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Functional hydrogels for the treatment of
myocardial infarction
Tengling Wu1 and Wenguang Liu 1

Abstract
Myocardial infarction (MI) is a major disease posing a significant threat to human health, as it leads to necrosis of
numerous cardiomyocytes (CMs), left ventricle dilation, and cardiac dysfunction, ultimately resulting in heart failure.
Owing to the shortage of heart donors and the shortcomings of current clinical treatment methods, significant
resources have been dedicated to developing platforms for cardiac tissue engineering, including functional hydrogels.
Herein, we review variations in the myocardial microenvironment and the effects of functional hydrogel systems that
are designed to support and mimic this microenvironment during cardiac repair following MI. Specifically, we provide
an overview of recent functional hydrogels designed for cardiac tissue engineering. These include matrix
metalloproteinase-responsive hydrogels, reactive oxygen species-scavenging hydrogels and immunomodulatory
hydrogels, which can reverse the adverse myocardial microenvironment. Additionally, we describe conductive
hydrogels that can reconstruct electrical signal conduction within infarct areas, vascularized hydrogels that promote
the repair of cardiac function, and 3D-printed hydrogels, which can achieve personal customized cardiac tissue via
printing of intact cardiac structures, thus addressing the current shortage of heart donors.

Introduction
According to the American Heart Association, cardi-

ovascular diseases, especially myocardial infarction (MI),
which is the consequence of coronary artery occlusion,
are the primary causes of death and disability world-
wide1–3. Coronary artery occlusion impedes the trans-
portation of oxygen and nutrients, ultimately leading to
the death of numerous CMs4–7. Moreover, the limited
regenerative capacity of CMs in adult myocardial tissue
significantly limits their self-repair function8,9, leading to
ventricle maladaptive remodeling, including thinning of
the ventricular wall, scar tissue formation, and ultimately
heart failure10–12. Currently, coronary bypass surgery
and pharmacological approaches are common clinical
treatment options for MI. However, these methods only
serve to delay the process of ventricular remodeling
without restoration of the infarcted myocardium13–15.
Therefore, an urgent need exists for new, improved

treatment strategies to facilitate the repair of dysfunc-
tional heart tissues16.
Following MI, numerous changes occur within the

myocardial microenvironment, including fluctuations in
the abundance of matrix metalloproteinases (MMPs)17,18,
reactive oxygen species (ROS)19,20, and inflammatory
factors21,22. In normal myocardial tissue, MMPs and tis-
sue inhibitors of matrix metalloproteinases (TIMPs) are in
a dynamically balanced state;23 however, the over-
expression of MMPs following MI can destroy the
extracellular matrix (ECM) of myocardial tissue, leading
to adverse remodeling of the left ventricular wall24,25.
Similarly, ROS are overexpressed in the infarcted myo-
cardium, which disrupts cellular homeostasis, causing
damage to CMs while promoting inflammation and
myocardial fibrosis26,27. The excessive activation of
inflammation can lead to maladaptive healing and ven-
tricular remodeling28. In addition, the reduced oxygen
and nutrient supply caused by coronary artery occlusion
can lead to the development of fibrous scar tissue, thus
increasing the resistivity of myocardial tissue and
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hindering electrical signaling between CMs4,29,30. There-
fore, to reverse this adverse microenvironment, recon-
struction of electrical signal conduction and/or
promotion of angiogenesis in the infarct area can facilitate
the repair of cardiac function.
Hydrogels, which are soft, moist materials with prop-

erties similar to those of human soft tissues, are widely
used in tissue engineering31. In fact, studies have shown
that hydrogels not only provide mechanical support
during myocardial tissue repair32,33 but also serve as
carriers for cell or drug delivery34,35. With the ever-
increasing knowledge regarding variations in the myo-
cardial microenvironment following MI, intelligent and
functional hydrogels have been synthesized for use during
cardiac repair processes. For example, MMP-responsive
hydrogels36,37, ROS-scavenging hydrogels38,39, and
immunomodulatory hydrogels are used to regulate the
abundance of MMPs, ROS, and inflammation, respec-
tively, in infarcted areas. Meanwhile, conductive hydro-
gels40,41 are used to enhance the electrical coupling
between CMs, and proangiogenic hydrogels42,43 are used
to promote angiogenesis in infarcted areas. Moreover,
hydrogels are used to mimic the natural myocardial
structure through 3D printing technology to repair the
myocardium or print intact myocardium to replace
necrotic tissue44,45.
In this review, we briefly discuss the variations that

occur within the cardiac microenvironment following MI
and summarize the synthesized functional hydrogels
based on these variations to reverse the adverse myo-
cardial microenvironment or promote recovery of cardiac
function (Fig. 1). Finally, we present potential future
directions for the design of effective hydrogels for MI
treatment. This review is expected to provide an
improved understanding of the microenvironment asso-
ciated with infarcted myocardium and suitable hydrogels
for treating MI.

MMP-responsive hydrogels
MMPs are members of the zinc endopeptidase family

that cleave ECM components46. Thus, the overexpression
of MMPs after MI can disrupt the balance between MMPs
and TIMPs23, leading to degradation of the ECM and
decreased mechanical properties of the ventricular wall,
subsequently causing progressive thinning and global
dilatation of the ventricular wall in the infarcted area24.
Indeed, MMPs have been described as the driving force
behind myocardial matrix remodeling25, with MMP
abundance positively correlated with MI severity, which is
also used as a marker of heart failure47. Therefore, the
targeted inhibition of MMP expression and activity is of
great significance for the prevention of heart failure after
MI. The most common methods to reduce MMP activity
include pharmacologic options, such as MMP inhibitors

and transgenic constructs48. However, most MMP inhi-
bitors are small organic molecules with active zinc-
chelating groups, such as hydroxylamine49 or mercap-
tan50, which may cause cardiac fibrosis51. Meanwhile, the
use of transgenic methods to knock out specific genes
related to MMP expression causes long-term effects
rather than a regulatory mechanism for reducing the
overexpression of MMPs following MI52. Therefore,
designing hydrogels capable of regulating MMP levels,
thus inhibiting myocardial remodeling after MI, has
become a popular design strategy.
Carlini et al.53 designed a circular peptide based on the

overexpression of MMP-2/9 and elastase enzymes after
MI (Fig. 2a). They reported that cyclic peptide progela-
tors flow freely in solution but become linear and self-
assemble into hydrogels under the action of MMP-2/9
and elastase enzymes (Fig. 2b). The results of histological
and fluorescence analyses demonstrated that the cyclic
peptide progelators assembled into hydrogels after
injection into the infarcted myocardium (Fig. 2c). Their
low viscosity in vitro and gelling properties at the site of
infarcted myocardium facilitate the delivery of hydrogels
or therapeutic factors to the heart via minimally invasive
techniques. In fact, Guan et al.54 developed a peptide-
based MMP-2 inhibitor delivery system by combining a
PNIPPAm-based hydrogel with the MMP-2-specific
inhibitor peptide CTTHWGFTLC (CTT). CTT is sim-
ply mixed with hydrogel solutions before treating MI.
The results showed that the hydrogel with CTT could
reduce the concentration of MMP-2 in the infarcted
area, thus preventing the degradation of ECM, including
preserved ventricular wall thickness and collagen com-
position, reduced adverse remodeling of the ventricles,
and improved cardiac function. Although hydrogels
loaded with MMP-2 inhibitors have achieved certain
efficacy in treating MI, they are only capable of slowly
releasing inhibitors, without controlled release proper-
ties in response to changes in MMP abundance within
the myocardial environment. By comparison, Burdick
et al55. developed an MMP-responsive hydrogel in which
TIMP-3 was immobilized by electrostatic action and
released via degradation of the hydrogel to reduce the
level of MMPs. The hydrogel was synthesized by simple
mixing of aldehyde-modified hyaluronic acid (HA-ALD),
aldehyde-modified dextran sulfate (DS-ALD), and
hydrazine-modified and peptide-including MMP-clea-
vable sequence embedded HA (HA-peptide-HYD).
Dextran sulfate mimics the structure of heparin, which
has a strong binding capacity with TIMP-3. Thus, TIMP-
3 is fixed in the hydrogel to prevent its passive diffusion.
The MMP-cleavable peptide is modified by a sulfhydryl
group and a hydrazide group at either end. The sulfhy-
dryl groups react with maleimide-functionalized HA,
while hydrazide groups, on the opposite end, react with
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aldehyde-containing polymers to form hydrogels
through the Schiff base reaction. Magnetic resonance
imaging after 14 days revealed that, following injection of
this hydrogel into the myocardium, it disappeared in the
MI group, in which MMPs were overexpressed, but it
remained visible in the normal group, clearly demon-
strating that the degradation behavior of the hydrogel
was responsive to the increased MMP activity in MI
tissue. In vivo experiments further demonstrated that
this bioresponsive hydrogel carrying TIMP-3 sig-
nificantly inhibited the activity of MMPs after MI and
effectively inhibited left ventricular adverse remodeling.
Thus, the design of this MMP-degradable hydrogel
facilitates the release of TIMPs according to the level of
MMPs in infarcted myocardia, thereby reducing any off-
target effects of TIMPs. Similarly, in a recent study,

Dai et al56. designed an intelligent hydrogel capable of
responding to MMP-2/9 expression within infarcted
areas and releasing growth factors. The hydrogel is
composed of two components, glutathione (GSH)-
modified collagen hydrogel (collagen-GSH) and a
recombinant protein comprising basic fibroblast growth
factor (bFGF), glutathione S-transferase (GST), and
MMP-2/9 cleavable peptide PLGLAG (TIMP). Among
them, TIMP represents the most competitive substrate
for the cardiac extracellular matrix and is thus cleaved
via MMP-2/9 activity to protect the cardiac extracellular
matrix from MMP degradation while also causing the
release of bFGF. Thus, TIMP can reduce MMP abun-
dance and release growth factors on demand. The animal
experiment results further demonstrated that rats trea-
ted with TIMP-containing hydrogels had the thickest
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Fig. 1 Different hydrogels used for treating MI. Schematic illustration of the preparation of different hydrogels for treating MI, such as MMP-
responsive hydrogels, Copyright 2019, Nature Publishing Group (ref. 53); ROS-scavenging hydrogels, Copyright 2017, American Chemical Society
(ref. 65); immunomodulatory hydrogels, Copyright 2021, Elsevier Science (ref. 78); conductive hydrogels, Copyright 2020, American Chemical Society
(ref. 12), Copyright 2021, Elsevier Science (ref. 97); proangiogenic hydrogels, Copyright 2015, Elsevier Science (ref. 99), Copyright 2015, Elsevier Science
(ref. 104) and 3D-printed hydrogels, Copyright 2020, Wiley & Sons Inc. (ref. 109), Copyright 2019, Wiley & Sons Inc. (ref. 110).
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ventricular walls and minimal collagen deposition fol-
lowing MI, indicating that MMPs respond to these
hydrogels, which could effectively reduce cardiac remo-
deling. These MMP-responsive hydrogels are also pre-
dicted to be effective for the treatment of ischemic
heart disease.
A large amount of ROS accumulates in the infarcted

myocardium after MI26, which can directly attack DNA,
proteins, and cell membranes and can thus also cause
the death of myocardial cells and vascular cells in
noninfarcted areas, resulting in additional heart damage
and increasing the infarct size27. In addition, ROS can
stimulate the production of proinflammatory cytokines
by activating multiple pathways; these cytokines can
further stimulate the production of ROS, causing a
vicious cycle27. Therefore, reducing the level of ROS in
the infarcted myocardium plays an important role in
the heart remodeling process after MI. Previous studies
have shown that ROS-scavenging of biomaterials can
protect CMs and improve cardiac function by elim-
inating excess ROS; among these, numerous hydrogels
with antioxidant properties were used in the treatment
of MI, and their therapeutic effects were investi-
gated57,58. There are two types of ROS-scavenging
hydrogels: one is loaded with antioxidants, while the
other is a self-antioxidative hydrogel.
To reverse the adverse microenvironment created fol-

lowing MI, our research team developed a series of ROS-
sensitive hydrogels. For example, a novel ROS-sensitive
hyperbranched macromer (HB-PBAE) was synthesized by
employing polyethylene glycol diacrylate (PEGDA) and
cystamine (Fig. 3a)59. The HB-PBAE polymer could
effectively scavenge 1,1-diphenyl-2-picrylhydrazyl (DPPH)

radicals (Fig. 3b) and form ROS-sensitive hydrogels with
thiolate-modified hyaluronic acid (HA-SH) through
Michael addition. The obtained hydrogel exhibited
H2O2-responsive degradation behavior. Meanwhile, a
novel nanoparticle (DMOG@PDA-EGCG) with ROS-
scavenging ability was synthesized in our research by
connecting the polyphenol epigallocatechin-3-gallate
(EGCG) to polydopamine (PDA) nanoparticles through
π-π interactions60. DMOG@PDA-EGCG nanoparticles
could crosslink with HA-SH to form hydrogels based on
the Michael addition reaction between the oxidized
quinone form of PDA and the thiol group of HA-SH.
This hydrogel could rapidly release EGCG, accelerate the
capture ability of ROS, and reverse the adverse cardiac
microenvironment after MI. Furthermore, Gao et al61.
developed an ROS-responsive hydrogel through the
combination of ROS-cleavable hyperbranched polymers
(HBPAK) and methacrylate HA (HA-MA). HBPAK was
synthesized via a Michael addition reaction between
PEGDA with a molecular weight of 575 (PEGDA575)
and thioketal diethyl amine. The ROS-scavenging capa-
city of the hydrogel could be adjusted by altering the
concentration of HBPAK, and the hydrogel could
effectively remove excessive ROS after MI. The development
of such biocompatible ROS-sensitive hydrogels is of great
importance for improving the MI microenvironment.
In addition, the effects of ROS-scavenging hydrogels on

CMs and cardiac function have also been reported. For
example, Wagner et al62. incorporated 4-amino-2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO) groups as ROS-
scavenging pendants into a poly-N-isopropylacrylamide
(NIPAAm)-based hydrogel. The TEMPO-containing
hydrogel could effectively scavenge ROS radicals, inhibit

a

b c Whole heart scan Magnified 

Fig. 2 MMP-responsive hydrogels used for treating MI. a Schematic of cyclic, enzyme-responsive progelator peptides for activatable gelation.
b States of KLDLCyclic and KFDFCyclic progelators before and after enzyme treatment. c Hematoxylin and eosin (H&E) staining of the heart after
injecting peptide material into infarcted myocardium. Copyright 2019, Nature Publishing Group (ref. 53).
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cardiomyocyte apoptosis under oxidative stress, and pre-
serve the structure of the left ventricle, including reten-
tion of an overall small size and increased wall thickness.
Additionally, Li et al.63 developed an antioxidant chitosan
chloride-glutathione (CSCl-GSH) hydrogel by coupling
the antioxidant GSH to CSCl. The antioxidant capacity of

this CSCl-GSH hydrogel could be controlled by adjusting
the coupling amount of GSH. The results demonstrated
that the CSCl-GSH hydrogel could effectively scavenge
ROS, reduce excessive intracellular ROS, and support
myocardial repair by reducing oxidative stress damage
to cells.

Fig. 3 ROS-scavenging hydrogels used for treating MI. a Synthesis of ROS-sensitive hyperbranched macromer (HB-PBAE). b Photograph of DPPH
and DPPH/HB-PBAE solutions after 24 h. Copyright 2018, American Chemical Society (ref. 59). c Formation and structure of fullerenol/alginate
hydrogel. d-g Representative western blot assay and quantitative expression analysis of ERK, p-ERK, p38, p-p38, JNK, and p-JNK in BADSCs in the
presence of H2O2. Copyright 2017, American Chemical Society (ref. 65).
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ROS-scavenging hydrogels not only have the capacity
to reduce oxidative damage of CMs in the infarcted
myocardium but also improve the therapeutic effects of
transplanted cells. Indeed, a ROS-scavenging chitosan
hydrogel was used to deliver adipose-derived mesenchy-
mal stem cells (ADSCs) to repair MI64. The results
showed that this hydrogel improves the engraftment ratio
of transplanted stem cells through ROS-scavenging.
Similarly, Hao et al.65 synthesized a stem cell carrier with
antioxidative capacity by introducing fullerenol nano-
particles with antioxidant properties into alginate
hydrogels (Fig. 3c). This fullerenol/alginate hydrogel
effectively removes superoxide anions and hydroxyl
radicals, activates the ERK and p38 pathways, inhibits the
JNK pathway to suppress oxidative stress damage to stem
cells (Fig. 3d-g), and improves stem cell viability in the
ROS microenvironment. In vivo studies further demon-
strated that this antioxidant hydrogel could effectively
reduce ROS levels in the infarct area, improve the sur-
vival rate of transplanted stem cells, and facilitate cardiac
functional recovery. Such ROS-scavenging hydrogels are
anticipated to enhance the therapeutic efficiency of
existing stem cell therapies.

Immunomodulatory hydrogels
The immune system makes a significant contribution

to cardiac development, composition, and function.
Immune cells infiltrate and remain in the heart at
gestation66. However, shortly after MI, a series of internal
changes in the myocardium, including the release of
preformed granules from resident mast cells, inflamma-
tory cytokines and chemokines from resident macro-
phages and CMs and hematopoietic growth factor from
cardiac fibroblasts, as well as activation of endothelial
cells, induces the recruitment of many neutrophils and
monocytes to the infarct site, where they actively parti-
cipate in the inflammatory cascade67,68. In the early stage
of inflammation, monocytes are polarized into proin-
flammatory subtypes that secrete proinflammatory che-
mokines and are responsible for scavenging apoptotic
cells and debris69. The inflammatory phase is replaced by
the reparative phase in the following days, which man-
ifests as reductions in inflammatory cytokines, growth
factors, and chemokines70. In particular, macrophages
gradually shift from a proinflammatory M1-type pheno-
type to an anti-inflammatory M2-type phenotype with
various regeneration-promoting functions. In infarcted
myocardium, the controlled recruitment and activation
of monocytes and macrophages are necessary for
tissue repair and angiogenesis to limit the formation of
excessive scarring and fibrotic tissues; however, excessive
and sustained inflammatory activation can lead to
maladaptive healing and ventricular remodeling28.
Therefore, regulating the inflammatory response, via

immunomodulatory mechanisms, at the infarct site
provides a protective effect on cardiac function.
Immunomodulation via mesenchymal stem cells

(MSCs) plays an important role in the treatment of MI71.
Studies have shown that MSCs regulate inflammation by
inhibiting the expression of proinflammatory cytokines,
such as tumor necrosis factor (TNF)-α, interleukin (IL)-6,
and interferon (IFN)-γ, or by promoting the expression of
anti-inflammatory cytokines, such as IL-10 and IL-1271.
To improve the retention and survival rates of MSCs at
the implanted site, Liu et al. encapsulated bone marrow-
derived MSCs (BMSCs) in a chitosan hydrogel to treat
MI72. The results confirmed that this hydrogel system
could reduce inflammatory reactions in the infarct area by
inhibiting the expression of proinflammatory factors (IL-
6, TNF-α, IL-1b, IL-18, caspase-11, and caspase-1), pro-
tecting vascular endothelial cells and improving cardiac
function. Similarly, in Shin’s work73, MSCs were encap-
sulated in alginate and subsequently loaded in poly
(ethylene) glucose hydrate to treat myocardial ischemia/
reperfusion. A new immunomodulatory mechanism
mediated by MSCs was studied in this paper. That is,
MSCs were found to regulate excessive inflammation and
reduce innate immune cell infiltration and hydrogen
peroxide formation by increasing adenosine bioavailability
via the surface ecto-50-nucleotidase CD73.
Although many cell types are involved in tissue repair,

macrophages exhibit critical regulatory activity through-
out all stages of repair and fibrosis. In fact, increasing
evidence shows that the balance between macrophage
classical (M1) and altered (M2) activation governs the fate
of tissue regeneration74. Therefore, polarizing macro-
phages toward the M2 phenotype has become a targeted
approach to promote cardiac function recovery. In fact,
Liu’s team75 synthesized a hydrogel with immunomodu-
latory properties that was composed of ECM from the
spleen, the largest immune system in the body, with the
spleen ECM playing an important role in immune func-
tion. This spleen-specific hydrogel enhances cardiac
function by promoting the anti-inflammatory M2 polar-
ization of macrophages. In addition, extracellular vesicles
or immunomodulatory cytokines have been encapsulated
into hydrogels to protect myocardial function by attenu-
ating the inflammatory response in the infarct area by
regulating macrophage polarization28,76. In a recent study,
a hydrogel system (Gel@MSNs/miR-21-5p) with immu-
nomodulatory and angiogenic functions was used for the
first time to improve cardiac function after MI77. In this
system, mesoporous silica nanoparticles (MSNs) were
used as the carrier of miR-21-5p, which were crosslinked
to an injectable hydrogel through formation of Schiff base
bonds, which were broken in the acidic environment of
the infarcted area, allowing for the release of MSNs/
miRNA. MSNs may modulate the immune response via
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downregulation of Toll-like receptor (TLR)2, which
inhibits the activation of nuclear factor kappa B (NF-κB)
signaling and subsequently decreases the release of
proinflammatory cytokines (TNF-α, IL-1β, and IL-6).
Moreover, miR-21-5p targets SPRY1, causing subsequent
activation of vascular endothelial growth factor (VEGF)-
induced extracellular signal-regulated kinase 1/2 (ERK)-
mitogen-activated protein kinase (MAPK) signaling to
promote angiogenesis and mature vessel formation. In a
recent study by our group, an ECM-mimicking hydrogel
system with immunomodulatory and angiogenic func-
tions was established to treat MI (Fig. 4a)78. The hydrogel
was synthesized through a Schiff reaction between
hydrazide-hyaluronic acid (HA-HYD) and aldehyde-
hyaluronic acid (HAALD) and aldehyde-dextran sulfate
(DS-ALD). Then, artificial apoptotic cells (AACs) and
VEGF were encapsulated into this injectable hydrogel.
AACs are composed of the main components of the
apoptotic cell membrane, including phosphatidylserine
(PS), phosphatidylcholine (PC) and cholesterol. Because
of the different electrostatic interactions between AACS,
VEGF and hydrogel, the rapid release of AACS and the
slow release of VEGF could be achieved. The results
revealed that the released AACs could be internalized by

macrophages and exert immune regulation via the pro-
motion of M1 macrophage polarization to M2 macro-
phages (Fig. 4b), while VEGF promoted angiogenesis in
the infarct area.
The effector molecules of the adaptive immune

response can greatly promote the innate immune
response. For example, antibodies can promote the pha-
gocytic ability of phagocytes and the cytotoxicity of NK
cells. Moreover, the cytokines secreted by T cells can
promote the maturation, migration, and cytotoxic capa-
city of innate immune cells participating in the response.
Hence, the repair function of adaptive immunity is gra-
dually being studied and exploited by researchers to
promote cardiac function after MI. For instance, Hof-
mann et al.79 demonstrated that T lymphocytes, especially
CD4+ T cells, became activated and played an important
role in wound healing after MI; moreover, reduced CD4+

T-cell activation could cause the formation of collagenous
scar tissue. This research group80 further confirmed the
functional role of Foxp3+ CD4+ regulatory T cells (Treg

cells) in wound healing after MI. They found that acti-
vation of Tregs could induce an M2-like macrophage
phenotype and reduce proinflammatory responses within
the healing myocardium. Moreover, Zacchigna et al.81
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Fig. 4 Immunomodulatory hydrogels used for treating MI. a Schematic illustration of the formation of AAC/VEGF-loaded ECM-mimicking
hydrogel. b Schematic diagram illustrating the immunomodulation of AACs to downregulate inflammatory factors to protect cardiomyocytes.
Copyright 2021, Elsevier Science (ref. 78).
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confirmed that Tregs could promote cardiomyocyte pro-
liferation in a paracrine manner via the secretion of six
factors (CST7, TNFSF11, IL33, FGL2, MATN2, and IGF2)
by Tregs. Collectively, these studies demonstrated the
complex interplay between adaptive (T cells) and innate
(macrophages) immunity following MI while presenting a
novel therapeutic modality for the treatment of patients
with MI.

Conductive hydrogels
The myocardium is a tissue that contracts and relaxes in

response to electrical impulses82. However, the formation
of fibrous scar tissue in the infarcted area hinders the
electrical conduction of the heart after MI, making the
synchronous contraction between normal myocardial
tissue and fibrous scar tissue abnormal, ultimately causing
ventricular dysfunction. Conductive hydrogels act as a
bridge to enhance the communication and electrical
coupling between normal and damaged CMs, facilitating
the resynchronization of cardiac contractions and
improving cardiac function83,84. Therefore, conductive
hydrogels are widely used in cardiac tissue engineering.
The conductivity range of native myocardium varies from
10−4 to 10 S/cm85, which can be used as reference values
for preparing conductive hydrogels used in repairing
cardiac tissue engineering after MI.
Conductive nanostructures and conductive polymers

are generally used to form electron-conductive hydrogels
and are applied in cardiac tissue engineering86,87. Navaei
et al.88 introduced gold nanorods (GNRs) into a metha-
cryloyl gelatin (GelMA) solution to construct conductive
hydrogels. The electrical conductivity of the hybrid
hydrogel was adjusted to allow rhythmic contraction of
the CMs when cultured on GelMA-GNR hydrogels.
Similarly, Pok et al.89 prepared a conductive hydrogel by
dispersing carbon nanotubes into a hydrogel precursor
solution by ultrasound. This hydrogel significantly
improved the electrical coupling between CMs. In addi-
tion, a conductive polypyrrole (PPy)-chitosan hydrogel
was synthesized and used for treating MI90. The results
demonstrated that compared with a nonconductive
hydrogel, the conductive hydrogel effectively enhanced
Ca2+ signal conduction in neonatal rat CMs in vitro while
decreasing the QRS interval and improving electrical
pulse signal conduction and cardiac function after MI.
Recently, our research group also reported the appli-

cation of a series of conductive hydrogels in treating MI.
For example, graphene oxide (GO) was incorporated into
a PEGDA700-melamine/thiol-modified HA (PEG-MEL/
HA-SH) hydrogel81. The introduction of GO improves
not only the conductivity but also the stability and anti-
fatigue capacity of the hydrogels. Next, considering the
metabolic toxicity of conductive particles, we developed
new conductive systems. For example, tetraaniline (TA),

as an excellent electroactive and biocompatible material,
was combined with PEGDA to obtain a multiarmed
conductive crosslinker tetraaniline-polyethylene glycol
diacrylate (TA-PEG), which is capable of forming hydro-
gels (TA-PEG/HA-SH) with HA-SH through a Michael
addition reaction91. The results suggest that the TA-PEG/
HA-SH hydrogel has excellent conductivity, correspond-
ing to that of myocardial tissue, which can be altered by
adjusting the concentration of TA-PEG. In addition,
unlike doping PPy into hydrogels, our group developed
and synthesized new conductive hydrogels based on
PPy12,92. The pyrrole monomer was coupled to a water-
soluble hyperbranched macromolecule, and PPy was
formed by in situ polymerization under the action of an
oxidant, thus avoiding the inhomogeneity of directly
mixing polypyrrole into hydrogels (Fig. 5a)92. Moreover,
conductive PPy served as a crosslinking site, making the
gel network and conductive system more stable and
uniform. Furthermore, the conductive hydrogel patch
maintained a relatively normal QRS interval (Fig. 5b) and
effectively promoted electric pulse signal conduction and
gap junction protein (Cx-43) expression in infarcted
myocardium (Fig. 5c). In another study, we modified PPy
with dopamine to enhance its hydrophilicity, allowing it to
disperse evenly in the hydrogel precursor solution12.
A homogeneous hydrogel network was prepared between
dopamine-gelatin (GelDA) conjugates and dopamine-
functionalized polypyrrole (DA-PPy) under Fe3+-
induced ionic coordination. This conductive hydrogel, as
a cardiac patch, also improves electrical signal conduc-
tion in infarct myocardium. In a recent study, PPy-
chitosan hydrogel (PPY-CHI) hydrogel was used to
explore the function of conductive hydrogels in pre-
venting heart failure93. The results demonstrated that
conductive hydrogels could enhance electrical con-
ductivity to synchronize cardiac contractions by reducing
the electrical resistivity of the infarcted area, providing a
theoretical basis for the application of conductive
hydrogels in MI treatment.
Although electronic conductors can endow hydrogels

with good conductivity and have achieved excellent
therapeutic effects in the treatment of MI, the generation
of heterogeneous networks is inevitable when embedded
into hydrophilic hydrogels due to their hydro-
phobicity94,95. Therefore, ionic conductive hydrogels have
been gradually applied for the treatment of MI. For
instance, a conductive choline-based bioionic liquid (Bio-
IL) integrated into a GelMA-based hydrogel promotes the
adhesion, proliferation, and electromodulation of primary
CMs in vitro96. Moreover, PAA, which exhibits electrical
activity owing to the carboxyl groups on its side chain
undergoing deprotonation into carboxylate ions in the
media, was introduced into an oxidized alginate (OA)/
gelatin (Geln) system to synthesize a novel hydrogel
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(POG) with excellent conductivity and self-healing prop-
erties85. The conductivity of the hydrogel could be
adjusted by changing the PAA concentration (35.36 ±
7.72 × 10−3 S/cm was achieved when the PAA content
was 16.6 mg/ml). The POG1 hydrogel also participates in
effective crosstalk with CMs through electrical signaling
and promotes the resynchronization of CMs. In vivo
studies have demonstrated that POG1 hydrogel could
significantly reduce left ventricular remodeling and
restore myocardial function. Our research group recently
synthesized an ionic conductive zwitterionic (PCB-OAA)

hydrogel. In this study, zwitterionic PCB-OH polymers
were prepared by thermally initiated polymerization of a
CB-OH monomer, and then macromonomer PCB-OAA
was synthesized by an acylation reaction between PCB-
OA and acrylic anhydride (Fig. 5d)97. The PCB-OAA
hydrogel was prepared by simply mixing PCB-OAA and
DTT via a Michael addition reaction. The cation-anion
ion pair on the side chain affords the PCB-OAA hydrogel
excellent conductivity similar to that of the native myo-
cardium. Moreover, it can improve the expression of Cx-
43 when injected into infarcted areas after MI. Hence, the

a b

c

d

Fig. 5 Conductive hydrogels used for treating MI. a Schematic illustration of the formation of a conductive and adhesive hydrogel and its
application by painting directly on the surface of MI hearts in SD rats. b QRS intervals determined by ECG. c Immunofluorescent staining images of
Cx-43 protein expression in infarcted hearts after 4 weeks. Copyright 2018, Wiley & Sons Inc. (ref. 91). d Schematic illustration of a conductive
zwitterionic PCB-OAA hydrogel. Copyright 2021, Elsevier Science (ref.97).
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construction of conductive hydrogels for cardiac repair is
of great significance, as they facilitate improved inter-
cellular communication.

Proangiogenic hydrogels
Angiogenesis is essential in the process of embryo

growth and for physiological repair throughout life98.
During MI, an insufficient blood supply to the myo-
cardium represents an important cause of myocardial cell
death and left ventricle pathological remodeling; thus, the
formation of new blood vessels is of great significance
after MI99. In addition, the formation of new blood vessels
can restore the blood and nutrient supply to ischemic
myocardium100.
Nitric oxide (NO) is an endogenous bioactive factor

and, as a signal molecule, can mediate the regulation of
many pathways, including those associated with the
circulatory system and cardiac protection101,102. In the
treatment of MI, exogenous NO can stimulate the for-
mation of blood vessels by promoting the expression of
proangiogenic cytokines, reducing the unadaptable
remodeling of the left ventricle and improving myo-
cardial function103. Therefore, many researchers have
developed NO production hydrogels (including exo-
genous NO supplementation and endogenous NO gen-
eration) for treating MI.
The β-galactose-caged NO donor is covalently bound

to naphthalene-conjugated short peptide (NapFF) to
form hydrogels (NapFF-NO) through the self-assembly of
peptide chains and release NO in response to
β-galactosidase (Fig. 6a)104. In vitro experiments showed
that the NapFF-NO hydrogel could activate VEGF/
VEGFR2 pathways by releasing NO to promote the
expression of vascular-related factors, endothelial cell
migration, and angiogenesis (Fig. 6b). Meanwhile, in vivo,
NapFF-NO hydrogels have been shown to release NO
continuously in the myocardium, reduce left ventricular
unadaptable remodeling, and increase the vascularization
of infarcted myocardial tissue. Similarly, Ou et al105.
introduced NO donors into hydrogels to improve cardiac
function after MI. They synthesized two types of peptide
derivatives, namely, Compound 1 containing curcumin
(anti-inflammatory, antioxidation, and antiapoptotic
effects) and Compound 2 containing an NO donor.
When the two components were mixed with a suitable
amount of GSH, they formed supramolecular hydrogels,
which could continue to release curcumin for over 24 h
and release NO continuously under the catalysis of
β-galactosidase. The results demonstrated that NO could
inhibit inflammation after MI by regulating the expres-
sion of TGF-β1 and promoting the regeneration of blood
vessels, thus improving damaged myocardial tissue. In
vivo results showed that the combination of curcumin
and NO could maintain the geometric structure of the

left ventricle and reduce collagen deposition and ven-
tricular remodeling. The excessive ROS produced after
MI could rapidly metabolize NO to form peroxynitrite,
which further induces nitrous stress and tissue damage
and reduces NO bioavailability. In view of this, Nagasaki
et al.106 synthesized a hydrogel that simultaneously
releases NO and scavenges ROS. L-arginine, which could
react with iNOS enzymatically to release NO, was
introduced to the hydrogel, along with the PMNT-
PEGPMNT polymer, which could eliminate ROS and
protect against endogenous NO. The results demon-
strated that the hydrogel continually releases NO and
improves its bioavailability in the infarcted area. Unlike
using NO donors, Wang et al.91 incorporated DNA-eNOs
into an injectable hydrogel, which could promote the
release of NO through the efficient and controllable
expression of eNOs in MI. They demonstrated that the
hydrogel transports the eNOs gene to the MI area and
promotes its transfection and expression. Meanwhile, the
expression of eNOs promotes the release of NO from
endothelial cells, thus inducing neovascularization,
improving the local blood supply to the MI area and
promoting the recovery of cardiac function.
In addition to angiogenesis through the exogenous

supply of NO, proteins related to angiogenesis have also
been encapsulated into hydrogels to promote angio-
genesis in infarcted myocardium. For example, VEGF-A
was loaded on a PEGylated fibrinogen hydrogel to
improve arteriogenesis in the infarcted myocardium107.
Enhanced angiogenesis is more effectively achieved via
the delivery of multiple growth factors than a single
factor. Thus, two vascular-related growth factors, VEGF
and platelet-derived growth factor (PDGF), have been
used in the treatment of MI99. VEGF is an important
factor for angiogenesis, and PDGF can recruit mural
cells to cover neovessels and provide stability after
luminal formation. Since the affinity of PDGF to heparin
is weaker than that of VEGF, PDGF is easier to release
from the heparin-based coacervate. Therefore, to
achieve the sequential release of VEGF and PDGF,
VEGF was embedded in a fibrin gel, and PDGF was
embedded in a heparin-based coacervate, which was
then distributed in the above fibrin gel (Fig. 6c, d). This
system was found to rapidly release VEGF to promote
angiogenesis and stabilize the vasculature through the
subsequent release of PDGF. The sequential delivery
group showed more neovascularization and mature
vessels, improved cardiac function, and reduced infarct
area than the other groups (Fig. 6e). Additionally,
Coulombe et al.108 used three proteins to promote
vascular regeneration: VEGF, bFGF, and sonic hedgehog
(Shh). Among those, VEGF and bFGF have been inclu-
ded in angiogenesis therapies, as they are key factors
in angiogenesis during embryonic development and
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demonstrate synergistic effects in adult vascular recon-
struction, while Shh is a morphogenetic agent activated
in the early embryo to promote the development of
three-dimensional tissue and the stability of neovascu-
larization. These proteins were loaded in alginate
microspheres and incorporated in a collagen-based
hydrogel. The effects of VEGF and bFGF in the two-
dimensional vascularization experiment were super-
imposed, and Shh further enhanced the growth of blood
vessels in the three-dimensional modified aortic ring
vascularization experiment, which showed that the three
angiogenic proteins together promoted angiogenesis
more effectively than any single protein. In vivo, the
number of blood vessels in the infarct area of the ani-
mals treated with a combination of CMs and angiogenic
factors increased by 49.8% compared with that in the
untreated animals, and heart function was improved.
Thus, vascular regeneration is an important process in
myocardial repair. Regardless of the method selected to
promote the formation of vessels in the infarct area, they
represent potential future treatment options for MI.

3D-printed hydrogels
3D printing technology is widely used in cardiac tissue

engineering, as it can be customized to create the complex

structures of myocardial tissues while integrating materials
and cells44,45. Lee et al.109 developed a new bioink using
gelatin, GelMA, and methacryloyl-substituted recombi-
nant human collagen (MeTro) (Fig. 7a). Meanwhile,
lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP)
was used as the photoinitiator to generate bioprinted
structures crosslinked under visible light, thereby elim-
inating the effect of ultraviolet radiation on cells (Fig. 7b).
The introduction of MeTro enhanced the resilience of
composite hydrogels, which could be modified to achieve
similar soft tissue mechanics and support cell adhesion
and proliferation. For the 3D printing process, cardiac
fibroblasts (CFs)/CMs and human umbilical vein endo-
thelial cells (HUVECs) were loaded in GelMA bioink to
represent parenchymal cardiac tissue, and HUVECs were
loaded in MeTro/GelMA bioink to form vessels (Fig. 7c-f).
The printed hydrogel structure shows the function of the
endothelial barrier and the spontaneous beating of myo-
cardial cells, which are important functions of heart tissue
in vivo. Liu et al.44 mixed neonatal rat ventricular myo-
cytes (NMVCMs) with hydrogel precursor solutions and
constructed a 3D hydrogel scaffold simulating the myo-
cardial structure via microscale continuous optical print-
ing (μCOP). This hydrogel scaffold consists of three types
of hydrogels, namely, a basal layer, 2% HAGM/2%
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Fig. 6 Proangiogenic hydrogels used for treating MI. a Structural formula of NapFF-NO hydrogel. b NapFF-NO hydrogel-promoted AD-MSC
paracrine secretion of angiogenic cytokines. Copyright 2015, Elsevier Science (ref. 99). c Schematic illustration of the sequential release of VEGF and
PDGF. d Release curve of VEGF and PDGF from the hydrogel. e Immunofluorescence analysis of VWF (red) and α-SMA (green) to reflect the level of
neovascularization. Copyright 2015, Elsevier Science (ref. 104).
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PEGDA; cantilevers, 15% GelMA; and a parallel line pat-
tern, 5% GelMA. CMs encapsulated in this 3D hydrogel
scaffold could align with the engineered microarchitecture
and display the morphology and myofibril alignment
phenotypes of the myocardium in vivo. In addition to 3D
printing myocardial tissues, the whole heart has been
generated in this manner. To achieve this, hydrogels with
extracellular matrix as a bioink are used110. Endothelial
cells and cardiac myocytes are combined with hydrogel ink
to form cardiac parenchyma tissue and vascular structure,
respectively (Fig. 7g-j). Similarly, Lee et al.45 proposed a
method for 3D bioprinting collagen using freeform
reversible embossing of suspended hydrogels (FRESH) to
design human heart components at different scales, from
capillaries to entire organs. Following encapsulation of
CMs in the collagen, the resulting 3D-printed cardiac
ventricles showed synchronized contractions, oriented
action potential propagation, and a 14% thickened wall
during peak systole. Although 3D printing of cardiac
scaffolds or intact hearts can achieve certain functions
in vitro, its mechanical properties are far from those of
natural myocardial tissue.

Other hydrogels
In addition to NO, gaseous signaling molecules, such as

CO and H2S, have anti-inflammatory, antiapoptotic and
cell-protective roles in cardiovascular diseases111,112.
Therefore, CO- or H2S-releasing hydrogels have also been
used to treat MI. For example, Kim et al.113 developed a
CO-releasing peptide hydrogel. First, tricarbonylchloro
(glycinato)ruthenium (II) (CORM-3, Ru(CO)3Cl(glyci-
nate)), which could process a water-gas shift under phy-
siological conditions, was incorporated into diphenylalanine
(FF)-peptide; thereafter, the hydrogel was formed by coas-
sembling the CORM-3-attached FF-peptide and fluor-
enylmethoxycarbonyl (Fmoc)-FF. The results demonstrated
that the CO-releasing hydrogel could reduce cardiomyocyte
apoptosis under oxidative stress conditions. Furthermore,
our research group synthesized an H2S-releasing hydro-
gel114, in which the H2S donor 2-aminopyridine-5-
thiocarboxamide was coupled to oxidized alginate by a
Schiff base reaction. The hydrogel was shown to release
H2S under L-cysteine stimulation and exhibited anti-
inflammatory and angiogenic functions in the treatment
of MI. In another study115, calcium oxide was loaded on the
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Fig. 7 3D-printed hydrogels used for cardiac tissue engineering. a, b Synthesis process of the GelMA/MeTro composite hydrogel. c Schematic
describing the 3D bioprinting of vascularized cardiac constructs with HUVEC-laden MeTro/GelMA bioink and CM/CF/HUVEC-laden GelMA bioink.
d-f Construction process of vascularized cardiac tissue. Green and red food colors were used to distinguish the MeTro/GelMA and GelMA bioinks,
respectively. Copyright 2020, Wiley & Sons Inc. (ref. 109). g Human heart CAD model. h, i A printed heart within a support bath. j 3D confocal image of
the printed heart (CMs in pink, ECs in orange). Copyright 2019, Wiley & Sons Inc. (ref. 110).
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cardiac patch, and oxygen was slowly produced following
contact with the moist myocardium, which could improve
the hypoxic conditions of infarcted areas and increase the
survival rate of CMs. The use of gaseous signaling mole-
cules to improve the cardiac microenvironment is also a
potential method for the treatment of MI.

Conclusions and future outlook
This review briefly introduces the variations within

the myocardial microenvironment after MI and the
application of functional hydrogels in treating MI.
Since the myocardial microenvironment is highly
complex following MI, functional hydrogels are cur-
rently designed to address only one or two aspects of
this system. Therefore, it is expected that more com-
posite functional hydrogels will be developed in the
future to allow complete healing of the myocardium
after injury. In addition to functional matching, the
mechanical properties of hydrogels must also mimic
those of natural myocardial tissue, with the materials
used already approved for medical use. The three-
dimensional network structure of hydrogels can facil-
itate the transportation of nutrients, but this trans-
portation process is mainly achieved by diffusion.
Dense hydrogel networks limit the transportation of
nutrients and tissue ingrowth. The effectiveness of cell
therapy and tissue regeneration are closely related to
the porosity of biomaterials. Therefore, porous hydro-
gels are promising cardiac patches. Moreover, to date,
the therapeutic effect of hydrogels on MI has only been
verified in small animal models; therefore, it will also be
necessary to perform large animal and clinical studies
to further confirm the observed effects and to detect
any potential adverse events. Additionally, the studies
that have examined the therapeutic potential of
hydrogels have only done so over a maximum time
period of 1 month, which is not sufficient to detect any
long-term effects. Thus, longer-duration studies are
warranted to evaluate the effects of cardiac function
following hydrogel degradation. Moreover, exploring a
feasible minimally invasive therapeutic to replace the
current thoracotomy will be required to alleviate injury
following MI in the future.
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