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Abstract

Implantable cardiac patches and injectable hydrogels are among the most promising therapies 

for cardiac tissue regeneration following myocardial infarction (MI). Incorporating electrical 

conductivity into these patches and hydrogels has been found to be an efficient method to 

improve cardiac tissue function. Conductive nanomaterials such as carbon nanotubes (CNTs), 

graphene oxide (GO), gold nanorod (GNR), as well as conductive polymers such as polyaniline 

(PANI), polypyrrole (PPy), poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PDOT:PSS) 

are appealing because they possess the electroconductive properties of semiconductors with ease 

of processing and have potential to restore electrical signaling propagation through the infarct 

area. Numerous studies have utilized these materials for regeneration of biological tissues that 

possess electrical activities, such as cardiac tissue. In this review, we summarize recent studies 

on the use of electroconductive materials for cardiac tissue engineering and their fabrication 

methods. Moreover, we highlight recent advancement in developing electroconductive materials 

for delivering therapeutic agents as one of emerging approaches for treating heart diseases and 

regenerating damaged cardiac tissues.
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Cardiac patches and injectable hydrogels are among the most promising therapies for cardiac 

tissue regeneration following myocardial infarction. Incorporating electrical conductivity into 

these patches/hydrogels is an efficient method to improve cardiac tissue function. In this 

review, recent studies on the use of electroconductive nanomaterials/polymers for cardiac tissue 

engineering with a particular focus on their application for therapeutic delivery are summarized.
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1. Introduction

Cardiac diseases remain the leading cause of mortality and disability in the world.[1] It 

is expected that global mortality related to cardiac diseases increases to 23.6 million by 

2030.[2] Myocardial infarction (MI) results from fractional or complete obstruction of 

coronary arteries. Lack of blood flow to the myocardium may lead to an irreversible 

loss of cardiomyocytes (CMs), which is replaced by the scar tissue.[3] MI can activate 

a range of adverse remodeling mechanisms, including arrhythmias, ventricular dilatation, 

cardiac hypertrophy, and fibrotic scar tissue formation.[4] Scar tissue, formed due to 

lack of proliferative potential of CMs, is relatively inert and cannot effectively transmit 

electrical signals and contractile activity, increasing the risk of heart failure.[5] Current 

therapies for MI include timely revascularization and guideline-directed cardioprotective 

pharmacotherapy to prevent adverse remodeling and progression of the heart failure.[6] 

While optimal medical therapy has been used as an effective way to slow the decline in heart 

function, majority of patients eventually develop heart failure due to irreversible myocardial 

damage, requiring mechanical circulatory support or heart transplantation. In addition, these 

strategies suffer from numerous restrictions, including immune rejection, lack of donors, 

and restricted durability.[7] Recently, regenerative strategies based on stem cell therapy 
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have shown promising in vitro and in vivo outcomes.[8] While several clinical trials of 

cell-based therapy have generated enthusiasm about the potential of stem cells for heart 

disease, clinical outcomes have been largely inconsistent and no study has yet confirmed the 

delivery of a pure population of stem/progenitor cells capable of robust cardiac regeneration.
[9] Additionally, most of these studies rely on the delivery of exogenous cells into a hostile 

post-injury cardiac environment, where majority of the transplanted cells die and those that 

survive do not functionally integrate into the host myocardium. Consequently, it is essential 

to create innovative strategies which support the infarcted tissue regeneration and repair 

electromechanical coupling at the site of the dysfunctional heart tissue.

In the past decades, cardiac tissue engineering has been introduced as a promising 

solution for the construction of off-the-shelf artificial cardiac tissues, which can replace 

the dysfunctional fragments of the heart after MI.[10] In cardiac tissue engineering, 

combination of artificial scaffolds, cells, and bioactive molecules are applied to improve 

the cell-matrix interactions and form a functional cardiac tissue.[11] Many studies have 

focused on designing biomimetic scaffolds from natural or synthetic materials [12] which can 

simulate the chemical, mechanical and topographical features of the native heart tissue.[13] 

These scaffolds should provide mechanical support to the infarcted area and support cellular 

growth and function as well as their engraftment after transplantation.[14] In addition, the 

morphological features of the scaffolds, at the multi-scale level, including their porosity, 

pore size, and geometry should facilitate cell infiltration both in vitro and in vivo.[15] 

The aligned surface topography of scaffolds also plays a critical role in directing cardiac 

tissue maturation and remodeling.[16] Moreover, stiffness and flexibility of the scaffolds, in 

accordance to the host tissue, are critical for improving cardiac tissue function.[17]

The myocardium is an active and contractile tissue with continuous cycles of polarization 

and depolarization, which can adjust itself according to hormonal balance and corporeal 

oxygen demands. Consequently, the applied cardiac tissue engineering strategies should use 

electroconductive biomaterials to support the electrical conduction and revascularization of 

the infarct area, leading to improved myocardium regeneration.[18]

Electroconductive materials are categorized into carbon-based materials (e.g. carbon 

nanotubes (CNTs), graphene-based family and carbon dots), conductive polymers (e.g. 

polypyrrole (PPy)), ionic liquids, metallic nanomaterials (e.g. gold), and recently introduced 

biomaterials such as melanins (MELs) and silicon nanowires (SiNWs), which are mainly 

used for engineering both soft and hard tissues constructs with appropriate mechanical and 

electrical properties (Figure 1).[19]

Electroconductive materials have been extensively investigated and developed for various 

biomedical applications over the past few decades. A desirable conductive material should 

be conductive, biocompatible, biodegradable and non-cytotoxic with suitable mechanical 

properties and structural integrity.[20] Toxicity of electroconductive nanomaterials especially 

gold and CNTs have been studies extensively. Gold is known to be a safe and chemically 

inert.[21] No synergistic or suppressive effects was observed in the presence of gold 

nanoparticles (AuNPs) (using the acceptable limits of 1 %(w/v)), suggesting that AuNPs do 

not elicit immune reactions.[21c] In addition, several studies were conducted on the uptake 
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and potential hazards of CNTs (particularly multi-walled carbon nanotubes (MWCNTs)) 

to humans and other biological systems.[21b] CNTs have been shown to cause minimal 

cytotoxicity at high concentrations.[21c] Although there is no exposure standard for CNTs, a 

recommended exposure limit of 7 μg/m3 for CNTs is proposed by US national institute for 

occupational safety and health.[22] CNTs can induce inflammatory and apoptosis responses 

in human T-cells at higher concentrations. However, MWCNTs are the least toxic among the 

CNTs, carbon nanofibers, and carbon nanoparticles.[21b] Furthermore, conductive structures 

based on electroconductive polymers, including PPy, and polyaniline (PANI), may induce 

some level of cytotoxicity specifically when they are used at high concentrations.[23]

Some classes of electroconductive nanocomposite hydrogels may experience a decrease 

in their electrical conductivity under deformation due to enhanced distances between 

conductive nanoparticles (NPs) in their network, limiting their applications for propagating 

electrical impulses consistently with the contractile properties of the cardiac tissues.[24] In 

addition, although the introduction of electroconductive materials may significantly promote 

cardiac muscle regeneration in vitro, their long-term clinical and therapeutic applications 

have not been fully investigated. Preclinical studies, using proper large animal models, are 

required to confirm their biocompatibility, biodegradability, mechanical characteristics, and 

long term efficacy.[25]

The exceptional electrical, mechanical, and biological properties of electroconductive 

biomaterials and their roles in directing various cellular functions and tissue remodeling 

have been widely reviewed.[26] Our group,[27] along with others,[28] studied the functional 

behavior of various types of electroactive biomaterials to regulate CM function, signal 

transition, and cardiac tissue regeneration.

In a recent review article by Esmaeili et al.[29] the applications of electroconductive 

materials in the engineering of biomimetic and functional cardiac tissues for the treatment 

of MI was investigated. In addition, Li et al.[18b] recently presented an overview of the 

types and fabrication methods of conductive biomaterials, and discussed the recent advances 

in myocardial tissue construction in vitro and myocardial repair in vivo. However, a 

comprehensive overview of recently developed electroconductive biomaterials classified 

based on fabrication methods with a particular focus on their application for therapeutic 

delivery in cardiac tissue is not yet available.

In the present review, we summarize the latest development of electroconductive materials, 

in various forms, for in vitro and in vivo cardiac tissue engineering applications. We provide 

a brief introduction on the electroconductive properties of the cardiac tissue, followed by a 

detailed overview of the recently used strategies to develop electroconductive biomaterials 

for cardiac tissue engineering. Moreover, the ability of electroconductive biomaterials for 

the delivery of therapeutic agents (e.g. small interfering ribonucleic acid (siRNA), micro 

ribonucleic acid (miRNA), growth factors, and small molecule inhibitors) for cardiac tissue 

regeneration are highlighted. Finally, future direction for the design of electroconductive 

biomaterials for cardiac tissue regeneration are discussed.
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2. Cardiac tissue architecture and electroconductivity

The heart wall is made of three layers: the innermost endocardium, myocardium, and the 

outer epicardium. Within these layers, the compositions of cellular and extracellular matrix 

(ECM) change according to the functional requirements of that specific area of cardiac 

tissue. For example, the endocardium is composed of connective tissue, which is supported 

on one side by a thin layer of endothelium, lining the heart chambers, and on the other 

side by a layer of smooth muscle fibers that are tangled with the connective tissue. The 

myocardium’s cells are joined to the endocardium by a subendocardial layer. This assembly 

merges with the heart’s conduction system to guide cell signaling and function. Around 33% 

of the myocardium’s cells are CMs, which account for 75% of the heart’s volume.[30] In 

other words, the myocardium consists of precisely positioned CM fibers within connective 

tissue along with other supporting cells to generate rhythmic cardiac contraction. In 

addition, other cardiac cell types, including cardiac fibroblasts (CFs), endothelial cells, and 

mural cells (vascular smooth muscle cells and pericytes), play crucial roles during normal 

development and pathological conditions.[31] Besides, the ECM also provides structural 

support to the myofibers and regulates the mechanotransduction of cells, controlling the 

deposition of structural and functional proteins.[19b] The heart is an electroactive and 

elastic organ. Its elasticity provides mechanical stability for myocardial relaxation and 

contraction.[32] The contractility of the healthy heart is related to the regular atrial and 

ventricular contractions. This process starts in the sinoatrial node (SAN), where pacemaker 

cells’ excitation leads to transmission of signals along a path to the atrioventricular nodes 

(AVNs) to stimulate atrial contraction. AVN is the slow contractile part of the cardiac 

conduction system; therefore, this step can preserve the time for ventricles to be filled with 

blood following the contraction of atria. Other portions of the cardiac conduction system, 

including conductive bundles and fibers, quickly conduct electrical signals to start the CM 

depolarization and the final contraction of the ventricles for blood pumping.[33]

The electrophysiological activity of CMs is related to the transfer of charged ions, including 

sodium, potassium, and calcium, across the cell membrane via regulated channels and 

receptors. [34] Electrical signal coupling in the cardiac conduction system is related to the 

cell-cell communications by transferring these ions via structures such as transverse tubules, 

and intercalated discs, including fascia adherens, desmosomes, and gap junctions. Among 

them, gap junctions ensure mechanical coupling between CMs and enable propagation of 

electrical impulses throughout the heart.

In the ischemic heart, CMs are replaced by a stiff and non-contractile scar layer, which 

can block or delay electrical propagation. This layer can result in turbulences in cell-

cell communications and disruption of ion-channel activity, leading to desynchronized 

contractions and arrhythmia.[35] This cellular and extracellular changes, which induce 

cardiac electrical weakening, can be treated using elimination of the main activating factors 

and management of the secondary structural disorders. Consequently, besides drugs and 

surgeries, regenerative strategies are also helpful for improving the conduction function of 

the myocardium. In this regard, therapies based on electroconductive biomaterials may be 

used as a promising cardiac regenerative approach.[36] In the following sections, the role of 

electroconductive materials on CM function and myocardium regeneration is discussed.
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3. Cardiac tissue engineering approaches based on using 

electroconductive materials

Generally, cardiac tissue regeneration based on the use of electroconductive biomaterials 

consists of two strategies: i) fabrication of electroconductive patches/scaffolds in vitro 
and their suturing/gluing to the infarcted area, and ii) development of injectable 

conductive hydrogels and their direct injection to the myocardium. In both approaches, the 

electroconductive materials are utilized to transmit electrochemical and electromechanical 

signals and to electrically stimulate CMs, leading to improved cellular function and 

tissue regeneration. These two platforms can also be applied as a carrier for the 

delivery of therapeutic agents, genes, and growth factors to promote cell function and 

neovascularization, and enhance myocardium regeneration. Recent studies on designing 

various types of electroconductive cardiac patches and injectable hydrogels for cardiac tissue 

regeneration are described in the following sections.

3.1. Cardiac Patches

One promising technique for cardiac tissue regeneration is the use of cardiac patches.[37] 

Cardiac patches, also known as two- dimensional (2D) and three-dimensional (3D) heart 

muscle structures, are tissue-like constructs that can be used to improve contractile function 

in cases of acute MI.[38] The use of conductive cardiac patches can bypass abnormal areas 

of failed or slow conduction in the damaged heart to prevent reentrant dysrhythmia and 

restore normal conduction.[39] In order to integrate successfully with the native tissue, 

these patches must closely resemble the configuration of the native ECM as well as the 

heart’s electroconductivity.[37] When used as a cell delivery scaffold, the alignment of the 

CMs in the cardiac patches is essential in order to maintain the microarchitecture and 

biological functions of the native tissue.[37, 40] Hence, patterning the cardiac patches has 

been the subject of numerous studies aiming to align CMs and create functional cardiac 

tissues. To this end, various methods have been used to pattern the polymeric substrates 

used for CMs alignment, including micropatterning, electrospinning, and 3D printing 

techniques.[41] In addition, conductive biomaterials have been added to these substrates 

to further improve CM function and alignment.[42] Matching the mechanical strength of 

the myocardium is another important property of these engineered cardiac patches. These 

scaffolds should exhibit remarkable mechanical resilience to withstand repeated cycles 

of stretching during cardiac beating.[43] For instance, Olvera and colleagues engineered 

an electroconductive cardiac patch based on polycaprolactone (PCL) coated with in situ 
polymerized PPy.[44] They used a melt electrospinning method to develop an auxetic patch 

that could accommodate the strains and stresses in the human myocardium during systole 

and diastole. This auxetic patch also showed anisotropic mechanical properties, mimicking 

the directionally dependent mechanics of the native myocardium. Moreover, PPy coating 

provided the electrical properties appropriate for myocardial regeneration. In another study, 

to evaluate the impact of conductive materials on CMs, Navaei et al engineered cardiac 

patches based on gold nanorod (GNR) incorporated gelatin methacryloyl (GelMA) seeded 

with CMs.[45] As opposed to pristine GelMA hydrogel structures, CMs interacted with 

the GNRs within the designed cardiac patch, which resulted in substantially faster and 

synchronous electrical signal propagation. Furthermore, their results showed an improved 
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local alignment of F-actin fibers at high concentration of GNRs (i.e., 1 & 1.5 mg/ml). In 

another study, highly stretchable auxetic patches based on chitosan (CS) and PANI were 

designed for MI treatment using a rat model.[46] This auxetic design gave the cardiac patch 

a negative Poisson’s ratio, which could mimic the mechanical behavior of the native heart 

tissue.

3D printing and electrospinning methods are commonly used for fabricating cardiac patches.
[37, 39, 43a, 47] Due to inherent differences in these fabrication processes, the resulting patches 

have shown different thread and pore sizes. Although 3D-printed scaffolds are typically 

composed of arranged materials with microscale threads and large pores, electrospun sheets 

are composed of mainly randomly oriented nanoscale threads with much smaller pores. 

Regardless of their distinctions, both architectures have shown significant effectiveness in 

generating functional cardiac tissue construct.[48] Table 1 summarizes electroconductive 

patches designed for cardiac tissue engineering in the recent years with their fabrication 

method, reported conductivity, and the outcome after applying them in vitro and/or in vivo.

3.1.1. Engineering cardiac patches using electrospinning—Electrospinning was 

first used in cardiac tissue engineering by Shin et al. to produce nanofibrous PCL 

patches seeded with neonatal rat cardiomyocytes (NRCMs).[49] After this initial study, 

electrospinning was widely used in the fabrication of electroconductive materials for cardiac 

regeneration.[50] For instance, Hosoyama and co-workers developed a nanocomposite 

electroconductive collagen (Col)-based cardiac patch for the treatment of the infarcted 

myocardium.[47a] They prepared an aligned nano-Col fibrous (AF) layer (conductive layer) 

by electrospinning a Col solution containing AuNPs. The collected nanofibers were then 

anchored onto an elastic Col hydrogel layer (elastic layer), and the resulting patch was 

glued to the infarcted myocardium using fibrin glue (Figure 2A(i)). A representative macro 

image of the engineered electroconductive cardiac patch incorporating AuNPs is shown in 

Figure 2A(ii). The results of their in vitro study showed that these patches were able to 

increase connexin 43 (Cx43) expression in NRCMs cultured under electrical stimulation 

and could recover cardiac function. The in vivo data using mouse MI model exhibited 

that only AuNPs -containing patches were able to restore the heart function. Histological 

analysis also exhibited that blood vessel density and Cx43 levels were increased, and 

the scar size was reduced in mice that underwent experimental MI and were treated by 

the patches containing AuNPs. Moreover, fractional area change (FAC), a representative 

index of myocardial contraction, was improved only for animals that received the implants 

containing AuNPs (Figure 2A(iii)). Similarly, the results of echocardiography indicated 

that implantation of the composite material containing AuNPs significantly improved left 

ventricular ejection fraction (LVEF) as compared to all other groups (Figure 2A(iv)). 

Furthermore, representative images of Masson-Trichrome (MT) staining of the mice hearts 

at day 28 post-implantation demonstrated that only the group treated with the cardiac patch 

containing AuNPs showed a significant decrease in the scar size of ~ 25% (Figure 2A(v)).

In another study, our team developed adhesive and conductive fibrous cardiac patches 

by electrospinning of GelMA accompanied by the conjugation of an acrylated choline-

based bio-ionic liquid (Bio-IL) (Figure 2B).[43a] These cardiac patches were optimized to 

mimic the conductivity and mechanical properties of the native myocardium. Figure 2B(i) 
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represents a schematic illustration of electrospinning of GelMA fibrous sheet followed by 

addition of acrylated Bio-IL prior to ultraviolet (UV)-crosslinking to form the adhesive 

cardiac patches. In addition, the electrostatic forces between the negatively charged surface 

of cardiac tissue and positively charged acrylated Bio-IL, as well as covalent bonds between 

NH2 functional groups in cardiac tissue and methacrylate groups of GelMA provided a 

firmly adhesion of the patch to the murine myocardium, eliminating the need for suturing 

(Figure 2B(ii & iii)). Also, quantification of the adhesion strength of cardiac patches 

fabricated with 10 %(w/v) GelMA and varying concentrations of acrylated Bio-IL on heart 

tissue confirmed that the patches containing increased concentrations of acrylated Bio-IL 

had higher adhesion strength to the heart tissue (Figure 2B(iv)). In addition, the cardiac 

patches fabricated with varying GelMA and Bio-IL concentrations demonstrated enhanced 

electrical conductivity by increasing acrylated Bio-IL concentrations (Figure 2B(v)).

Although among different techniques, electrospinning appears to be the simplest but 

promising method for the fabrication of fibrous cardiac patches,[51] one challenge is to 

induce fiber alignment. In many applications, a scaffold composed of aligned nanofibers 

is ideal, as anisotropy in topography and shape can significantly affect both mechanical 

strength and various cellular functions including adhesion, proliferation, and alignment.
[52] In particular, aligned fibrous scaffolds replicate the ECM in the heart tissue, where 

the ventricular myocardium is made up of perpendicularly interwoven Col stripes. The 

directional dependence of electrical and mechanical properties of cardiac tissue are due to 

this unique anisotropy.[52] In one study, Zong and colleagues showed that primary CMs 

cultured on an aligned electrospun poly(L-lactide) (PLLA) nanofibrous scaffold formed a 

mature contractile machinery (sarcomeres) indicating the importance of fiber alignment.[53] 

Another shortcoming of the traditional electrospinning methods is that the scaffolds are 

mainly two-dimensional (2D) structures composed of densely packed layers of nanofibers 

with limited porosity. This constraint may limit their applications in tissue engineering in 

which cell infiltration is required for the formation of 3D tissue constructs. Thus, it is 

important to develop new techniques for producing electrospun scaffolds with a robust 3D 

nanofibrous structure containing interconnected pores.[54]

In conclusion, 3D aligned nanofibrous scaffolds can be used as a promising tissue 

regeneration strategy. In comparison to 2D scaffolds, 3D aligned nanofibrous scaffolds 

provide additional dimension to control various cell behavior including migration, 

morphogenesis, and cell-cell interactions, which are important in regulating stem cell 

destiny and cardiac tissue regeneration.[55] With the ultimate goal of commercialization, 

and clinical implantation of cardiac patches, the adaptability, scalability, repeatability, and 

consistency of electrospinning technology undoubtedly pave the way for its industrial use 

and regulatory authorities.[56]

3.1.2. Engineering cardiac patches using 3D printing—3D printing of cardiac 

patches involves computer-controlled layer-by-layer placement of synthetic or natural 

polymers and cardiac cells to control the microstructures of scaffolds.[57] The 3D printing 

process of cardiac muscle integrates the placement of CMs with specific spatial orientation, 

microcirculation, and electrical conductivity elements during the assembly of the bio-

fabricated heart tissue.[38] This technique enables the construction of complex porous 
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networks that allow for efficient nutrient delivery and uniform cell distribution across the 

engineered patch. 3D printing processes have been used with various materials combined 

with different cardiovascular cells as bioinks.[58]

The existing bioinks, which are typically made of polymers are inefficient conductors 

for improving electrical binding between adjacent cardiac cells. Electrically conductive 

nanomaterials, including graphene oxide (GO), CNTs, and AuNPs have been shown to 

promote CMs maturation and organization in the 3D cardiac tissue structures. Therefore, 

these materials can be incorporated into bioinks to print and generate 3D functional 

cardiac tissue constructs.[59] To print 3D structures of cardiac tissue with enhanced 

conductivity, Zhu et al. developed a GelMA-based bioink, comprising of an electrically 

conductive nanocomponent.[59] They incorporated GelMA-coated GNRs (G-GNRs) into 

GelMA/alginate(Alg) prepolymer solutions containing CMs and CFs (Figure 3A(i)), and 

used an air printing technique to form multiple layered constructs. As shown in Figure 

3A(ii), the printability of the bioinks was evaluated while using different concentrations 

of Alg and calcium chloride (CaCl2). In addition, the in vitro results showed that the 

encapsulated cells within the printed matrices containing G-GNRs could spread within 5 

days and an interconnected and uniform layer of cells were formed after 7 days. The in 
vitro results also showed high cell viability, above 70%, when printing speeds of 5 and 10 

μL/min were used (Figure 3A(iii)); however, cell viability decreased at higher speeds due 

to the high applied shear stresses during the printing process. Moreover, the presence of 

a conductive nanocomponent in their bioink improved the electrical propagation between 

adjacent CMs, as compared to the printed structures without G-GNRs, evidenced by 

enhanced expression of the gap junction protein Cx43 and higher synchronized contraction 

of the printed construct after two weeks. In their study, they also measured the viscosity 

of the G-GNR nanocomposite bioink (Figure 3A(iv)) and found that due to the presence 

of G-GNRs, flow consistency index increased, and flow behavior index decreased. This 

resulted in an amplified shear-thinning effect that could improve the printability. In another 

study, Basara and co-workers fabricated cardiac constructs by printing conductive titanium 

carbide (Ti3C2Tx) MXene in a pre-designed pattern on polyethylene glycol (PEG) hydrogels 

using an aerosol jet printing (Figure 3B(i)). The in vitro biocompatibility of the engineered 

constructs was confirmed by seeding human induced pluripotent stem cell derived CMs 

(hiPSC-derived CMs) on these patches for 7 days, which showed cell viability above 85% 

(Figure 3B(ii)). Moreover, their results confirmed the vital role of 3D printed Ti3C2Tx 

MXene on aligning hiPSC-derived CMs with a significant increase in beta myosin heavy 

chain 7 (MYH7), sarco/endo plasmic reticulum calcium ATPase 2 (SERCA2), and cardiac 

troponin T type 2 (TNNT2) expressions (Figure 3B(iii)).[37]

Despite the high potential of 3D bioprinting, there are several limitations to the present 

bioinks and printing processes. For example, most of the naturally derived bioinks lack 

structural stability and immediately deform upon exiting the nozzle, making the printing 

process complicated. To address this limitation, our team utilized a freeform reversible 

embedding of suspended hydrogels (FRESH) printing technique to 3D print vascularized 

cardiac structures using soft and elastic bioinks. The printed cell-laden constructs 

demonstrated endothelium barrier function and spontaneous beating of cardiac muscle 

cells, as an important functions of cardiac tissue in vivo.[60] In another study, Lee and co-
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workers used FRESH 3D printing method to engineer components of the human heart. They 

found that the printed constructs accurately reproduce patient-specific anatomical structures. 

These 3D printed constructs showed endothelium barrier function as well as spontaneous 

beating of CMs. Moreover, cardiac ventricles printed with human CMs showed directional 

action potential propagation, and synchronized contractions. Furthermore, when implanted 

subcutaneously in rats, the printed constructs evoked minimal inflammatory responses.[61]

In conclusion, 3D printed cardiac patches can provide CMs with a support matrix, allowing 

them to adhere and proliferate in infarcted heart tissues, as well as improve tissue 

regeneration by promoting angiogenesis and reducing scar formation in the defect area.[62] 

Future works on engineering 3D printed cardiac patches should focus on further evaluation 

of biocompatible bioinks and pattern design at higher resolution.

3.2. Injectable hydrogels

The use of injectable biomaterials has shown promise as an alternative treatment 

option following MI to preserve cardiac function.[63] These injectable materials can be 

administered individually or in combination with cells or growth factors to improve the 

mechanical and functional properties of the infarcted region. Injectable hydrogels based 

on various biopolymers such as GelMA,[63a] thiol-modified hyaluronic acid (HA-SH),[19e] 

Alg,[64] Col,[65] and fibrin[66] have been extensively studied for heart tissue regeneration. 

Table 2 summarizes various electroconductive injectable hydrogels applied for cardiac tissue 

engineering. These electroconductive injectable biomaterials not only provide structural 

support to the injured myocardium, but also electrically bridge the scar barrier between the 

healthy cardiac tissue and the viable CMs inside the scar to improve heart function.[67]

A plethora of studies has focused on designing adhesive and injectable hydrogels which 

could strongly attach to the myocardium, avoiding surgical suture. For example, Wu and 

co-workers proposed a combined therapy for MI repair, by first injecting a hydrogel into the 

infarcted myocardium followed by painting an adhesive hydrogel onto the outermost surface 

(Figure 4A(i)). The injectable hydrogel was formed using a Schiff base reaction between 

oxidized sodium hyaluronic acid (HA-CHO) and hydrazided hyaluronic acid (HHA), and 

the adhesive hydrogel was synthesized using Fe3+-induced ionic coordination between 

dopamine-gelatin (GelDA) and dopamine functionalized polypyrrole (DA-PPy).[68] The 

GelDA/DA-PPy hydrogel revealed strong adhesive strength to the porcine myocardium and 

porcine skin (10 and 18 kPa, respectively) due to the non-covalent binding ability of the 

catechol moieties to the wet tissues. Additionally, the catechol-Fe3+ and catechol-gelatin 

carboxyl coordination complexation provided improved cohesion and interface adhesion. 

Also, the gelation behavior was investigated using an inverted vial method. As presented in 

Figure 4A(ii), the gelation time decreased by increasing the DA−PPy content, due to the 

formation of several crosslinking points. Moreover, they showed that incorporation of PPy in 

the hydrogel matrix provided 2.85×10−2 S/m electrical conductivity, which was close to that 

of the native myocardial tissue (~10−2 S/m). The viscoelasticity of the hydrogels was also 

evaluated by rheology tests (Figure 4A(iii)). It was shown that the storage moduli (G′) of the 

hydrogels were dominant over the loss moduli (G″), and by increasing DA−PPy, the moduli 

of the hydrogels were increased due to the formation of a more compact network.
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Among the injectable biomaterials, thermally sensitive (thermoresponsive) hydrogels are 

appealing since upon injection in the body, the viscosity of the hydrogel increases, holding 

the material at the injection site.[69] Different synthetic and naturally derived hydrogels have 

been used as building blocks of thermoresponsive hydrogels for heart tissue regeneration. 

For example, Baei and colleagues developed a thermosensitive conductive hydrogel by 

using CS and AuNPs (Figure 4B(i)).[70] The addition of β-glycerophosphate disodium 

salt solution (β-GP) allowed the formation of homogeneous CS hydrogel within 30 min 

when the temperature was increased from 23 °C to 37 °C (Figure 4B(ii)), with improved 

organoleptic properties.[70–71] Here, the electrostatic interactions between CS, the polyol 

salt, and β-GP, as well as hydrogen bonding and hydrophobic interactions between CS 

chains induced thermoresponsive gelation behavior in CS. They evaluated the gelation 

time of the hydrogels based on the changes in fluidity of the solutions at 37 °C. As 

shown in Figure 4B(iii), the CS solution had the lowest gelation time, which was increased 

considerably by increasing AuNPs. Moreover, a four-point probe conductivity test showed 

that while the CS hydrogels were not electroconductive, increasing AuNPs concentration 

increased the electrical conductivities (Figure 4B(iv)). In addition, the in vitro studies 

exhibited that these hybrid hydrogels promoted the growth and viability of mesenchymal 

stem cells (MSCs).[70]

Another type of injectable, thermo-responsive, and conductive hydrogel was fabricated 

based on modified MWCNTs functionalized with carbodihydrazide (CDH) residues, which 

was mixed with pericardial matrix from the sheep heart.[72] To form this hydrogel, a 

powdered sheep-derived ECM was digested with pepsin in hydrochloric acid (HCl) to obtain 

a viscous solution with thermoresponsive properties, which could form a hydrogel within 

10 to 20 min when the temperature was changed from 24 °C to 37 °C. In vitro results 

demonstrated that the engineered materials improved the proliferation and expression of 

Cx43 in CMs cultured in these hydrogels.[72]

Slow gelation can result in rapid dispersion of injected material prior to solidification, 

leading to cargo loss. In addition, if gelation occurs too quickly, it can clog the syringe 

needle before hydrogel deposition.[73] To overcome limitations of the in situ crosslinking of 

injectable hydrogels, materials with shear-thinning properties have been developed. Shear-

thinning hydrogels can be injected through a syringe upon application of shear (e.g. using 

angled syringe needles[73]) and then reform rapidly within seconds (self-healing) when shear 

forces are removed. As an example, Gaffey et al. developed an injectable shear-thinning HA 

hydrogel seeded with endothelial progenitor cells (EPCs) to enhance cell engraftment and 

improve ischemic myocardium.[74] Their designed shear-thinning hydrogel assembled due 

to interactions of adamantine, and β-cyclodextrin modified HA. They were able to address 

adverse remodeling after MI, by delivering cells directly to the ischemic myocardial border 

zone using a syringe.

Although small and large animal studies have shown considerable improvement in critical 

parameters such as wall thickness, vascularization of the ischemic zone, left ventricular 

volumes, and cardiac function due to the application of injectable hydrogels, several critical 

problems associated with these biomaterials must be solved in order to develop optimum 

therapeutics for MI and heart failure. This includes improving material characteristics, 
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injection procedures, and understanding the mechanisms of action. Overall, the use of 

injectable biomaterials has the potential to evolve into innovative therapeutics for MI, 

possibly benefiting the lives of millions.[63d]

4. Conductive platforms used for therapeutic delivery in cardiac tissue 

engineering

Cardiac tissue regeneration strategies are frequently supplemented with cellular, 

pharmacological or therapeutic agents, including cardiovascular cells, stem cells, small 

molecules, growth factors, deoxyribonucleic acid/ ribonucleic acid (DNA/RNA), and other 

therapeutics to further promote cardiac tissue healing. However, controlled release of 

these therapeutic agents is the main challenge. One strategy to provide controlled and 

sustained drug delivery is to use electrical stimulation through electroconductive materials. 

These materials respond to changes in the electrical field, altering charge distribution, 

and consequently polymer conformation.[75] Moreover, the modulation of the electrical 

stimulus can be used to accomplish various release profiles, including burst release and 

slow-elution, due to the electrophoretic and electroosmotic effects.[76] Table 3 summarizes 

recent electroconductive platforms applied for the delivery of different therapeutic agents 

for cardiac tissue engineering. These constructs have been developed in various shapes, 

including NPs, electrospun fibrous matrices, microneedle (MN) patches, polymeric films, 

and injectable hydrogels.

One of the challenges after MI is the increased level of localized inflammation caused 

by M1 macrophages in the cardiac infarction region, intensifying adverse remodeling after 

MI.[77] Consequently, the regulation of inflammation via immunomodulation strategies to 

promote M1 polarization toward M2 macrophages was proposed by some recent studies.[78] 

For example, adjusting reactive oxygen species (ROS) production, which resulted in M1 

differentiation to M2 macrophage phenotypes, has been proposed as a new therapeutic 

approach.[79] GO was introduced as an antioxidant that could decrease inflammation and 

inflammatory polarization of macrophages via a reduction in intracellular ROS creation. 

In addition, GO has been applied as a carrier for various types of genes and drugs.
[63a, 80] In one study, Han et al. developed interleukin-4 plasmid DNA (IL-4 pDNA) 

loaded GO nanosheets to propagate M2 macrophages.[81] Their results revealed that IL-4 

pDNA loaded GO complex decreased ROS in immune-stimulated macrophages. In addition, 

DNA-functionalized GO polarized M1 to M2 macrophages and promoted the cardiac repair-

favorable cytokines secretion.

A common drug used in conjunction with biomaterials to enhance myocardial regeneration 

is 3i-1000 which is a small molecule inhibitor of GATA4-NKX2–5 transcriptional 

synergy, hindering CMs hypertrophic reactions and boosting myocardial regeneration.
[82] Zanjanizadeh Ezazi et al. developed a smart electroconductive patch based on 

elastomeric poly(glycerol sebacate) (PGS) matrix, combined with Col type I and PPy 

to deliver 3i-1000.[83] To incorporate 3i-1000 drugs into the electroconductive patches, 

(3-aminopropyl)triethoxysilane-functionalized thermally carbonized porous silicon (APTES-

TCPSi) NPs encapsulating 3i-1000 were attached to the surface of the patches. These 
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electroconductive patches exhibited shape customizability, high blood wettability, and 

controlled drug release, and could be easily implanted on the surface of the infarcted 

heart muscle.[83] In another study, delivery of two therapeutics, 3i-1000 and curcumin, 

was used to control inflammatory responses and promote cardiac regeneration.[84] The 

presence of curcumin provided both antioxidant and anti-inflammatory activities,[85] and the 

3i-1000 showed an effective role in stimulating myocardial repair after MI infarction.[86] 

For example, a multifunctional patch made of nanocellulose incorporated PGS-PPy was use 

for the controlled release of 3i-1000 and curcumin while providing appropriate electrical 

conductivity and mechanical robustness similar to the native cardiac tissue.[84] The drugs 

were loaded either in the PGS-PPy precursor suspension and used as bioink for 3D extrusion 

or by direct immersion of the ready-made patches in the drug solution. The slow degradation 

of 3D printed PGS-based patch could prohibit initial burst release confirming its suitability 

for long-term therapy. These 3D printed cardiac patches demonstrated biocompatibility, 

controlled degradation rate, mechanical robustness, and flexibility, as well as electrical 

conductivity for engineering functional cardiac tissue constructs.[84]

Hydrogels can also be used for programmable drug release by accurately controlled 

electrostimulation. In other words, the porous morphology and high-water content of 

hydrogels offer exceptional capacity for loading bioactive molecules, drugs, and cells. 

However, intrinsic electroactive hydrogels including HA, Alg, and CS reveal weak electrical 

responsiveness and poor mechanical properties, limiting their application for implantable 

and long-term drug delivery.[87] To promote the electrical performance of hydrogels, a 

conductive injectable hydrogel was designed to encapsulate adipose-derived stem cells 

(ADSCs), lipofectamine (Lipo), and plasmid DNA-endothelial nitric oxide synthase (eNOs) 

nanocomplexes (Figure 5A(i)).[88] The hydrogel was developed via an in situ Michael 

addition reaction between multi-armed conductive crosslinker tetraaniline-poly(ethylene 

glycol) diacrylate (TA-PEGDA) and thiol modified hyaluronic acid (HA-SH). The optimized 

formulation of the engineered conductive hydrogel with appropriate conductivity and anti-

fatigue performance was applied for treating rats after experimental MI. In this study, 

eNOs expression was measured in vitro and in vivo to verify the gene transfection. As 

demonstrated in Figure 5A(ii), TA-PEG/HA-SH/ADSCs/Gene group showed a sustained 

NOx expression behavior with an increased amount over 28 days. However, the NOx 

concentration in the MI kept a much lower level than that of normal myocardium, which 

was verified by the same trend in the expression of eNOs measured by quantitative 

reverse transcription-polymerase chain reaction (qRT-PCR) (Figure 5A(iii)). Moreover, this 

conductive hydrogel supported ADSCs against severe microenvironment while effectively 

delivering them to the infarcted area. The encapsulated plasmid DNA-eNOs nanocomplexes 

intensified NO in the infarcted area, which was vital for promoting neovascularization and 

myocardium regeneration. Consequently, a significant increase in ejection fraction (EF), 

shortened QRS interval, smaller infarction size, less fibrosis area, and superior vessel density 

were reported, confirming cardiac tissue regeneration.[88] In another study, a conductive 

bioadhesive hydrogel was developed for the controlled release of hydrogen sulfide (H2S).
[89] H2S molecules can quickly diffuse across cell membranes to provide intercellular 

signaling without any degradation.[90] H2S has shown various anti-inflammatory roles, 

mitochondrial function conservation, vasodilation, and protection against oxidative stress 
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in cardiovascular systems.[91] Nevertheless, therapeutic potential of H2S was restricted 

due to its inherent limitations including poor water solubility and high toxicity.[92] In 

this study, H2S was created by grafting 2-aminopyridine-5-thiocarboxamide (APTC) on 

oxidized Alg (Alg-CHO) to control the release of H2S without inducing toxicity (Figure 

5B(i)).[89] To provide electrical impulse signals between myocardial cells, Alg-CHO-APTC 

was grafted to tetraaniline (TA) leading to the formation of a multifunctional copolymer 

ALG−TA−APTC. Herein, the hydrogels with conductivity and controllable H2S-releasing 

ability were developed via the Schiff-base reaction between the aldehyde groups of 

ALG−TA−APTC and amine groups of gelatin. As shown in Figure 5B(ii), a sustained 

and controllable release of H2S was achieved in vitro for the ALG-CHO/ALG−TA−APTC/

Gelatin hydrogel group. In this study, the methylene blue method was utilized for the 

detection of the total sulfide concentration to illustrate the H2S concentration in the 

myocardium. Figure 5B(iii) shows that the concentration of sulfide in a normal myocardium 

was detected as 0.16 μmol/g, while after MI, the sulfide decreased to a relatively low level of 

0.12 μmol/g. Furthermore, the therapeutic effect of the adipose-derived stem cells (ADSCs) 

loaded hydrogel on acute MI was investigated and results demonstrated the long-stability 

and integration with myocardial tissues. In addition, while electrical conductivity of the 

hydrogel enhanced the electrical pulse conduction between myocardial cells, H2S promoted 

neovascularization and anti-inflammatory effects in the MI area.[89]

The development of nanocomposite hydrogels is another strategy to improve both the 

mechanical performance and electroconductive properties of electrically controlled drug 

release platforms.[76] In one study, a nanocomposite conductive and injectable hydrogel with 

effective release of vascular endothelial growth factor-165 (VEGF165) pro-angiogenic gene 

was developed for MI therapy.[63a] The pro-angiogenic gene was loaded in GO (fGOVEGF) 

and consequently encapsulated in a low-modulus GelMA hydrogel. After injection of 

fGOVEGF/GelMA to the infarcted heart, a substantial improvement in microcapillary density 

at the infused peri-infarct region and a decrease in scar formation were observed.[63a] In 

addition, compared to control group (pure GelMA), improvement in cardiac function, based 

on echocardiography (after the fGOVEGF/GelMA injection) was reported. This nonviral 

hybrid complex of fGO and DNA was introduced as a promising strategy for MI therapy.
[63a] In another study, to develop an electroconductive hydrogel for controlled release of 

dexamethasone, polyacrylamide (PAM)/ CS interpenetrating polymeric network (IPN) was 

applied as the hydrogel matrix where PPy nanorods were formed in situ inside this hydrogel 

network.[93] According to Figure 5C(i), during the polymerization process, dexamethasone 

was added to the prepolymer solution to provide electrostatic interactions with the PPy. 

As shown in Figure 5C(ii), while the tough PAM/CS IPN matrix revealed an unstimulated 

burst release of dexamethasone, incorporation of PPy provided a controlled release of 

dexamethasone using external electrical stimulation. The cumulative release was also 

improved by increasing the PPy concentration and stimulation voltage. It was mentioned 

that during the oxidative polymerization process, the free anionic drug was incorporated 

in the PPy matrix as a dopant molecule. When the PPy was electrochemically reduced 

under negative potentials, the anionic drug was released because the positive charge state of 

the polymer backbone was changed (Figure 5C(iii)). This electrical stimulation could also 
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promote the elongation and activity of C2C12 cultured on this electroconductive hydrogel.
[93]

Recently, MN array patches have been also applied for the controlled release of drugs for 

cardiac disease therapy. In this regard, a CNTs integrated MN patch was developed as an 

innovative strategy for treating cardiac diseases.[94] This patch could accommodate hiPSC-

derived CM attachment and alignment for the treatment of MI using a mouse model. As 

shown in Figure 5D(i), this multi-layer patch had a bottom layer encapsulating angiogenic 

and antiphlogistic drug, a middle layer made of parallel aligned CNTs, and an upper layer 

of GelMA hydrogel. This electroconductive MN patch with an anisotropic structure could 

induce cell alignment (Figure 5D(ii)) and provide a platform for electrical signal conduction 

among cells. In addition, the aligned CNT layer could ensure the simultaneous contraction 

of CMs cultured on the patch (Figure 5D(iii)). Moreover, VEGF and interleukin-10 (IL-10) 

loaded bottom layer of MN patch could facilitate revascularization and hinder inflammatory 

reaction of the damaged zone, respectively.

In conclusion, three factors are necessary for a successful design of heart-targeted drug 

delivery systems. First, it is important to learn the basics of different cardiac disorders, 

such as their origin, pathological manifestations, clinical aspects, and desired therapy. 

Second, appropriate heart-targeted drug carriers must be chosen, and their active targeting 

characteristics should be adjusted in order to increase the stability of loaded therapeutics. 

Finally, the right targeting ligands should be identified to guarantee that the nanocarriers 

connect specifically with complimentary molecules on the surface of the targeted cells.[95]

5. Conclusions

Cardiac tissue engineering has been developed as a possible alternative to improve heart 

function in patients with heart failure. In this regard, promoting electrical integration of 

cardiac scaffolds with the host tissue may help restore the functionality of the injured 

heart. There are several forms of electroconductive materials employed in cardiac tissue 

engineering, including gold and carbon-based nanomaterials, as well as electroactive 

polymers (e.g., PANI and PPy). The engineered scaffolds containing conductive agents have 

been developed using a variety of methods, most notably 3D printing and electrospinning. 

These electroconductive scaffolds encapsulated with CMs and/or therapeutic agents (e.g., 

small molecule drugs, growth factors, and RNA-based therapeutics) have shown to promote 

cardiac tissue regeneration through CMs stimulation and controlled release of different 

bioactive molecules. It is worth noting that, while a plethora of studies summarized in this 

paper aimed at cardiovascular disease therapy using electroconductive materials, none of 

them satisfy all the needs for successful in vivo applications, and we are still waiting for an 

appropriate cure to reach patients. Therefore, the design and implementation of preclinical 

trials that can simulate native tissue microenvironment will help to reach clinical trials. 

In this regard, clinically relevant and meticulously designed pre-clinical trials, especially 

large animal studies, are required to expedite the translation of these findings.[73] However, 

since genetic and environmental variables play a prominent role in cardiovascular diseases, 

matching a specific condition to a single experimental model is challenging. As a result, 

no model precisely replicates the complication of human body. To put in a nutshell, cost, 
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equipment, and the need for specialist employees should all be taken into account and the 

models that best imitate the condition should be chosen based on all of these factors and the 

available budgets.[96]

Despite all the existing obstacles, the area of injectable/printable biomaterial-based 

regenerative medicine for cardiovascular disease has great potential to benefit a large 

number of patients, and it is expected that these strategies would quickly progress through 

clinical trials.
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Figure 1. Electroconductive biomaterials designed for cardiac tissue engineering.
Examples of the biomaterials used for MI repair including: conductive agents such as 

conductive polymers (e.g. PANI, PPy), gold- and carbon- based nanomaterials, ionic 

liquids, conductive metal (oxide) NPs and nanowires, and therapeutic agents such as 

siRNA, miRNA, growth factors, and small molecule inhibitors (e.g. 3i-1000), incorporated 

in hydrogel/polymer scaffolds (e.g. GelMA, PEG, PCL); and strategies used to apply 

biomaterials for cardiac tissue regeneration including: injectable hydrogels, and cardiac 

patches produced by different methods such as molding, 3D printing, electrospinning, 
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and transplanted into the damaged area in the heart. Created with BioRender.com 

Abbreviations: 3D: three-dimensional; GelMA: gelatin methacryloyl; MI: myocardial 

infarction; miRNA; micro ribonucleic acid; NPs: nanoparticles; PANI: polyaniline; PCL: 

polycaprolactone; PEG: polyethylene glycol; PPy: polypyrrole; siRNA: small interfering 

ribonucleic acid.
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Figure 2. Examples of electroconductive and electrospun cardiac patches used for MI repair.
(A) Engineering cardiac patches containing an AF layer and an EH layer; (i) Diagram 

summarizing the experimental procedure for in vivo implantation of the cardiac patches 

in an MI mouse heart model. The patches were glued to the left ventricular wall, using 

fibrin glue, (ii) Representative macro images of an AuNPs-containing cardiac patch, (iii) 
FAC during 35 days post-MI in mice treated with different samples, (iv) LVEF over time 

after treatment in MI mice (Implantation took place at day 7 post-MI). Experimental 

groups included nontreated animals (control), EH, EH + AF, and EH + AF-AuNPs, (v) 
Representative images of Masson-Trichrome staining of the mice hearts at day 28 post-

implantation. Reproduced with permission.[47a] Copyright 2018, ACS applied materials & 

interfaces. (B) Engineering cardiac patches using electrospun GelMA fibrous sheet and 

Bio-IL; (i) Schematic illustration of the cardiac patch preparation, (ii) standard wound 

closure test using rat heart to test the adhesion strength of GelMA/Bio-IL cardiac patches, 

(iii) schematic illustration of interaction between cardiac tissue and engineered patches 

containing acrylated Bio-IL, (iv) quantification of the tissue adhesion strength of cardiac 
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patches fabricated with 10% (w/v) GelMA and varying concentrations of acrylated Bio-IL 

on heart tissue, (v) electrical conductivity of cardiac patches fabricated with varying GelMA 

and Bio-IL concentrations, demonstrating the electrical conductivity of patches increased 

by increasing acrylated Bio-IL concentrations. Reproduced with permission.[43a] Copyright 

2019, Biomaterials.

Abbreviations: AF: aligned Col fiber; AuNPs: gold nanoparticles; Bio-IL: bio-ionic liquid; 

EH: elastic hydrogel; FAC: Fractional area change; GelMA: gelatin methacryloyl; LVEF: 

left ventricular ejection fraction; MI: myocardial infarction.
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Figure 3. Examples of 3D printed electroconductive cardiac patches for MI repair.
(A) Engineering cardiac patches designed by using G-GNR/GelMA and Alg bioink; (i) 
Schematic illustration of the 3D bioprinting process, (ii) Printability of different Alg 

concentrations and different CaCl2 concentrations (the concentrations of GelMA and G-

GNRs were kept as 7% (w/v) and 0.1 mg/mL, respectively), (iii) Live/dead assay of CFs 

grown within G-GNR nanocomposite bioink printed constructs after printing with different 

extrusion speed (*P<0.05) (iv) Rheological characterization of 7% (w/v) GelMA prepolymer 

solution, GelMA/Alg bioink (7% (w/v) GelMA, 2% (w/v) Alg), and G-GNR nanocomposite 
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bioink (0.1 mg/mL G-GNR, 7% (w/v) GelMA, 2% (w/v) Alg). Reproduced with permission.
[59] Copyright 2017, Adv Funct Mater. (B) Engineering 3D printing conductive (Ti3C2Tx) 

MXene in pre-designed patterns on PEG hydrogels using an aerosol jet printing; (i) 
Schematic illustration of the 3D printing process as well as a representative Live/dead image 

from the stem cell-derived CMs on Hilbert’s curve pattern, (ii) Live cell percentage on days 

2, 4 and 7 after seeding the Ti3C2Tx MXene-PEG composite hydrogels, (iii) Quantification 

for the western blotting for the expressions of MYH7, SERCA2, GJA1, and TNNT2 proteins 

(n = 2). Reproduced with permission.[37] Copyright 2020, Acta biomaterialia.

Abreviations: 3D: three-dimensional; Alg: alginate; CaCl2: calcium chloride; CFs: cardiac 

fibroblasts; CMs: cardiomyocytes; GelMA: gelatin methacryloyl; G-GNR/GelMA: GelMA 

coated GNR incorporated GelMA; GJA1: gap junction alpha-1; GNR: gold nanorod; 

MYH7: beta myosin heavy chain 7; PEG: polyethylene glycol; SERCA2: sarco/endo 

plasmic reticulum calcium ATPase 2; Ti3C2Tx: titanium carbide; TNNT2: cardiac troponin T 

type 2.
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Figure 4. Examples of injectable and electroconductive hydrogels for cardiac tissue engineering.
(A) Coadministration of a conductive and adhesive hydrogel patch composed of GelDA 

and DA-PPy and an injectable hydrogel made of HA-CHO and HHA to the infarcted 

myocardium; (i) A schematic showing the preparation/applying process, (ii) Gelation time 

for hydrogels, (iii) Rheological analysis of hydrogels in a time-sweep mode at 37 °C. 

Reproduced with permission.[68] Copyright 2019, ACS applied materials & interfaces. (B) 
Engineering of a thermosensitive conductive hydrogel using CS and AuNPs; (i) Schematic 

illustration of the hydrogel preparation and in vitro seeding, (ii) Images of the CS solution 

(left) and gel (right) following a change in temperature, (iii) Gelation time assessment 

based on the test-tube-inverting method (n= 3, *P<0.05, ***P<0.001), (iv) Four-point probe 

conductivity of CS hydrogel that contained different concentrations of AuNPs (n = 3, 

***P<0.001). AuNPs/CS (% w/w) = 0, 0.5, 1, and 1.5 in CS, CS-1AuNP, CS-2AuNP, 

and CS-3AuNP respectively. Reproduced with permission.[70] Copyright 2016, Materials 

science & engineering C. Abbreviations: AuNPs: gold nanoparticles; CS: chitosan; DA-
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PPy: dopamine functionalized polypyrrole; GelDA: dopamine-gelatin; HA-CHO: oxidized 

sodium hyaluronic acid; HHA: hydrazided hyaluronic acid.
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Figure 5. Examples of electroconductive patches for delivery of therapeutic agents for MI repair.
(A) An injectable conductive hydrogel developed for delivery of plasmid DNA-eNOs 

and ADSCs for MI treatment; (i) Schematic demonstrating the conception to construct 

a conductive injectable hydrogel, which was employed to load plasmid DNA-eNOs NPs 

and ADSCs to treat myocardial infarction, (ii) NOx concentration in a 4 week time 

period in normal and MI hearts, and in the MI hearts with TA-PEG/HA-SH/ADSCs/Gene 

hydrogel treatment, (iii) The expression of mRNA of eNOs characterized by qRT-PCR 

in a 4 week time period in normal and MI hearts, and in the MI hearts with TA-PEG/
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HA-SH/ADSCs/Gene hydrogel treatment. Reproduced with permission.[88] Copyright 2018, 

Journal of Biomaterials. (B) Conductive H2S-releasing hydrogel encapsulating ADSCs for 

myocardial infarction treatment; (i) A schematic presenting the ADSC-loaded conductive 

H2S releasing hydrogel for damaged cardiac treatment; (ii) H2S-releasing profile in vitro, 

(iii) sulfide concentration of the cardiac tissue in the MI area. Reproduced with permission.
[89] Copyright 2019, ACS applied materials & interfaces. (C) PPy incorporated PAM/CS 

IPN loaded with dexamethasone; (i) A schematic of the synthesis process of PAM/CS 

IPN, (ii) the role of electrostimulation on the Dexamethasone release, (iii) Releasing of the 

dexamethasone by the redox process when the negative potential was applied. Reproduced 

with permission.[93] Copyright 2018, ACS applied materials & interfaces. (D) Engineering 

of CNTs integrated MN patch; (i) Schematic illustration of applying the engineered patches 

on the infarcted myocardium, (ii) Confocal laser scanning microscope image of the aligned 

hiPSC-derived CMs cultured on the conductive MN array patch (Scale bars: 20 μm), (iii) 
The beating performance of the cells cultured on the conductive patch. Reproduced with 

permission.[94] Copyright 2021, Chemical Engineering Journal. Abbreviations: ADSCs: 

adipose-derived stem cells; CNTs: carbon nanotubes; DNA-eNOs: deoxyribonucleic acid- 

endothelial nitric oxide synthase; HA-SH: Thiol modified hyaluronic acid; H2S: hydrogen 

sulfide; hiPSC-derived CMs: human induced pluripotent stem cell derived cardiomyocytes; 

MI: myocardial infarction; MN: integrated microneedle; NPs: Nanoparticles; PAM/CS 

IPN: polyacrylamide/chitosan interpenetrating hydrogels; PEGDA: poly(ethylene glycol) 

diacrylate; PPy: polypyrrole; qRT-PCR: Quantitative Reverse Transcription-Polymerase 

Chain Reaction; TA: Tetraaniline.
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Table 1.

A summary of electroconductive cardiac patches for cardiac tissue regeneration

Fabrication 
method Biomaterial Conductivity 

(S/m)
Mechanical 
properties Application Outcome Ref

Electrospinning

Col+ AgNPs
&
Col+ AuNPs

AgNPs ~ 0.35 
× 10−6

AuNPs ~
0.8 × 10−6

Young’s 
modulus~ 20.1 
kPa

In vitro/
In vivo (mouse 
MI model)

Increase in Cx43 expression 
in NRCMs cultured under 
electrical stimulation;
Increase in blood vessel density;
Decrease of scar size

[47a]

PES+ CPSA+ 
PANI 0.057 Tensile strength~ 

3.5 MPa In vitro

Increase in the number of 
TNNT2;
Increase in the derivation of 
CMs from human CVD-iPSCs;
Induction of pluripotent stem 
cells

[97]

EB+ PLGA+ 
PANI 0.31

Young’s 
modulus~ 91.7 
MPa

In vitro

Synchronization of beating rates 
among NRCMs clusters via an 
electrical stimulation;
Improvement of heart function

[98]

Col+ HA+ PANI 0.2

Tensile strength 
~ 10 MPa;
Tensile strain~ 
3.2%; Young’s 
modulus~ 4 MPa

In vitro

Increase in the Cx43 expression 
in CMs;
Significant improvement in the 
attachment, and function of 
hiPSC-derived CMs

[99]

PLGA+ PPy NA NA In vitro

Direct electrical and mechanical 
stimulation to the hiPSC;
No cytotoxic effects on the 
hiPSC;
Increase in expression of cardiac 
markers

[100]

GelMA+ 
Acrylated Bio-IL 0.190

Elastic modulus~ 
145.50 kPa;
Tensile strength~ 
64.59 kPa

In vitro/
In vivo (mouse 
MI model)

Mechanical and conductive 
properties similar to the native 
myocardium;
Adherence to murine 
myocardium;
Over-expression of Cx43;
No cytotoxic effects on the co-
cultures of CMs and CFs

[43a]

PLCL+ Gelatin+ 
MEL 0.0259

Young's 
modulus~ 7.1 
MPa;
Tensile strength~ 
0.95 MPa

In vitro
Improvement in human CMs 
proliferation and the expression 
of Cx43

[47c]

PCL+ SF+ CNT
(6.5– 8.1) 
×10−5

Young’s 
modulus~ 110 
MPa

In vitro

Control of cellular orientation;
Improvement in CMs 
maturation;
Control of cellular orientation;
Induction of cellular orientation, 
maturation, and anisotropy

[101]

PELA+ CNT 3.74
Young’s 
modulus~ 70.8 
MPa

In vitro Improvement in NRCMs growth [102]

PGS+ Gelatin+ 
CNT NA

Toughness~ 
1948.7 KJm−3;
Tensile strength~ 
1.35 MPa

In vitro

Improvement in fiber alignment, 
electrical conductivity, and 
mechanical toughness;
Improvement in NRCMs 
alignment and contractile 
activities

[27a]

Silk+ GO+ MoS 
2 

2 × 10−7 Tensile strength~ 
3.74 MPa In vitro

Improvement in the maturity 
and upregulation of cardiac 
functional genes in hiPSCs 
transfected with TBX‐18 gene

[103]
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Fabrication 
method Biomaterial Conductivity 

(S/m)
Mechanical 
properties Application Outcome Ref

β-PVDF 
nanocomposite NA

Tensile strength~ 
88 MPa;
Tensile strain~ 
80%

In vitro Improvement in NRCMs 
adherence and differentiation

[104]

PPy+ SF NA
Young’s 
modulus~ 1.437 
MPa

In vitro

Improvement in the elongation 
of NRCMs;
Increase in the contraction of 
hiPSC-derived CMs

[105]

3D printing

PEG+ Ti3C2Tx 
MXene

1.1×104 Elastic modulus~ 
144.5 kPa In vitro

Increase in hiPSC-derived CMs 
alignment;
Synchronous beating 
improvement;
Conduction velocity 
improvement

[37]

Cellulose+ 
SWCNT 43

Tensile strength~ 
103 MPa;
Tensile strain~ 
18.7%; Young’s 
modulus~ 1.26 
GPa

In vivo
(canine model)

Restoration of conduction [39]

dECM+ rGO 0.0005 – 3.07
Compressive 
modulus~ 17.5 
kPa

In vitro

Enhancement of gene 
expression regulating contractile 
function;
Improvement in calcium 
handling capabilities

[106]

Nanocellulose+ 
PGS+ PPy 3.4

Young’s 
modulus~ 0.6 
MPa

In vitro
Effective integration of rat 
cardiomyoblasts with the 
biomaterial

[47b]

GelMA+ Alg+ G-
GNR

NA
Young’s 
modulus~ 4.7 
kPa

In vitro

Improvement in cell adhesion 
and organization;
Improvement in synchronized 
contraction of NRCMs

[59]

Molding

Col+ rGO ~ 10−4 Tensile strength~ 
162 kPa

In vitro/
In vivo
(mouse 
subcutaneous 
model)

Improvement in angiogenesis;
No toxic effects on HUVECs

[107]

GelMA+ rGO NA
Young’s 
modulus~ 22.6 
kPa

In vitro
Strong contractility and fast 
spontaneous beating rate of 
NRCMs

[108]

MeTro+ GO NA Elastic modulus~ 
19.3 kPa

In vitro/
In vivo
(rat 
subcutaneous 
model)

Improvement in local 
and nanoscale electrical 
conductivity;
Induction cell-cell signaling of 
NRCMs

[109]

Col+ Graphene 0.1–0.7 NA In vitro

Improved CF functions;
Inhibition of bacterial 
attachment;
Improvement in NRCMs 
metabolic activity

[110]

GelMA+ CNT NA

Compression 
modulus~ 32 
kPa;
Elastic modulus~ 
20 kPa

In vitro

Excellent mechanical integrity;
Improved electrophysiological 
functions;
No CNT cytotoxic effect on 
NRCMs

[111]

124 Polymer+ 
MWCNT 0.08 × 10−3

Bulk modulus~ 
2.2 Mpa;
Surface 
modulus~ 3.3 
Mpa;
Toughness~ 76 
MJ m−3

In vitro

Improvement in excitation 
threshold;
Insignificant cytotoxic effect on 
NRCMs

[112]
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Fabrication 
method Biomaterial Conductivity 

(S/m)
Mechanical 
properties Application Outcome Ref

GelMA+ CNT NA Tensile strength~ 
0.065 MPa;

In vitro/
In vivo
(mouse MI 
model)

Induction the orientation growth 
of hiPSC- derived CMs;
Adherence to the injured part;
Increase in the infarct wall 
thickness and improvement in 
the function recovery

[94]

Col+ CNT NA
Young’s 
modulus~ 8.8 
MPa

In vitro

Improvement in hiPSC-derived 
CMs alignment;
Improvement in the 
functionality of cardiac 
constructs

[113]

GelMA+ CNT or 
GO or rGO NA

Elastic modulus~ 
16.8 kPa (using 
CNT), 47.9 kPa 
(using GO), 59.8 
kPa (using rGO)

In vitro

Higher expression of cardiac 
markers (sarcomeric α-actin, 
Cx43, and troponin I);
Promotion of cardiac cell 
morphology and contractility of 
NRCMs

[114]

CS+ PANI ~1

Tensile strength~ 
1.53 MPa;
Tensile strain~ 
96%

In vitro/
In vivo (rat MI 
model)

No detrimental effect on the 
cardiac electrophysiology;
Tunable mechanical and 
conductive properties;
Cytocompatible with NRCMs

[46]

PLA+ PAP 10−3 – 10−4 NA In vitro
Improvement in electronic 
signals transferring between rat 
cardiac myoblast cells

[115]

HPAE+ Py + Fe 
+3 + Gelatin

0.0651
Adhesive 
strength~ 22.2 
kPa

In vitro/
In vivo (rat MI 
model)

Increase in the transmission of 
electrophysiological signals;
Reconstruction improvement of 
cardiac function;
Revascularization improvement

[116]

Col+ Alg+ 
PEDOT:PSS 0.35 NA In vitro

Improvement in sarcomere 
organization;
Improvement in Cx43 
expression;
Improvement in maturation 
and beating properties of hiPS–
derived CMs;
Improvement in beating 
frequency;
Increase in speed of contraction;
Large contraction amplitude

[117]

Alg+ AuNWs NA NA In vitro

Improvement in the electrical 
communication between 
adjacent NRCMs;
Improved alignment of tissues 
grown; Participation of higher 
levels of protein expression 
in the muscle contraction and 
electrical coupling

[118]

Thiol-HEMA+ 
AuNPs 15.3

Young’s 
modulus~ 0.6 
MPa

In vitro Increase in expression of Cx43 
in NRCMs

[119]

GelMA+ GNR NA
Young’s 
modulus~ 1.3 
kPa

In vitro

Fast and synchronous electrical 
signal propagation;
Rhythmic contraction of the 
NRCMs on GelMA/GNR

[45]

Gelatin +OA 
+butene-
modified PAA

3.53

Tensile strain~ 
500%;
Compressive 
strain~ 85%;
Tensile strength~ 
37 kPa

In vitro/
In vivo (rat MI 
model)

Suppression of cardiac fibrosis;
Restoration of heart function;
Induction of cellular orientation 
and elongation using NRCMs

[120]
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Fabrication 
method Biomaterial Conductivity 

(S/m)
Mechanical 
properties Application Outcome Ref

PTC 0.005– 0.16
Young’s 
modulus~ 0.59 
MPa

In vitro/
In vivo (rat MI 
model)

Improvement in maturation 
and spontaneous contraction of 
NRCMs;
Enhancement of cardiac 
function

[121]

PPy nanotube+ 
sodium Alg+ 
PAM

4500
Young’s 
modulus~ 4–40 
kPa

Ex vivo

Alignment of conductive PPy 
nanotubes using simple stretch-
induced strategy; Increase in 
the CMs elongation and stable 
directional transmission of 
electric signals;
Enhancement in the mitigation 
of MI in rats

[122]

PU+ PCL+ AP 10−3

Compression 
modulus~ 4.1 
MPa; 
Compression 
strength~ 1.3 
MPa

In vitro

NRCMs adhesion and growth 
and expression of the 
cardiac genes (troponin- T) 
and cytoskeleton alignment 
(actinin-4)

[123]

Other methods
(e.g. chemical 
vapor deposition, 
precipitation, …)

PEG+ Graphene NA NA In vitro

Structural property enhancement 
in myofibrils and sarcomeres;
Significant increase in the 
expression of cell-cell coupling 
and calcium handling proteins

[42a]

CS+ Carbon 0.25 Elastic modulus~ 
28.1 kPa In vitro

Increase in expression of 
cardiac-specific genes involved 
in muscle contraction and 
electrical coupling;
Enhancement in transmission of 
electrical signals between the 
NRCMs

[124]

PCL +PPy NA

Elastic modulus~ 
0.93 GPa;
Stiffness~ 0.071 
GPa

In vitro
Enhancement in functional 
properties and maturation of 
CMs

[125]

Gelfoam+ PAMB 0.019

Young’s 
modulus~ 1 kPa;
Tensile strength~ 
2 kPa;
Tensile strain~ 
180%

In vitro/
In vivo (rat MI 
model)

Improvement in electrical 
activity in the fibrotic tissue;
Improvement in electrical 
impulse propagation;
Synchronization of NRCM 
contraction across the scar 
region

[126]

CS+ Gelfoam+ 
PPy ~ 0.0125 Tensile strength~ 

20 kPa;

In vitro/
In vivo (rat MI 
model)

Increase in Ca2+ transient 
velocity of NRCMs cultured on 
cardiac patches;
No pathological arrhythmias 
after patch implantation

[127]

Gelatin+ 
SWCNTs ~ 0.7 × 10−4 NA

In vitro/
In vivo (rat MI 
model)

Increase in the expression of 
TNNT2/sarcomeric actinin and 
Cx43 using NRCMs

[128]

Abbreviations: 124 polymer: poly(octamethylene maleate (anhydride) 1,2,4-butanetricarboxylate; Ag: Silver; Alg: Alginate; AP: Aniline 
pentamer; Au: Gold; AuNWs: Gold nanowires; Bio-IL: Bio-ionic liquid; β-PVDF: Beta-polyvinylidene fluoride; CF: Cardiac fibroblast; CS: 
Chitosan; CMs: Cardiomyocytes; CNT: Carbon nanotube; Col: Collagen; CPSA: Camphor-10-sulfonic acid (β); CVD-iPSCs: Cardiovascular 
disease-specific induced pluripotent stem cells; Cx43: Connexin-43; dECM: Decellularized porcine myocardial extracellular matrix; GelMA: 
Gelatin methacryloyl; G-GNR: GelMA-coated GNR; GNR: Gold nanorod; GO: Graphene oxide; HA: Hyaluronic acid; HPAE: Highly 
branched poly(β-amino ester); iPSC: Induced pluripotent stem cells; hiPSC: Human-induced pluripotent stem cell; HUVECs: human umbilical 
vein endothelial cells; MEL: Melanin; MeTro: Methacryloyl-substituted recombinant human tropoelastin; MI: Myocardial infarction; MoS2: 

molybdenum disulfide; MWCNT: Multi-walled carbon nanotube; NA: Not mentioned; NPs: Nanoparticles; NRCM: Neonatal rat cardiomyocyte; 
OA: oxidized alginate; PAA: Poly acrylic acid; PAM: Polyacrylamide; PAMB: Poly-3-amino-4-methoxybenzoic acid; PANI: polyaniline; PAP: 
PLA-b-AP-b-PLA triblock copolymer; PCL: Polycaprolactone; PEDOT: PSS: Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate; PEG: 
Polyethylene glycol; PELA: Poly(ethylene glycol)-poly(D,L-lactide) copolymers; PES: Polyetersulfone; PGS: Poly(glycerol sebacate); PLA: 
Poly (L-lactide); PLCL: Poly(L-lactide-co-ԑ-caprolactone); PLGA: Poly(lactic- co -glycolic acid); PMMA: poly(methyl methacrylate); PPy: 
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Polypyrrole; PTC: PPy modified tunic cellulose; PU: Polyurethane; Py: Pyrrole; rGO; Reduced graphene oxide; SF: Silk fibroin; SWCNT: 
Single-walled carbon nanotube; Thiol-HEMA: Thiol-2- hydroxyethyl methacrylate; Ti: Titanium; Ti3C2Tx MXene: Titanium carbide; TNNT2: 

cardiac troponin T type 2.
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Table 2.

A summary of electroconductive injectable hydrogels for cardiac tissue regeneration

Biomaterial Conductivity 
(S/m) Application Outcome Ref

GelMA+ PEI+ fGO+ 
VEGF NA In vitro/ In vivo Reduced infarcted size;

Increase in myocardial capillary density and cardiac performance
[63a]

CS-AuNPs+ CS + β-GP 0.16 In vitro
Enhancement in the properties of myocardial constructs;
Support of viability, metabolism, migration, and proliferation of 
MSCs along with the development of uniform cellular constructs

[70]

PEGDA+ MEL+ HA-
SH+ GO 0.0284 In vitro/ In vivo

A significant increase in α-SMA and Cx43 expression;
Improvement in the transmission of mechanical and electrical 
signals;
A significant improvement of heart functions

[19e]

PEGDA-TA+ HA-SH 0.0232 In vitro/ In vivo

Increase in expression of eNOs;
Upregulation of pro-angiogenic growth factors and myocardium 
related mRNA;
A significant improvement of heart functions

[88]

CS+ PPy ~ 0.023 In vitro/ In vivo Improvement of heart function [67]

ECM+ MWCNT 1.5 In vitro CMs proliferation;
A significant increase in Cx43 expression

[72]

PAMB-Gelatin NA In vitro/ In vivo

Improvement in electrical impulse propagation; Synchronization 
of heart contraction;
Preservation of the ventricular function;
Reduction of cardiac arrhythmia

[129]

GelDA/DA-PPy+ HA-
CHO-HHA 0.0001–0.028 In vivo Attachment onto the myocardium surface;

Improvement in cardiac function after MI injury
[68]

Abbreviations: Au: Gold; CS: Chitosan; CS-AuNPs: Chitosan-stabilized gold nanoparticles; Cx43: Connexin-43; DA-PPy: Dopamine-modified 
polypyrrole; ECM: extracellular matrix; eNOs: Endothelial nitric oxide synthase; fGO: functionalized GO nanosheets; GelDA: Gelatin-dopamine; 
GelMA: Gelatin methacryloyl; GO: Graphene oxide; HA: Hyaluronic acid; HA-CHO: Oxidized sodium hyaluronic acid; HA-SH: Thiol modified 
hyaluronic acid; HHA: Hydrazided hyaluronic acid; MEL: Melanin; MI: Myocardial infarction; mRNA: Messenger ribonucleuc acid; MSCs: 
Mesenchymal stem cells; MWCNT: Multi-walled carbon nanotube; NA: Not mentioned; PAMB: Poly-3-amino-4-methoxybenzoic acid; PEGDA: 
Poly(ethylene glycol) diacrylate; PPy: Polypyrrole; TA: Tetraaniline; VEGF: Vascular endothelial growth factor; α-SMA: α-Smooth muscle actin; 
β-GP: β-glycerophosphate disodium salt solution.
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Table 3.

Recent electroconductive materials designed for delivery of different types of therapeutic agents to the heart

Biomaterial Therapeutic agent Outcome Ref

PGS-Puppy-triethoxysilane-
porous silicon NPs 3i-1000 Appropriate electrical conductivity and controlled drug release for 

improvement of cardiac myoblast cell attachment and cytotoxicity
[83]

Oxidized Alg+ TA+ ADSCs H2S
Adhesive property, upregulation of cardiac-related mRNA (e.g. Cx43, 
α-SMA, and cTnT) and angiogenic factors (e.g. VEGFA and Ang-1) and 
downregulation of inflammatory factors (e.g. tumor necrosis factor-α)

[89]

TA+ PEGDA+ HA-SH+ 
ADSCs

Plasmid DNA encoding 
eNOs

Equivalent myocardial conductivity; Upregulation of pro-angiogenic 
growth factors, and myocardium-related mRNA; Reduced infarction size, 
less fibrosis area, and higher vessel density

[88]

GelMA+ PEI+ fGO
VEGF165 pro-angiogenic 

gene
Reduced infarcted size;
Increase in myocardial capillary density and cardiac performance

[63a]

GO nanosheets IL-4 plasmid DNA Increased M1 to M2 macrophage polarization and accelerated cardiac 
repair

[81]

GelMA-CNT MN patch VEGF, IL-10 Adhesive property to the heart and controlled release of encapsulated 
drugs; Stimulate the contraction of CMs

[94]

Gelatin scaffold
Glutathione grafted to the 
carboxyl-capped aniline 

pentamer

High conductivity and antioxidant activity which removes intracellular 
ROS and decreases oxidative stress damage in adipose-derived stem cells

[130]

Oxidized nanocellulose+ 
PGS+ PPy 3D-printed 
patches

3i-1000 and curcumin Improved regeneration of myocardium [84]

PPy nanorods loaded 
PAM/CS hydrogel Dexamethasone Controlled drug release, depending on the PPy content, and stimulation 

voltage; Improved C2C12 cell activity under electrostimulation
[93]

AuNPs Simdax Cardioprotective effects in rats with heart failure [131]

AuNPs miR155
Treatment of diabetic cardiomyopathy; Increase anti-inflammatory 
macrophages and reduce the inflammation and cell apoptosis;
Restoration of cardiac function

[132]

Abbreviations: ADSC: Adipose-tissue derived stem cell; Alg: Alginate; Ang-1: Angiopoietin 1; Au: Gold; AuNPs:Gold nanoparticles; CNT: 
Carbon nanotube; cTnT: Cardiac troponin T; Cx43: Connexin-43; DNA: Deoxyribonucleic acid; eNOs: Endothelial nitric oxide synthase; 
fGO: functionalized GO nanosheets; GelMA: Gelatin methacryloyl; H2S: Hydrogen sulfide; HA-SH: Thiol modified hyaluronic acid; IL-10: 

Interleukin-10; IL-4: Interleukin-4; miR155: MicroRNA155; MN: Microneedle; mRNA: Messenger ribonucleuc acid; NPs: Nanoparticles; PAM: 
Polyacrylamide; PEGDA: Poly(ethylene glycol) diacrylate; PEI: Polyethylenimine: PGS: Poly(glycerol sebacate); PPy: Polypyrrole; RNA: 
Ribonucleuc acid; Simdax: Levosimendan; TA: Tetraaniline; VEGFA: Vascular Endothelial Growth Factor A; α-SMA: α-Smooth muscle actin.
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