53 synthetized hydrogels using soluble decellularized porcine ECM that was crosslinked 

using a constant amount of genipin (0.01g), and/or different amounts of chitosan. Chitosan is 

well-known to offer stability and increase mechanical strengths of collagen gels by 

crosslinking with collagen in the presence of genipin189. Efraim et al. specifically created 

decellularized ECM-based gels with either genipin alone, genipin with relatively high levels 

of chitosan (0.05 g w/w), or genipin with relatively low amounts of chitosan (0.02 g w/w). 

By modulating these hydrogels using genipin and different amounts of chitosan, the 

investigators were able to create hydrogels with different mechanical strengths, with the 

genipin-alone gel measuring at 2 kPa, genipin with high chitosan being 13.6 kPa, and 

genipin with low chitosan being 36.8 kPa. They further investigated the hydrogels in vitro 
using hMSCs. For this, tissue culture plates were coated with the different gel and cells 

seeded on top. They found that the gel with only genipin and the gel with genipin and high 

chitosan supported the adherence and viability of the cells for at least 28 days. Moreover, the 

hydrogels without cells were tested in vivo using a MI rat model. Following injection into 

the MI region, these gels were shown to improve the cardiac function in acute and chronic 

MI rat models (as measured at 8 weeks post MI). Particularly, the gel with genipin and lower 

amounts of chitosan best preserved normal heart function and improved the ejection fraction 

and fractional shorting when compared with the negative control (PBS injection). Moreover, 

Efraim et al. observed migration of progenitor cells into the scaffolds, indicating the 

beginning stages of cardiac remodeling.

4.3.4. Other Alternatives to Improve Mechanical Strength—Other alternatives 

have been explored to improve the mechanical strength of hydrogels. For example, 

Alimirzaei et al.59 changed the mechanical properties of chitosan hydrogels by dissolving 

the chitosan in different solutions: (1) aqueous acetic acid solution (WH) (with 1% w/w of 
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acetic acid) and (2) acetic acid solution (1% w/w) prepared in cell culture media (MH). They 

found that the chitosan dissolved in the WH solution possessed a stiffness of 19.8 kPa and 

the chitosan dissolved in the MH solution had a lower stiffness, of 10.3 kPa. They further 

evaluated the hydrogels in vitro by encapsulating hADSCs within the hydrogels. They found 

that the number of dead cells significantly increased by almost 2-fold in the WH hydrogel 

when compared with the MH after 21 days of culture. In another investigation, Cui et al.66 

modified the mechanical properties of CTA-PLGA-PEG-PLGA-CTA by mixing different 

concentrations of alpha cyclodextrin (𝑎−CD) in to the hydrogels and increasing the amount 

of polymer in solution. 𝑎−CD is commonly added to PEG-based hydrogels to lower the 

amount of polymer in solution needed to form a gel, and thus lowering the viscosity of the 

polymeric solution190. 𝑎−CD has a strong hydrophobic interaction between hydrophobic 

polymer blocks, thus facilitating the gelation of the thermos-sensitive polymers (as discussed 

above in the gelation section)66. They found that the mechanical strength increased from 10 

to 65 kPa when the polymer was dissolved in 5 and 10% w/w solutions (with 25% (w/w) of 

𝑎−CD remaining constant), respectively. They also found that when the polymer 

concentration in solution is maintained at 10% while the concentration of 𝑎−CD is increased 

from 15 to 25%, the mechanical strength increased from 15 to 65 kPa. This demonstrated 

that either high concentrations of polymer or high concentrations of 𝑎−CD favors increased 

strength in these hydrogel systems. Although all of these formulations resulted in gels with 

mechanical properties that may be suitable for use in cardiac tissue engineering applications, 

only the 15% polymer in solution with 20% 𝑎−CD had acceptable viscosity (0.0008 Pa s). 

This group further evaluated their hydrogel systems for their ability to support encapsulated 

rat myoblast (H9C2 cell line). They found that the cells remained viable for up to 5 days. An 

in vivo subcutaneous injection into rats was also performed, and they found that the 

hydrogel was well tolerated and almost cleared completely from the injection site after 3 

weeks post injection.

4.4. Electrical Conductivity

Native cardiac tissue has unique electrophysiological behavior, involving the transfer of 

electrical signals that is critically important for proper CM function191. The main 

components of the heart conductive system are the sinoatrial node (SAN), the internodal 

pathways, the atrioventricular node (AVN), the bundle of His and the Purkinje fibers. Its 

function is highly regulated by specialized CMs. The electrical activity of the heart begins 

when CMs located in the SAN spontaneously generate an action potential (AP) which then 

propagates to the atrial myocardium, internodal pathways and to the AVN. Finally, the AP is 

propagated through the bundle of His and Purkinje fibers towards the ventricular 

myocardium, which then contracts in syncytial manner. At the cellular level, APs are 

generated by the membrane potential of CMs that follow an initial depolarization from a 

resting to a threshold potential mediated by ion channels192. Due to the loss of CMs in MI 

and the further formation of the scar tissue, abnormalities in the electrical signaling of the 

injured heart are often observed193. The design of a strong and fast conducting hydrogel 

capable of electromechanical coupling with the myocardium could potentially promote 

efficient improvement of heart function without causing arrhythmias. Unfortunately, the 

majority of the injectable materials for cardiac regeneration are electrically insulated106. To 

this end, some investigators have chemically modified injectable materials by conjugating 
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conductive nanoparticles, such as gold or CNT, or conductive polymers to hydrogel systems, 

making the materials more suited to support the electrical signaling of CMs194. To this end, 

our group recently developed a reverse thermal gel (RTG) functionalized with CNTs, 

specifically a poly(serinol hexamethylene urea) (PSHU)PNIPAAm-lysine-CNT, also 

referred to here as a RTG-CNT62. CNT present unique mechanical, electrical and thermal 

features and have been recently explored to improve the electrical features of polymeric 

materials for cardiac tissue engineering105,106,161,195,196.

NRVMs cultured in our RTG-CNT polymers possessed stronger and more homogeneous 

spontaneous calcium transients when compared with cells growing in the 3D hydrogel 

without CNT and in 2D gelatin coated tissue culture plates. The measurement of 

spontaneous calcium transients is a common method to determine the spontaneous waves of 

cardiomyocytes cyclic contractions attributed to the oscillatory release and uptake of 

calcium by the sarcoplasmic reticulum. These measurements are highly correlated with cell-

cell coupling, which is maintained by gap junctions. We found that the cells growing in the 

RTG-CNT presented an increased and more organized localization of gap junctions when 

compared with controls. These results suggest that conductive materials have the capacity to 

improve the intracellular communication and function of CMs, which is crucial for cell 

integration in injured cardiac tissue. Along these lines, Sun et al.70 incorporated SWCNTs 

into collagen hydrogels, referred as CNT/Col. They found that the incorporation of CNTs 

improved the electrical properties of these hydrogels. Most importantly, they found that 

NRVMs growing in the CNT/Col hydrogels showed improved cell alignment – a key feature 

of myoblasts – with stronger contraction potentials.

Although CNTs present several safety concerns due to potential long-term toxicity, they can 

be functionalized to improve their biocompatibility. For example, we reported the synthesis 

of CNT-COOH by diazonium salt arylation reaction, to introduce amino groups, followed by 

a succinic anhydride reaction to incorporate the COOH groups. This method avoids toxic 

effects caused by metallic impurities and oxidative debris present in oxidized CNT-COOH62. 

Moreover, it promotes CNT solubility in aqueous solutions. In addition, several other 

modifiable factors, such as CNT length and dispersion within the hydrogel matrix, can 

potentially be used to mitigate toxicity62. However, it may be a long process to translate this 

technology into clinical trials. One alternative to CNTs is the use of conductive polymers. 

Dong60 et al. and Cui et al.61,66 developed conductive aniline-based hydrogels that, when 

grown with murine myoblasts, improved cell viability and proliferation. In addition, these 

acellular hydrogels showed good in vivo biocompatibility when injected subcutaneously in 

rats. Another alternative to promote polymer conductivity is the incorporation of GN, which 

are highly conductive biocompatible biostructures197. Baei et al.58 mixed GN with chitosan 

hydrogels at different concentrations, 0.5, 1.0, and 1.5 % (w/w). They found that the 1.0% 

(w/w) concentration had electrical properties closest to the native myocardium (0.13 S m

− 1). Moreover, they found that chitosan-GN (with 1% w/w of GN) promoted MSC 

maturation in vitro.
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4.5. Biological Cues

4.5.1. Antioxidant Properties—As previously mentioned, MI occurs when the blood 

supply of the heart is interrupted. Once the blood flow is restored, it reintroduces oxygen to 

the myocardium and leads to the generation of reactive oxygen species (ROSs)198. ROSs are 

molecular ions generated by oxygen reduction during the metabolism of oxygen. They are 

produced either by the injured myocardium or by inflammatory cells, leading to cellular 

damage199. This oxidative stress results in a volatile environment and damaged tissue that 

can limit the therapeutic efficacy of hydrogel-based cellular approaches. To overcome this 

limitation, a number of studies have proposed incorporating antioxidant compounds and 

antioxidants materials themselves into the design of injectable hydrogels.

Several materials with antioxidant properties have been identified and explored for their 

potential protective and regenerative effects in cardiac systems. Polyaniline and its 

oligomers is one such material that has been reported to have antioxidant properties200. 

Using this material, Cui et al. designed a variety of injectable hydrogels by conjugating 

tetra-aniline to Poly(NIPAM)-based hydrogels and PLG-PEG copolymers6166. This group 

cultured rat myoblasts in the aniline containing polymers and, using a radical scavenging 

activity assay, found that this material protects cells against high levels of ROS. Along these 

lines, Hao et al.50 developed an injectable fullerenol/alginate hydrogel to suppress oxidative 

damage. Fullerenol possesses antioxidant properties due to its electron deficient surfaces, 

which are able to attract ROS201. Once ROS interacts with fullerenol, an electron transfer 

takes place that suppresses the oxidant stress caused by ROS. Hao et al. tested this hydrogel 

in a MI rat model and found that the hydrogel appeared to decrease the levels of ROS in this 

model.50.

Other alternatives that have been explored for protecting CMs against damaging ROS 

include incorporating antioxidant agents into hydrogels. For example, Chow et al.65 used 

PEG hydrogels to deliver erythropoietin (EPO), an antioxidant agent used in clinical trials to 

reduce cell death and adverse remodeling post MI202. They found that the addition of a 

relatively small amount of EPO (1 unit/ml) significantly improved the viability of hiPSC-

CMs when they were used as an in vitro model cultured under stress-inducing conditions 

(using doxorubicin).

4.5.2. Degradation—While degradable materials may be desirable, inert, non-

degradable materials can also be used for cardiac regeneration203. Matrices that degrade too 

quickly and may be subsequently cleared away soon after injection can be problematic due 

to a loss of the protective microenvironment that would otherwise be supportive for the 

injured cardiac tissue, the encapsulated cells that require time to become established and 

engrafted, and therapeutic molecules that are locally required for their action. For most 

natural materials, such as collagen, fibrin, and decellularized ECM, degrade quickly due to 

the MMP family of proteases204. To promote relatively slow degradation of decellularized 

porcine ventricular myocardium, Wassenaar et al.52added doxycycline, an MMP inhibitor, 

into the porcine ECM. This was accomplished using two different methods: chemically 

cross-linking doxycycline to the hydrogel and mixing doxycycline with the hydrogel matrix 

during preparation in solution. They tested the degradation of the decellularized myocardium 
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hydrogels both in vitro and in vivo. For in vitro studies, they used a bacterial collagenase 

(125 U/mL) degradation assay for 24 h. As a control, they used hydrogels exposed to PBS. 

They found that both hydrogels presented a significantly lower peptide concentration, 

indicative of inhibition of collagenase degradation when compared with unmodified ECM 

hydrogels. For the in vivo studies, they labeled the ECM hydrogels with AF568 for 

visualization and performed an intra-myocardial injection in healthy rat hearts. They found 

that only the mixed MMP inhibitor was able to reduce in vivo degradation while the 

crosslinking of the MMP inhibitor had no significant effect to avoid degradation. Another 

method that has been explored in efforts to decrease material degradation is the use of 

genipin for cross-linking ECM hydrogels. As mentioned above, decellularized ECM matrix 

can be lyophilized and ground into powder and then enzymatically digested into a liquid 

solution. This liquid ECM can then be injected as a hydrogel together with crosslinkers, 

such as genipin, to reduce degradation of the hydrogel. Jeffords et al.49 demonstrated that 

while collagenase treatment can degrade non-cross-linked cardiac matrix in vitro within 24 

h, upon cross-linking these hydrogels with genipin, they were significantly less degraded 

after undergoing the same 24 h in vitro collagenase treatment. In another study, Efraim et al.
53 used genipin (in combination with chitosan) to decrease degradation – of porcine cardiac 

ECM in vivo. This group evaluated the stability and degradation of these hydrogels over 8 

weeks in a rat MI model. All of these findings offer strategies for the fine-tuning of 

degrading natural materials.

5. Conclusions and Future Efforts

Injectable hydrogels have demonstrated potential to be used in cardiac regeneration efforts. 

As explored in this review, natural, synthetic, and hybrid injectable hydrogel systems have 

been tested both in vitro and in vivo and now the field is moving to develop promising 

hybrid materials, combining optimal natural and synthetic components. Because the heart is 

a complex, conductive, and constantly contracting muscle, ideal materials need to be 

biocompatible, potentially biodegradable, durable, and conductive, and be able to resist the 

harsh environment created during cardiac injury. Moreover, they must have morphological, 

mechanical, and functional properties similar to the heart. In addition to the material 

requirements, bioactive compounds and cardiac cells can be combined with hydrogels to 

develop an ideal cardiac tissue engineering approach. MMP inhibitors and antioxidant 

components that overcome the effects of ROS are highly desirable for cardiac regeneration. 

An ideal material may also integrate a combination of cardiomyocytes and possibly 

fibroblasts, to compensate for loss of cells and mechanotransduction cues due to cardiac 

injury, with a supportive vasculature for survival when transplanted.

Despite the progress achieved in injectable hydrogels for cardiac tissue engineering, many 

challenges need to be addressed before these approaches can be safely translated for human 

applications. For instance:

• The development of a hydrogel that covers all the requirements needed to repair 

the heart. None of the hydrogels mentioned in this review possess all the 

characteristics needed to properly mimic cardiac tissue. Therefore, new 
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materials, both synthetic and natural, suitable for injectable cardiac tissue 

engineering need to be developed.

• Hydrogel dose, timing of injection (when to inject the material) and material 

deployment are other key factors that need further investigation. For this, pre-

clinical studies should be performed in large animal models with similar 

physiological cues to the human heart. These studies need to cover long-term 

outcomes and should be followed up very carefully.

• The design and development of a catheter suitable for the delivery of different 

hydrogels in a minimally invasive way are still needed. For instance, a catheter 

that keeps the material cold before deployment would be ideal for temperature 

sensitive hydrogels. A double channel injection catheter, will be needed for ionic 

or pH sensitive hydrogels. The mechanism behind the functional problems of 

hydrogels injections also needs to be investigated. For example, what to do if the 

material is injected in the wrong location? All this information has very briefly 

been covered by a few investigations mentioned in this review.

• Understanding the mechanism of the injured heart is key for the development of 

novel technologies. For this, basic science research needs to be applied to fully 

understand the pathways involved during a heart injury. For instance, during 

acute MI, factors that reduce myocardial necrosis and augment vascular blood 

flow would be desired. Therefore, molecular incorporation with the injectable 

hydrogels based on the mechanism studies would help regenerate the heart 

tissue.
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Abbreviations

CNT carbon nanotubes

NRVMs neonatal rat ventricular cardiomyocytes

ECM extracellular matrix

ADSCs adipose-derived stem cells

MSCs mesenchymal stem cells

HUVECs human umbilical vein endothelial cells

GFs growth factors

TIMP-3 tissue inhibitor of metalloproteinases-3

GF Growth factors
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hBMSCs human bone marrow MSC

CS-AT human adipose MSC (hAMSCs). chitosan-graft-aniline 

tetramer

PEG polyethylene glycol

PNIPAM poly(N-isopropyl acrylamide-co-acrylamide)

MDO methylene 1,3-dioxepane

NIPAAm N-isopropyl acrylamide

mPEGMA methoxy PEG methacrylate

MATA methacrylic-tetraaniline

CNTs carbon nanotube

PSHU-PNIPAAm poly(serinol hexamethylene urea)co-poly(N-

isopropylacrylamide)

GelMA gelatin methacryloyl

EPO encapsulation erythropoietin

CTA carboxyl tetra-aniline

PLGA poly(D,L-lactic acid-coglycolic acid)

HEMA hydroxyethyl methacrylate

AOLA D,L-lactide oligolactide

MMP2 matrix metalloproteinase-2

PCL acrylic acid: AA; poly(ε-caprolactone)

Dex Dextran

NRVMs neonatal rat ventricular cardiomyocytes

MSCs mesenchymal stem cells

CMs cardiomyocytes

iPSC-CMs induced pluripotent stem cell-derived CMs

ADSCs adipose-derived stem cells

BGP-Na short-hairpin RNA of angiotensin converting enzyme, 

ACE-shRNA. βglycerophosphate sodium

Temp Temperature

not discussed N/D
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sec Seconds

min Minutes

(TA) hours: h. methacrylic acid (MAA), methoxy(polyethylene 

glycol) methacrylate (mPEGMA) and tetraaniline

(PEGDMA) PEG dimethacrylate
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Figure 1. 
Cardiac tissue engineering approaches. A) Biomaterial patches are scaffolds that can be 

implanted in the wall heart alone or in combination with cells and/or biomolecules. B) Cell 

sheets contain cell monolayers cultured on a thermos-sensitive hydrogel, 

poly(isopropylacrylamide) (PNIPAAm). C) Injectable hydrogels are polymeric liquid 

solutions that become gel after exposure to an external stimulus.
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Figure 2. 
Decellularization and digestion of porcine cardiac ECM tissue. The porcine cardiac tissue 

was sliced into sections (A) and then decellularized (B). The decellularized tissue was 

further lyophilized and ground into powder (C), and then enzymatically digested into a 

liquid at room temperature (D). Reprinted with permission from Jeffords et al.49 Copyright 

2017 American Chemical Society
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Figure 3. 
Assessment of in vivo cardiac structure of infarcted hearts after treatment with hydrogel 

combined with BADSCs. Masson’s trichrome staining images of infarcted hearts for (A) 

blank group, (B) PBS+BADSCs group, (C) Alg+BADSCs group, and fullerenol/Alg

+BADSCs group. Quantitative analysis of (E) infarct size and (F) infarct wall thickness. (*p 
< 0.05 vs PBS+BADSCs group). Reprinted with permission from Hao et al. 50. Copyright 

2017 American Chemical Society
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Figure 4. 
Chemical structure of synthetic materials. PEG: poly(ethylene glycol); PNIPAAm: Poly(N-

isopropylacrylamide), GelMA: Gelatin methacryloyl; PANI: poly(aniline).
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Figure 5. 
MWCNT-COOH were chemically incorporated in PSHU-PNIPAAm-lysine to develop a 

RTG-CNT hydrogel. A) incorporation of COOH groups in MWCN and B) chemical 

structure of the RTG-CNT. C) the RTG-CNT becomes a gel close to body temperature. D) 

The gel presents a porous mesh with interconnected CNT (red arrows). The RTG-CNT 

promotes CM long-term survival, function and proliferation: (E) NRVM after 21 days 

growing in 1) 2D gelatin control, 2) 3D RTG-lysine and 3) 3D-RTG-CNT. (F) Cx43 and α-

actinin immunostaining. (G) Quantification of Cx43 gap junction area. (H) Spontaneous 

calcium transient. I) EdU proliferation assay. Reprinted and modified with permission from 

Pena et al. 62 Copyright 2017 American Chemical Society.
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Table 1.

Natural and Synthetic materials used in injectable hydrogel systems for cardiac engineering.

Material Application Ref.

Natural Materials

CNT dispersed in collagen type I hydrogel Conductive hydrogel tested in vitro using (NRVM) 48

Porcine ECM cross-linked with genipin Porcine ECM promoted endothelial differentiation of human MSCs. 49

Fullerenol/alginate Antioxidant fullerenol was dispersed in alginate hydrogel and tested in 
vitro using BADSCs and in vivo in a MI rat model as BADSCs 
delivery.

50

Porcine ECM Tested in vivo in a MI mini-pig model 53

Porcine ECM with mixed or conjugated doxycycline Tested in vivo in a myocardium injection rat model. 52

Porcine ECM cross-linked with genipin or with chitosan Tested in vitro using hMSCs and in vivo in a mouse subcutaneous 
injection model.

53

Type I collagen Timing injection tested in vivo in a mouse MI model. 54

Decellularized cardiac and skeletal muscle ECM Material characterization with potential to be used in MI 55

Chitosan chloride-RoY Tested in vitro using HUVECs and in vivo in a rat MI model to 
promote angiogenesis

56

Fibrin gel with embedded GF and TIMP-3 Tested in vivo in a Rat MI model as protein and cytokined delivery 
system

57

Chitosan gel with mixed gold nanoparticles Tested in vitro using MSCs 58

pH sensitive chitosan hydrogel Tested in vitro using hBMSCs and human hAMSCs 59

Synthetic Materials

CS-AT-di-benzaldehyde-terminatedPEG-DA Conductive and antibacterial self-healing hydrogel tested in vitro and in 
vivo using murine myoblast cell lines.

60

PNIPAM-mPEGMA-MDO-MATA or PN-TA Antioxidant and electrical hydrogel tested in vitro with myoblasts and 
subcutaneously in vivo.

61

PSHU-PNIPAAm-co-poly(L-lysine)CNT Conductive hydrogel tested in vitro using NRVMs. 62

PEGylated silk fibroin functionalized with protein 
microspheres

Cross-linked hydrogel tested in vitro using human cardiac MSCs. 63

GelMA Visible light cross-linkable hydrogel tested in vitro using primary rat 
CMs, ex vivo and in vivo using a MI rat model.

64

PEG hydrogel EPO Tested in vivo in a rat MI model as iPSC-CM delivery system. 65

CTA-PLGA-PEG-PLGA-CTA Conductive hydrogel tested in vitro using rat myoblast cell line and in 
vivo using rat subcutaneous injection.

66

PNIPAAm-co-HEMA-co-AOLA with MMP2 inhibitor MMP2 inhibitor delivery system tested in vivo in MI rat model. 67

PNIPAAm-AA-HEMA-PCL functionalized with type I 
collagen

Thermosensitive hydrogel tested in vivo in a MI mouse model as a 
mouse MSCs delivery system.

68

PEGylated Fibrin Tested in vitro using human CMs. 69

Single-wall CNT-PNIPAAm Tested in vitro using ADSCs and in vivo using a MI rat model for 
delivery of ADSCs.

70

PNIPAAm-gelatin Tested in vitro using NRVMs. 71

dex-PCL-HEMA-NIPAAm Tested in vivo using MI rat model for delivery of ACE-shRNA. 72

PSHU-PNIPAAm-lysine Tested in vitro using NRVMs. 73

Sulfonated PSHU-PNIPAAm Tested in vitro for protein delivery. 74

PEGDMA-GelMA Tested in vitro for muscle fiber formation 75
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Abbreviations: carbon nanotubes: CNT; neonatal rat ventricular cardiomyocytes: NRVMs; extracellular matrix: ECM; adipose-derived stem cells: 
ADSCs; mesenchymal stem cells: MSCs; human umbilical vein endothelial cells: HUVECs; growth factors: GFs; tissue inhibitor of 
metalloproteinases-3: TIMP-3; Growth factors: GF; human bone marrow MSC: hBMSCs; human adipose MSC (hAMSCs). chitosan-graft-aniline 
tetramer: CS-AT; polyethylene glycol: PEG; poly(N-isopropyl acrylamide-co-acrylamide): PNIPAM; methylene 1,3-dioxepane: MDO; N-isopropyl 
acrylamide: NIPAAm; methoxy PEG methacrylate: mPEGMA; methacrylic-tetraaniline: MATA; carbon nanotube: CNTs; poly(serinol 
hexamethylene urea)co-poly(N-isopropylacrylamide): PSHU-PNIPAAm; gelatin methacryloyl: GelMA; encapsulation erythropoietin: EPO; 
carboxyl tetra-aniline: CTA; poly(D,L-lactic acid-coglycolic acid): PLGA; hydroxyethyl methacrylate: HEMA; D,L-lactide oligolactide: AOLA; 
matrix metalloproteinase-2: MMP2; acrylic acid: AA; poly(ε-caprolactone): PCL; dextran: dex; neonatal rat ventricular cardiomyocytes: NRVMs; 
mesenchymal stem cells: MSCs; cardiomyocytes: CMs; induced pluripotent stem cell-derived CMs: iPSC-CMs; adipose-derived stem cells: 
ADSCs; short-hairpin RNA of angiotensin converting enzyme: ACE-shRNA; PEGDMA: PEG-dimethacrylate.
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Table 2.

Overview of the material properties of the natural injectable hydrogels used for cardiac tissue engineering.

Ref. Material Mechanical. 
Properties > 
6kPa

Conductive Gel time Gel stimuli Degradable

48 CNT mixed in collagen type I hydrogel Yes Yes ~15 min Temp Yes

49 Porcine ECM cross-linked with genipin No No ~ 15 min Temp Yes

50 Fullerenol/ alginate No No 5–10 min Ca gluconate solution Yes

53 Porcine ECM N/A No N/D Temp Yes

52
Porcine ECM with mixed or conjugated 
doxycycline No No N/D Temp Yes

53
Porcine ECM cross-linked with genipin 
or chitosan Yes No 3 h Genipin/temp Yes

54 Type I collagen N/A No N/D Temp Yes

55
Decellularized cardiac and skeletal 
muscle ECM No No 1 h Temp Yes

56 Chitosan chloride-RoY N/A No 8–12 min Temp Yes

57
Fibrin gel with embedded GF and 
TIMP-3 N/A No N/D Thrombin Yes

58 Chitosan gel with mixed GN Yes Yes Up to 50 min BGP-Na salt solution Yes

59 Chitosan hydrogel Yes No Sec. pH Yes

β-glycerophosphate sodium: BGP-Na; Temperature: temp; N/D: not discussed; seconds: sec; minutes: min; hours: h. carbon nanotubes: CNT; 
extracellular matrix: ECM; growth factors: GFs; tissue inhibitor of metalloproteinases-3: TIMP-3.
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Table 3.

Overview of the material properties of the synthetic injectable hydrogels used for cardiac tissue engineering.

Ref. Material Mechanical 
properties > 
6kPa

Conductive Gel time Gel stimuli Degradable

60 CS-AT-di-benzaldehyde- terminated-PEG-DA Yes Yes ~1 min Temp Yes

61 PNIPAM-mPEGMA- MDO-MATA or PN-TA Yes Yes 30 s Temp Yes

62 PSHU-PNIPAAm-co- poly(L-lysine)-CNT No Yes ~30 s Temp No

63 PEGylated silk fibroin functionalized with protein 
microspheres

N/D No 5 min UV Yes

64 GelMA Yes No 20 s Visible light N/D

65 PEG hydrogel EPO Yes No 8 s – 3 min PEG dithiol Yes

66 CTA-PLGA-PEG-PLGA-CTA Yes Yes 15 s – 24 h Cyclo Dextrin Yes

67 PNIPAAm-co-HEMA-co-AOLA with MMP2 
inhibitor

Yes No 7 s Temp Yes

68 PNIPAAm-AA-HEMA-PCL functionalized with type 
I collagen

Yes No N/D Temp Yes

69 PEGylated Fibrin No No 2 hr Thrombin Yes

70 Single-wall CNT-PNIPAAm N/D Yes N/a Temp No

71 PNIPAAm-gelatin No No ~ 5 min Temp N/D

72 dex-PCL-HEMA-NIPAAm N/D No 60 s Temp Yes

73 PSHU-PNIPAAm-lysine No No ~30 s Temp No

74 Sulfonated PSHU-PNIPAAm No No ~30 s Temp No

75 PEGDMA-GelMA Yes No sec UV Yes

β-glycerophosphate sodium: BGP-Na; Temperature: temp; N/D: not discussed; seconds: sec; minutes: min; hours: h. chitosan-graft-aniline 
tetramer: CS-AT; polyethylene glycol: PEG; poly(N-isopropyl acrylamide-co-acrylamide): PNIPAM; methylene 1,3-dioxepane: MDO; Nisopropyl 
acrylamide: NIPAAm; methoxy PEG methacrylate: mPEGMA; methacrylictetraaniline: MATA; carbon nanotube: CNTs; poly(serinol 
hexamethylene urea)-co-poly(Nisopropylacrylamide): PSHU-PNIPAAm; gelatin methacryloyl: GelMA; erythropoietin: EPO; carboxyl tetra-
aniline: CTA; poly(D,L-lactic acid-co-glycolic acid): PLGA; hydroxyethyl methacrylate: HEMA; D,L-lactide oligolactide: AOLA; matrix 
metalloproteinase-2: MMP2; acrylic acid: AA; poly(ε-caprolactone): PCL; dextran: dex; PEGDMA: PEG-dimethacrylate.
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Table 4.

Monomer composition of P(NIPAAm)-PEGMA-MDO-MATA hydrogels61

Sample NIPAAm (mol) MAA (mol) mPEGMA (mol) MDO (mol) TA (mol)

PN-TA1 0.85 0.06 0.09 0.2 0.06

PN-TA2 0.9 0.02 0.08 0.2 0.02

PN-TA3 0.9 0.04 0.06 0.2 0.04

NIPAAm, methacrylic acid (MAA), methoxy(polyethylene glycol) methacrylate (mPEGMA) and tetraaniline (TA)
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