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ABSTRACT

Myocardial infarction (MI) is a leading cause of
death globally. Due to limited cardiac regenera-
tion, infarcted myocardial tissue is gradually
replaced by cardiac fibrosis, causing cardiac dys-
function, arrhythmia, aneurysm, free wall rup-
ture, and sudden cardiac death. Thus, the
development of effective methods to promote
cardiac regeneration is extremely important for
MI treatment. In recent years, hydrogels have
shown promise in various methods for cardiac
regeneration. Hydrogels can be divided into
natural and synthetic types. Different hydrogels
have different features and can be cross-linked in
various ways. Hydrogels are low in toxicity and
highly stable. Since they have good biocompati-
bility, biodegradability, and transformability,
moderate mechanical properties, and proper
elasticity, hydrogels are promising biomaterials
for promoting cardiac regeneration. They can be
used not only as scaffolds for migration of stem
cells, but also as ideal carriers for delivery of
drugs, genetic materials, stem cells, growth fac-
tors, cytokines, and small molecules. In this
review, the application of hydrogels in cardiac
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regeneration during or post-MI is discussed in
detail. Hydrogels open a promising new area in
cardiac regeneration for treating MI.
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Myocardial infarction (MI) is a leading
cause of death globally.

Hydrogels have low toxicity and are
highly stable, with good biocompatibility,
biodegradability, and transformability,
moderate mechanical properties, and
proper elasticity, making hydrogels
promising biomaterials in treating MI.

Hydrogels can be divided into natural and
synthetic types.

Hydrogels have different cross-linking
methods.

Hydrogels can be delivered to the heart by
multiple routes.

Hydrogels can be used as carriers for
delivering drugs, stem cells, small
molecules, and other treatments for MI.
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INTRODUCTION

Myocardial infarction (MI) is one of the most
common cardiac diseases globally, contributing
to significant morbidity and mortality. Ischemia
during MI causes a significant loss of viable
myocardial tissues, which impairs cardiac
function. Because cardiomyocytes are termi-
nally differentiated cells with extremely low
ability for cardiac regeneration, collagen and
extracellular matrix (ECM) will be synthesized
to form scars and replace the infarcted myo-
cardium. However, scars are less elastic and
incompatible with cardiac contraction and
dilation, leading to cardiac dysfunction and
heart failure. In order to promote cardiac
regeneration and mitigate cardiac remodeling
after MI, numerous studies have attempted to
deliver drugs, stem cells, cytokines, growth
factors, and small molecules to infarcted cardiac
tissues. Stem cell transplantation can promote
cardiac regeneration and restore cardiac dys-
function after MI [1, 2]. However, low retention
and survival rates of stem cells are two major
issues limiting their efficacy. Moreover, pro-
teins, growth factors, and small molecules have
short half-lives, low bioavailability, short
retention, and low stability, all of which limit
their effective application as well.

Hydrogels are a category of networks with
three-dimensional swollen structures. In recent
years, hydrogels have been widely applied in
biology and medicine. They have an incredible
superabsorbent ability: when placed in a com-
patible liquid medium, they can absorb at least
20 times their own weight of water from the
liquid media. These swelling structures can
maintain specific volumes for a period of time,
and they are quite stable and resistant to dis-
solving due to the cross-links. When an aqueous
medium is absent, hydrogels will shrink [3].
Since hydrogels have high water content and
share a similar flexibility as natural tissues, they
are ideal biomaterials for use on natural tissues.
Mounting evidence demonstrates that hydro-
gels not only can be applied to tissue engi-
neering, but also can be utilized in regenerative
medicine to deliver cells, drugs, and proteins
due to their physical and chemical features,

which can stabilize and retain those small
molecules. Numerous studies have demon-
strated that hydrogels coupled with growth
factors, genes, drugs, and stem cells show great
potential in cardiac regeneration. Single
hydrogel use or combination with small mole-
cules can significantly ameliorate cardiac dys-
function, enhance revascularization, and
attenuate cardiac remodeling in animal models
with MI or ischemic reperfusion (I/R) injury.
Moreover, hydrogels can be easily modified and
are injectable at body temperature, which
facilitates their application in cardiac
regeneration.

The aim of this review is to summarize cur-
rent applications of hydrogels in tissue engi-
neering and cardiac regeneration post-MI,
providing readers with a general understanding
of the importance of hydrogels in cardiac
regeneration. This article is a review article
which is based on previously conducted studies
and does not contain any new studies with
human participants or animals performed by
the author.

FEATURES OF HYDROGELS
IN CARDIAC REGENERATION

Hydrogels suitable for cardiac regeneration
must meet the following demands:

(1) Biocompatibility and non-stimulation. Hydro-
gels should be biocompatible without any
stimulation for local and systematic
inflammation and immune response,
which allows them to coexist well with
tissues and promote wound healing.

(2) Biodegradability. Hydrogels are foreign
materials to the body. If not degraded,
inflammation and immune response will
be induced, which will impede tissue heal-
ing. However, a moderate rate of degrada-
tion is needed, neither too fast nor too
slow. It should be gradually degraded and
last for a proper period, allowing sufficient
time for the delivery of molecules and
tissue regeneration.

(3) Transformability. Hydrogels must have the
ability to transform from an aqueous phase
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to a solid form. As a liquid form, hydrogels
can be easily delivered to the injured sites
by simple covering of the tissue or direct
local injection. After transformation into a
solid phase by multiple cross-links and
water absorption, hydrogels can provide a
solid interface for tissues and cells to
adhere to and regenerate.

Nontoxic and low injury. As a therapeutic
method for wound healing and tissue
regeneration, hydrogels must be nontoxic
to provide an ideal microenvironment for
healing.

Suitable mechanical properties and elasticity.
The proper mechanical properties offer a
scaffold for tissue regeneration, and local-
ize the range of tissue repair. The elasticity
allows the hydrogels to be highly biocom-
patible with local tissues, which reduces
local injury and promotes wound healing.
As hydrogels are easily tunable, their
mechanical and elastic properties can be
modified by adjustment of many factors.
Water absorptivity. Water plays an indis-
pensable role in hydrogel structures and
can only be isolated under extreme cir-
cumstances. Hydrogels must absorb a large
amount of water to form hydrated solid
hydrogels in order to achieve similar flex-
ibility as natural tissues. In this case, low
interfacial tension exists between hydro-
gels and tissues, which can benefit tissue
regeneration.

Odorless and colorless. Hydrogels are odor-
less and transparent. The transparency
allows surgical visualization and helps in
evaluating the amount of hydrogel that is
applied to target tissues, which enables
timely adjustment during procedures.
High durability and stability. Hydrogels must
have proper durability in different biolog-
ical and physical environments. Long-s-
tanding hydrogels provide a
stable microenvironment, which act as
scaffolds for cell migration, proliferation,
regeneration, and drug delivery.
Cost-effective. Most natural hydrogels are
derived from natural resources, making
them more cost-effective than synthetic
hydrogels. Synthetic hydrogels are more

expensive but have better mechanical and
physical properties than natural hydrogels.

CLASSIFICATION OF HYDROGELS

There are many ways to classify hydrogels.
Based on their origin, hydrogels can be classi-
fied as natural or synthetic. Based on composi-
tion, hydrogels can be defined as
homopolymeric, copolymeric, or multipoly-
meric. According to their chemical components
and physical structure, hydrogels can be defined
as crystalline, semicrystalline, or amorphous
(noncrystalline). Based on interactions among
polymer networks, hydrogels can be classified as
permanent, chemical, or physical gels [4]. Nat-
ural hydrogels have many excellent properties,
including good biodegradability, easy availabil-
ity, and lower toxicity and manufacturing cost.

With the rapid development of technology,
natural hydrogels are continuously being
replaced by synthetic hydrogels because syn-
thetic hydrogels have stronger water absorp-
tion, longer half-life, and greater stability
against temperature fluctuations in different
environments. Their degradability can be tuned
by structural modification, and their function-
ality can be modified by adjusting the ratio of
ingredients, molecular weights, and cross-link-
ing methods [4]. Synthetic hydrogels have
lower immune response, which facilitates their
application as artificial biocompatible materials
in regenerative medicine. A summary of the
hydrogel features and applications can be seen
in Fig. 1.

Natural Hydrogels

Alginate

Alginate is a natural polysaccharide existing in
the cell walls of brown seaweed. It has been
widely used in the food, biomedical, and phar-
maceutical fields. As its structure is quite similar
to ECM, it has great biocompatibility in vivo [5].
Alginate is a polymer and forms a cross-linked
hydrogel with the existence of divalent cations.
Alginate hydrogels carry a low risk of inducing
thrombogenesis, making it a preferred material
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in cardiac regeneration. However, it has poor
stability and poor cell adhesion in vivo, and
sometimes requires modification to improve
endurance and stability [6]. Alginate cross-
linked with calcium can be used for intramy-
ocardial/intracoronary injection as a liquid
solution [5, 7]. It can be produced as an epi-
cardial patch for MI in small and large animals,
and can prevent cardiac remodeling after MI,
thus holding promise for use in cardiac
regeneration.

Collagen

Collagen, a natural rod-type polymer, is the
most abundant structural protein in mammals,
representing 25-35% of the total protein in the
body. It is widely distributed in connective tis-
sue and extracellular space, acting as a scaffold.

A closer look into the

It is abundant in fibrous tissues as well. Colla-
gen maintains tissue infrastructure and partici-
pates in cell phenotype, cell adhesion, and
tissue regeneration. It is reported that ECM is
one of the most common structural proteins in
cardiac tissue, and collagen I is the richest in
cardiac ECM. Elastin is another common struc-
tural protein in ECM to provide elastic proper-
ties. The normal ratio of elastin to collagen is
about 1:10 [8, 9]. By regulating this ratio, the
elastic and mechanical properties can be adjus-
ted to tailor material properties. Because of the
remarkable tissue biocompatibility and low
immunogenicity, collagen has great potential in
regenerative medicine. It has also been applied
in 3D printing technology to generate organ
and tissue growth, such as aortic valves encap-
sulated with human valvular interstitial cells
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[10]. In recent years, collagen has been utilized
as a novel biomaterial for cardiac regeneration
after MI. It is prepared in an injectable manner
and further assembled at a certain pH or cir-
cumstance. Collagen hydrogel can be chemi-
cally cross-linked and has already been tested
safe in many animal models. Blackburn et al.
delivered collagen hydrogels to MI mice by
intramyocardial injection and showed a
remarkable improvement in cardiac dysfunc-
tion and reduction in cardiac fibrosis by around
40% relative to the control treated with phos-
phate-buffered saline (PBS) [11]. Another group
of scientists applied collagen hydrogel onto the
epicardial infarcted area in mice with MI and
obtained similar results. Moreover, the collagen
patch also decreased cardiac remodeling by
decreasing fibrogenesis [12]. Arafia et al. applied
collagen patches together with adipose-derived
stem cells (ADSCs) epicardially in rat and swine
MI models, and discovered that collagen pat-
ches with rat ADSCs (rADSCs) could signifi-
cantly promote cell engraftment and enhance
cardiac function in chronic MI models. This
combination reduced fibrosis and improved the
formation of new vessels [13].

Fibrin

Fibrin is a natural biopolymer derived from
fibrinogen and thrombin that is involved in
wound healing [14]. During the production of
fibrin hydrogels, the isolated thrombin, fib-
rinogen, and calcium are combined. In vitro
environments significantly affect the structure
of fibrin hydrogels. Faster gelation can be
induced by a higher thrombin concentration,
whereas thicker-diameter fibers and smaller
pore sizes can be obtained with low thrombin
concentration. Fibrin can be utilized as a tissue
sealant or a drug and growth factor delivery
platform. Intramyocardial injection of fibrin
hydrogel with skeletal myoblasts on rat MI
models showed a significant decrease in scar size
and collagen deposition, and a notable increase
in arteriole density around the infarct area.
Fibrin also promoted remarkable survival of
skeletal myoblasts during cardiac repair [15].
Intracardial injection of fibrin with rAAV9-cy-
clinA2 in rat MI models was shown to signifi-
cantly preserve cardiac function, decrease

cardiac remodeling, and enhance vasculariza-
tion [16].

Hyaluronic Acid

Hyaluronic acid (HA) is a disaccharide with
non-sulfated and unbranched features [17]. It is
widely distributed in the ECM in connective
tissues, and the size of a highly hydrated
molecule can range from 100 to 8000 kDa [18].
As HA has strong hydrophilicity, it can absorb
water of more than 1000 times its solid volume.
Due to good biocompatibility and biodegrad-
ability, low immune response, and proper vis-
cosity, HA has been widely used in biomedical
fields and cardiac regeneration. HA takes part in
wound repair and healing, signal transduction,
cell proliferation, and tissue recovery after
injury. Intramyocardial injection of HA hydro-
gel with engineered stromal cell-derived factor
1-o analogue (ESA) into a rat model with MI
showed a significant improvement in cardiac
function, revascularization, and reduced fibrosis
after myocardial ischemia [19]. However, HA
has poor cell adhesion and retention, which
results in low cell retention and survival when
used as a cell delivery material [20].

Gelatin

Gelatin is a mixture of polypeptides made from
collagen, which is why it has good biocompat-
ibility and biodegradability. Hydrogel made
with gelatin is a water-soluble and biodegrad-
able polymer that is nontoxic, and the cross-
links can be induced by chemical or light cross-
linking [21, 22]. It is transparent and thermo-
reversible, which is opposite to collagen
hydrogels. Gelatin can be easily isolated and has
high solubility. It is cost-effective for process-
ing. The ideal feature of gelatin hydrogels is that
they maintain a liquid form when the temper-
ature is above 35°C and transform into a gel
phase below this temperature. Thus, in physio-
logical environments, gelatin hydrogel exists as
a liquid form which needs chemical cross-link-
ing for cell seeding and culture in vivo. Inter-
estingly, gelatin hydrogel can be dried by
freezing [23]. Moreover, gelatin can be bio-
printed by 3D technology with other biomate-
rials and dissolved at 37 °C [24]. Our previous
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research applied hydrogels made with gelatin
methacryloyl (GelMa), which showed a signifi-
cantly improved survival rate and cardiac
function in mouse MI models; moreover, it
increased anterior wall thickness and reduced
fibrosis and scar formation, indicating that
gelatin-based hydrogels have good biosafety
and biocompatibility, thus holding promise for
treating MI [25]. Because gelatin is a good drug
delivery system, biomolecules can be delivered
and released by gelatin hydrogel as it is degra-
ded in the biological environment. Reloading of
drugs can be performed by rehydration or
freezing [26]. Gelatin hydrogels have already
been used extensively in tissue regeneration.
Previous research indicated that gelatin hydro-
gel coupled with basic fibroblast growth factor
(bFGF) improved cardiac function after MI in rat
and canine models [22, 27]. Engineered cardiac
tissue constructed with single-walled carbon
nanotubes/gelatin scaffold achieved notable re-
pair of infarcted myocardium, and demon-
strated stronger contraction and electrical
properties. After implantation into infarcted
myocardium, engineered myocardial tissue was
beneficial for heart regeneration and remodel-
ing [28].

Matrigel

Matrigel is a soluble gelatinous protein which is
secreted by mouse sarcoma cells. Matrigel is
similar to the extracellular environment which
has been applied for tissue regeneration in
recent years. It is abundant in the basement
membrane, and its major components are col-
lagen V and laminin. Moreover, it contains
many growth factors as well. Matrigel is a ther-
mosensitive injectable biopolymer which makes
itself in a liquid form at 4 °C and is self-assem-
bled at 37 °C [29]. Matrigel is cytoprotective and
can be coated with different cells for tissue
regeneration, providing a good microenviron-
ment for cellular attachment, proliferation,
differentiation, and angiogenesis because it
contains many growth factors [30].

Ou et al. applied Matrigel on rat MI models
by intramyocardial injection into five different
points in the anterior and lateral sides. Com-
pared with control (PBS), Matrigel markedly
improved left ventricular function. Although

the scar size was not significantly different
between these two groups, left ventricular
thickness and new vessel formation were sig-
nificantly increased by Matrigel treatment after
MI [30]. Wang et al. discovered that human
villous trophoblasts enhanced tube formation
of human endothelial cells on Matrigel, and
strengthened the resistance of neonatal rat car-
diomyocytes against oxidative stress. The
delivery of human villous trophoblasts to the
cardiac ischemic area significantly restored car-
diac function and decreased fibrosis in mice MI
models [31]. Another study indicated that a pro-
survival cocktail with Matrigel was able to pro-
vide a large graft and more mature iPS-cell-
derived cardiomyocytes in ischemic cardiac tis-
sue from rat MI models after 4 weeks of treat-
ment, and reduced scar size following MI [32].

Silk Fibroin

Silk fibroin is another widely utilized biomate-
rial. It can be acquired in abundance from nat-
ure and purified by aqueous-based, nontoxic
solvents at low cost [33]. Nowadays, the main
source of silk is biomanufacturing and genetic
engineering. Silk fibroin is an outstanding bio-
material for use in drug delivery. Sericin is a
hydrophobic protein that can be used to coat
silk fibroin fibers. However, because it can
induce immunogenic and inflammatory
responses, it is usually removed during manu-
facturing. The hydrogel manufactured from silk
fibroin has many advantages. Because silk
fibroin has excellent elasticity, the hydrogels
derived from silk fibroin have robust mechani-
cal properties and excellent elasticity [33]. Since
those hydrogels are nontoxic, biocompatible,
and controllable for biodegradation, with
incredible chemical and thermal stability, silk
fibroin is ideal for drug delivery. However, the
degradation rates for hydrogels depend on the
type of processing [33]. The gels can be modified
into many forms and injected into tissue
directly. More importantly, silk fibroin hydro-
gels can be 3D-printed into microporous struc-
tures with various gelation methods, which
facilitates delivery of drugs and other small
molecules [34]. Despite their advantages, how-
ever, silk fibroin hydrogels may induce a mild
immune and inflammatory response in in vivo
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experiments, and due to their chemical stabil-
ity, it is difficult to make chemical modifica-
tions. In a recent study, a sericin fibroin patch
was placed directly on the infarcted cardiac area
in rats with MI, and markedly reduced fibroge-
nesis, enhanced revascularization by increasing
vascular endothelial growth factor (VEGF),
bFGF, and hepatic growth factors (HGF), and
ameliorated cardiac dysfunction during the
repair process [35].

Elastin, Chitosan, and Keratin

Elastin is a type of insoluble polymer and ECM
protein which is responsible for elasticity in
tissues and organs, such as blood vessels, skin,
lung, and elastic ligaments. It accounts for
about 70% of dry weight in the ligaments, with
high elasticity. Elastin is involved in many
biological processes, including elastin synthesis,
fibroblast and smooth muscle cell proliferation,
regulation of matrix protease activity, and tissue
healing. In order to overcome its insolubility,
recombinant human tropoelastin is utilized to
develop synthetic elastin. Because of their abil-
ity to transition from a disorganized to an
organized form with increasing temperature,
elastin and tropoelastin have been used exten-
sively as delivery systems.

Chitosan is another natural polysaccharide,
which can be obtained from the deacetylation
of chitin from insects. It demonstrates good
biocompatibility and does not trigger
immunogenicity when applied in vivo. Chi-
tosan can also be conjugated with other mole-
cules to form new polymers for drug and cell
delivery. Research indicated that chitosan-based
polymer could reduce oxidative stress and sus-
tainably release stem cell homing factor stromal
cell-derived factor 1 (SDF-1) when applied in
ischemic tissue during tissue repair [36]. When
delivered with adipose-derived mesenchymal
stem cells (ADMSCs) in rats with MI, it signifi-
cantly enhanced stem cell survival and
engraftment by altering the microenvironment
[37]. When cardiomyocytes were combined
with collagen hydrogel, the hydrogel signifi-
cantly improved the maturation and metabo-
lism of cardiomyocytes [38].

Keratin is a common protein found in skin,
hair, and other epithelial cells. Intriguingly,

there is a large amount of hair discarded each
year, and keratin can be extracted from it,
which makes keratin a low-cost and renewable
biomaterial for tissue regeneration. Because it is
present naturally in the human body, keratin
exhibits good biocompatibility and biodegrad-
ability. One study illustrated that hair-derived
keratin biomaterials injected in infarcted hearts
significantly =~ improved revascularization,
restored cardiac function, and attenuated car-
diac remodeling after ischemia without exacer-
bation of inflammation in rats with MI [39].

Synthetic Hydrogels

Synthetic hydrogels are more promising in tis-
sue regeneration due to their outstanding
mechanical properties, morphology, and
degradability. The size of pores in synthetic gels
is easy to manipulate by adjusting molecular
weight, copolymerization ratio, and ingredient
composition. Synthetic hydrogels also exhibit
better contractility and conductivity and more
appropriate hardness than traditional natural
hydrogels. At present, the most common syn-
thetic hydrogels applied in cardiac regeneration
include poly(ethylene glycol) (PEG), polygly-
colic acid (PGA), polylactic acid (PLA), polylac-
tic-co-glycolic acid (PLGA), poly(N-
isopropylacrylamide) (PNIPAAM), and
poly(glycolide-co-caprolactone) (PGCL).

PEG

PEG is a well-established nontoxic synthetic
polymer and is widely used in the field of
regeneration. PEG hydrogels are hydrophilic,
injectable, bio-inert, nondegradable, and pH-
sensitive [40]. PEG is a versatile hydrogel; the
synthesis process is controllable and repro-
ducible. Its physical and chemical features,
including molecular weight, mechanical
strength, and degradation rate, can be con-
trolled during manufacturing, making it a
cytocompatible biomaterial. Chemokine (C-C
motif) ligand 2 (CCL2) and C-C motif chemo-
kine receptor 2 (CCR2) play important roles in
recruiting monocytes after MI. Wang et al.
developed a PEG-based micelle called PEG-dis-
tearoylphosphatidylethanolamine (PEG-DSPE)
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loaded with CCR2 antagonist, and applied it in
mouse MI models through tail vein injection
48 h and 72 h after induction of MI. They dis-
covered that PEG-DSPE loaded with CCR2
antagonist significantly downregulated inflam-
matory cells and sharply reduced infarct size
[41]. Rane et al. injected PEG directly in rat
models with MI after 1 week. Observation at
around 1week and 7 weeks after MI showed
that the cardiac wall thickness was significantly
increased in the PEG group compared with the
control group. However, cardiac dysfunction
was quite similar between the PEG and control
groups [42].

PGA

PGA is a degradable polymer first investigated in
the field of biomedicine. Rapid degradation and
insolubility in many common solvents limit the
use of PGA [43]. Ke et al. applied embryonic
stem cells (ESCs) together with PGA patches
onto the ischemic and para-ischemic myo-
cardium, and ultimately discovered that ESCs
plus PGA patches significantly improved blood
pressure and left ventricular function; the sur-
vival of ESCs was also higher than in MI and MI
plus PGA groups, suggesting that PGA could
serve as a good platform for repair in ischemic
heart disease [44].

PLA

PLA is a biopolymer obtained from multiple
renewable resources such as corn starch or sug-
arcane. It is an aliphatic ester of lactic acid
widely manufactured because of its easy indus-
trial production. PLA has many advantages. It
has low toxicity, good biocompatibility and
biodegradability, and proper mechanical
strength, and exhibits a low inflammatory
response applied in vivo. PLA is also
injectable and compressible, which makes it
applicable for wide use. In addition, the cost to
produce PLA is relatively low in comparison
with other traditional polymers. PLA is highly
bioabsorbable and generally does not trigger
fibrosis and adhesions during in vivo experi-
ments. Moreover, it is transparent and aids in
ideal visualization during surgery [45]. How-
ever, PLA has low hydrophilicity and prolonged

degradation time. Its hydrolytic degradation is
affected by many factors, such as its additives,
chemical constituents, molecular weight, mor-
phology, porosity, site of action, and water
permeability and solubility. Modification tech-
niques are utilized to reduce its degradation
time. Radiation can be used to create radicals to
enhance branching and cross-linking. Shorten-
ing the polymer can induce more rapid degra-
dation. A study utilizing PLA and PLGA
nanoparticles as delivery systems for sirolimus
during percutaneous transluminal coronary
angioplasty (PTCA) found that these delivery
systems exhibited good biocompatibility and
biosafety to local cardiac tissues, and signifi-
cantly decreased the neointima compared with
the control group in swine models [46].

PLGA

PLGA is another extensively utilized
biodegradable and biocompatible biopolymer,
which has been approved by the US Food and
Drug Administration (FDA) for use in drug
delivery. The degradation rate of PLGA is con-
trollable, and it can be used as a drug and cell
carrier. When synthesized in the form of
nanoparticles, it allows slow and sustained drug
release into interstitial spaces due to its good
permeability [47]. Al Kindi et al. applied a PLGA
microparticle (PLGA-MPs) system loaded with
milrinone by intravenous injection into rat
models with MI, and showed that this combi-
nation could significantly improve cardiac dys-
function and release higher milrinone
concentrations than PLGA-MPs alone or milri-
none alone. Moreover, PLGA-MPs loaded with
milrinone exhibited lower inflammation than
the other two groups [48]. Ishimaru et al.
applied a selective prostacyclin receptor agonist,
ONO1301, polymerized with PLGA in a hamster
model with dilated cardiomyopathy, and dis-
covered that it enhanced capillary generation
and inhibited left ventricular remodeling by
upregulation of HGF, VEGF, and stromal cell-
derived factor-1. The survival rate was much
higher in the treatment group than in the
control and sham groups [49].
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Poly(N-isopropylacrylamide) (PNIPAM)-Based
Gels

PNIPAM is a smart material with thermo-re-
sponsive characteristics. With changes in tem-
perature, the conformation of PNIPAM will
change from coil to globule, enabling it to be
widely used in the field of biomedicine. PNI-
PAM can undergo a reversible hydrophilic-to-
hydrophobic transition at 32 °C in liquid solu-
tion. When it is utilized for drug release, the
temperature should be increased above 32 °C. It
has been reported that PNIPAM is not appro-
priate for use in in vivo experiments because of
rapid aggregation during the injection, so
chemical modifications are required. In recent
years, PNIPAM-based hydrogels have been
widely used as drug delivery systems for
biomedical applications, enabling the con-
trolled release of drugs in a target organ. PNI-
PAM hydrogels are usually manufactured by
interaction with cross-linkers with a coil-to-
globule transition, which leads to a quick
decrease in the volume of the gel and rapid
release of entrapped drugs, in line with a linear
and diffusion controlled release [50, 51]. An
injectable, pH- and temperature-sensitive
poly(N-isopropylacrylamide-co-propylacrylic
acid-co-butylacrylate) hydrogel was synthesized
and proved to enhance angiogenesis in infarc-
ted myocardium. This hydrogel can approach
therapeutic angiogenesis by providing spatial
and temporal control of angiogenic growth
factor delivery [52].

PGCL

PGCL is an elastic synthetic hydrogel with great
mechanical properties, biodegradability, and
biocompatibility. PGCL has good elasticity; it
can be extended by more than 250% with
recovery greater than 98% after being stretched.
Moreover, PGCL hydrogel shows a permanent
deformation of less than 4%, with extensions
around 5-20% at a frequency of 0.1 Hz. In
addition, the average molecular weight is
around 121,000 g/mol, endowing PGCL with
excellent mechanical properties and proper
pore size for drug and cell delivery. PGCL is a
permeable layer and plays an important role in
cell migration and nutrition diffusion [53].
With these advantages, it can be used as a

cardiac patch to be implanted onto the surface
of the myocardium, and is harmonious with the
contraction and dilation of the cardiac tissue.
Studies have indicated that bone marrow-
derived mononuclear cells (BMMNCs) can be
seeded on the PGCL patch onto the epicardial
myocardium in rat models with MI, leading to
improved BMMNC migration to the infarcted
myocardium using this patch. Moreover, left
ventricular function was reportedly restored
and revascularization was enhanced by treat-
ment with PGCL gel plus BMMNCs or only
PGCL hydrogel compared to the control group
[54].

CROSS-LINKING METHODS

Based on the cross-linking methods, hydrogels
can be divided into physical and chemical cross-
linked hydrogels. The cross-linking methods are
dependent on the application and function of
hydrogels.

Physical Cross-Linking

The physical cross-linking method is a transient
junction defined as preparation in mild condi-
tions without the use of chemical modification.
Because of the lack of cross-linkers during the
fabrication, physical hydrogels are usually
homogeneous and demonstrate low toxicity
and excellent biocompatibility. Alginate, colla-
gen, gelatin, and HA are the polymers most
frequently utilized to generate physical hydro-
gels. However, since the links between polymers
are weak, those hydrogels are regarded as
reversible gels and are less stable during the
application, so they are likely to be degraded
earlier by their corresponding proteolytic
enzymes. The features of physically cross-linked
hydrogels, like gelation time, pore size, and
degradation rate, are inflexible, resulting in
inconsistent performance during in vivo
experiments [55]. Each kind of physical hydro-
gel has some drawbacks. For example, gelatin
can only be dissolved at high temperature. Due
to the reversible physical interactions between
polymers, those physically cross-linked hydro-
gels demonstrate poor mechanical properties.
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Thus, many properties must be modified during
manufacturing. Pressure, light, ions, tempera-
ture, electricity, and magnetism are the most
common physical cross-linking methods, which
divide hydrogels into pressure-cross-linked,
photo-cross-linked, thermo-responsive, and
ionic cross-linked hydrogels [56].

Chemical Cross-Linking

Chemical cross-linking is the most common
way to increase the mechanical properties of
hydrogels. Hydrogels generated in this way are
usually nonhomogeneous and much more
stable than those synthesized by physical cross-
linking, because chemical cross-linking makes a
permanent junction due to covalent bonds
which can be modified by various chemicals.
Thus, chemically cross-linked hydrogels can be
considered irreversible hydrogels. If the poly-
mers comprise amine, hydroxy, or hydrazide
groups, glutaraldehyde can be cross-linked with
these groups to generate covalent bonds. The
physical properties of diffusion, swelling, elas-
ticity, pore size, and mechanical strength are
quite flexible and dependent on the tempera-
ture, degree of cross-linking, and manufacturing
method. Common methods for the preparation
of hydrogels by chemical cross-linking include
pH cross-linking, Schiff-base cross-linking, and
enzymatic cross-linking.

DELIVERY METHODS

An ideal hydrogel for cardiac repair requires
easy delivery, accurate targeting, and minimum
injury to the local tissue. The natural
injectable hydrogels currently approved by FDA
are alginate, collagen, chitosan, chondroitin,
dextran, fibrin, gelatin, HA, and silk. Synthetic
hydrogels like PEG, PGA, PLA, PLGA, and PNI-
PAM are injectable as well. This feature facili-
tates endocardial, epicardial, and intracoronary
delivery methods to treat MI. Injectable gels can
be delivered as a single bolus or multiple injec-
tions. A single bolus is generally used for small
animals, whereas multiple delivery can be
applied to large animals. The volume for the
injection is optimized by different needs and

animal models. One study suggested injection
volumes as follows: 10-50 pl for the mouse
model, 50-250 ul for the rat model, 200 pl for
the rabbit model, 1-4 ml for the porcine model,
and 1.3-6 ml for the ovine model [57]. MI is
followed by cardiomyocyte necrosis, inflam-
mation, fibrosis and scar formation, and cham-
ber dilation. Delivering hydrogels at different
time points affects different pathological pro-
cesses. MI cannot be reversed at late stages.
Immediate injection of hydrogel after Ml is not
applicable in clinical practice since patients
cannot be treated instantaneously after the MI.
Thus, choosing the right time point for hydro-
gel delivery is crucial for therapeutic effective-
ness in experiments and in clinical practice [57].

Intracoronary Delivery

Intracoronary delivery is a very common
method for delivery of injectable hydrogel into
cardiac tissue. Both the coronary artery and
venous system can be applied for hydrogel
delivery. The ideal hydrogel that can be deliv-
ered by this method is required to be non-
thrombogenic and without bloodstream leak-
age. Typically, intracoronary delivery utilizes a
catheter setup, and the hydrogel is delivered by
trained interventional staff. This method does
not cause direct damage to surrounding tissues.
However, the gel inevitably leaks into the
bloodstream, which makes this strategy much
more challenging [58]. Moreover, the delivery
cannot be precisely controlled, which requires
sophisticated instruments to monitor the effect.
Another problem is that hydrogel cannot effi-
ciently reach the whole infarcted area because
of vasculature damage during the infarction
[59].

Epicardial Delivery (Injection/Spray)

Epicardial injection requires the gel to maintain
a liquid form before injection, and transfer into
a solid phase after delivery. This method
requires the removal of the pericardium and
demands open-chest surgery. By epicardial
delivery, it is easy to deliver a limited amount of
gel to damaged tissue. However, it is much more
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invasive and raises the risk of operation.
Although, to our knowledge, there is no spray
hydrogel for MI treatment, one study intro-
duced an absorbable hydrogel which could be
sprayed onto the mediastinal surface during
congenital heart defect surgery in infants. This
method notably reduced mediastinal adhesions
after surgery [60]. Spraying of hydrogels in car-
diac regeneration may also be realized in the
future.

Endocardial Delivery

Endocardial delivery can be performed by
means of catheter technology. It can directly
deliver the gel to the target infarcted area [57].
But this technology is not commonly per-
formed because it requires specialized training
and imaging techniques. Moreover, the heart is
moving during the delivery, causing leakage of
the gel into the ventricle. Some research
demonstrates that alginate, collagen, fibrin,
ECM, and other biomaterials can be bioengi-
neered into cardiac patches. These patches can
be placed endoventricularly as well.

Pericardial Delivery (Implantation)

Pericardial delivery is a convenient way to
deliver hydrogel to the infarcted myocardium.
Currently, the biocompatible and non-im-
munogenic cardiac patch is widely utilized in
animal MI models. Alginate, collagen, ECM,
and fibrin are good choices. Many synthetic
hydrogels, such as PGCL, have good elasticity
and mechanical properties and can be applied
as a cardiac patch onto the infarcted myo-
cardium, providing a temporary scaffold for
stem cell migration and growth, and presenting
a harmonious and consistent stretch and recoil
during normal cardiac cycles to aid recovery
from MI [54]. Moreover, a cardiac patch pro-
vides an electric-conductible scaffold to facili-
tate electrical conduction between ischemic and
normal cardiac tissues. A 3D-bioprinted cardiac
patch based on decellularized ECM bioink with
mesenchymal stem cells (MSCs) and VEGF was
directly implanted in the infarcted myo-
cardium, and showed significant improvement

of cardiac function, new capillary and muscle
formation, and reduction of cardiac remodeling
after MI [61]. The disadvantage of the cardiac
patch is that it requires open-chest operation,
which increases the risks related to the surgery.
In addition, the cardiac patch requires appro-
priate thickness and similar mechanical
strength and elasticity as the myocardium,
which should be taken into consideration dur-
ing manufacturing.

Intracardial Delivery

Alginate, fibrin, hyaluronic acid, and Matrigel
can be delivered by intracardial injection. Those
hydrogels should be in liquid form for storage
and transformed into a solid phase when
reaching the targeted tissue. The transformation
rate should be neither too quick nor too slow.
Intracardial injection can specifically target the
ischemic heart tissue with specific doses and
different positions in and around the ischemic
tissues, and it is safe and minimally invasive.
But in most cases, this method still requires an
opening of the chest to enable a clear view of
the heart, which leads to the risks associated
with surgery. Moreover, it will result in leak
during the intracardial injection.

THE APPLICATION OF NATURAL
AND SYNTHETIC HYDROGELS
IN MI MODELS

The application of natural and synthetic
hydrogels in MI models has been well studied in
recent years (Table 1). As a natural hydrogel,
alginate is commonly used to test its roles in
rodent MI models. Some studies have indicated
that alginate can improve cardiac function,
increase scar thickness, and attract myofibrob-
lasts after intramyocardial injection, whereas
other studies have demonstrated that alginate
alone produces no improvement in cardiac
function [5, 62, 63]. Collagen is another natural
hydrogel that is used in rodent and swine
models with MI. Studies found that collagen
hydrogel is most effective when administered
early after the onset of ischemia.
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Transplantation of collagen patches with ADSCs
in rat and swine MI models was shown to sig-
nificantly improve cardiac function, decrease
fibrosis, and enhance angiogenesis and cardiac
remodeling as well [11-13]. Fibrin is another
good natural hydrogel material. Studies indicate
that hydrogel made with fibrin can enhance the
survival of cell transplant, reduce infarct area,
and promote blood flow to the ischemic myo-
cardium [15]. Fibrin-rAAV9-CyclinA2 is effec-
tive in preventing cardiac remodeling and
preserving cardiac function after MI [16]. BMSC-
fibrin patch significantly ameliorated cardiac
dysfunction, reduced cardiac remodeling, and
increase angiogenesis after MI [64]. Gelatin-
based natural hydrogel has been shown to be
protective for the heart after MI in both rat and
canine models [22, 27, 65]. HA-gelatin hydrogel
has been demonstrated to be effective and pro-
tective in cell activity and improving cardiac
dysfunction after MI in both mice and rats
[19, 66]. Moreover, a biopolymer made with
Matrigel, fibrin, and collagen has proved to be
promising in treating MI in rat cardiac
ischemia-reperfusion injury, enhancing the
infiltration of myofibroblasts into the infarct
area. In addition, Matrigel-based hydrogel
shows good recruitment of stem cells and angio-
genesis and improves iPS cell survival in ischemic
cardiac tissue [30, 32, 67]. Silk fibroin or coupling
with HA and BMSCs exhibits increased angio-
genesis, elevated growth factors, decreased apop-
tosis, and reduced cardiac remodeling after MI in
mice and rats [35, 68, 69]. Moreover, synthetic
hydrogels or combination with natural hydrogels
have been shown to be promising in rabbit,
mouse, and rat MI models with BMSCs or tPA, or
cell contractility inhibitors [70-72]. Moreover,
synthetic hydrogels combined with peptides,
hydrazides, aldehydes, and siRNA have been
shown to be protective for cardiac function and
remodeling after MI in rat and mouse MI models
[73, 74]. Other synthetic hydrogels such as PCL,
PEG or PGCL, or PLGA, poly(NIPAAm-co-VPco-
MAPLA-co-MATEMPO), coupled with BMSCs,
VEGEF, IGF-1, MSCs, and reactive oxygen species
(ROS) scavengers is also protective for cardiac
function, cardiac remodeling, and angiogenesis in
mouse, rat, and rabbit MI  models
[8, 42, 54, 76-80].

THE PROS AND CONS OF NATURAL
HYDROGELS

Different natural hydrogels each have their own
advantages and disadvantages. Alginate offers
the advantages of non-thrombogenic, biocom-
patible, and bio-inert characteristics. However,
its cell adhesion is limited, which requires
modification [5, 6, 81]. Chitosan is non-im-
munogenic, with low toxicity and good bio-
compatibility, and can be conjugated with
other molecules for delivery. However, its
mechanical properties are non-controllable
[38]. Collagen is one of the most widely used
natural hydrogels due to its low immuno-
genicity, good availability, remarkable biocom-
patibility, good biodegradability, and sufficient
mechanical stability, and its tensile strength
can be modified by varying the collagen
amount and by cross-linking. Collagen enhan-
ces stem cell engraftment and requires fewer
cells to be transplanted. Moreover, collagen can
easily change shapes and can be used for 3D-
printed tissues. The disadvantages are that its
mechanical properties are not controllable,
collagen lacks mechanical robustness, and cell
migration is limited because of the high weight
fraction of the gel [8, 13, 82]. Elastin is soft and
stretchable, with good cell-matrix interactions,
elasticity, and biocompatibility. However, elas-
tin requires a specific temperature during
aggregation or self-assembly, and its insolubil-
ity, easy calcification, and poor mechanical
stability limit its applications [83, 84]. Fibrin
has good biocompatibility and biodegradability;
it can be easily cross-linked with cells and can
be injected in vivo into tissues. Fibrin can be
easily modified to many shapes and morpholo-
gies, and can thus provide a good drug delivery
system with great extensibility. However, stiff-
ness and rapid degradation are two major
drawbacks of fibrin [85, 86]. Gelatin has good
solubility and ideal biocompatibility and
biodegradability. The isolation of gelatin is
simple at very low cost. Since gelatin is non-
toxic and has good compatibility in vivo, it can
be used for 3D printing and in vivo experi-
ments, and is ideal for drug delivery. The
drawback for gelatin is that it has a prolonged
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existence in vivo [22]. Hyaluronic acid (HA) is
non-immunogenic and has excellent biocom-
patibility and biodegradability. Its disadvan-
tages are rapid degradation and poor retention
in cells [20]. Matrigel is a soluble natural
hydrogel and has good attachment for cells,
which promotes cellular attachment, prolifera-
tion, differentiation, and angiogenesis. It is
cytoprotective and less invasive, and can be
used to deliver many growth factors. However,
it undergoes a fast transition to a solid at 37 °C
due to structural weakness, and can only be
used for short-term analysis [29, 30]. Keratin has
wide availability and can be easily obtained. Its
primary advantages are its low cost, renewabil-
ity, good biocompatibility and biodegradability,
high stability, and no inflammatory or
immunogenic response. However, it is insol-
uble, and the chemicals used to increase its
solubility are toxic [87]. Silk fibroin is abundant
in nature and thus low-cost. It has robust
mechanical and elastic properties and is highly
stable. Because it is nontoxic and highly bio-
compatible, it can be used for 3D printing. Its
shortcomings include mild immune and
inflammatory response, difficulty in chemical
modification, and degradation rate dependent
on processing methods [33, 34]. The pros and
cons of natural hydrogels are summarized in
Table 2.

THE ADVANTAGES
AND DISADVANTAGES
OF SYNTHETIC HYDROGELS

Synthetic hydrogels have advantages and dis-
advantages as well (Table 3). PEG is a nontoxic
synthetic hydrogel that can be modified by
different methods and used to carry multiple
drugs, ECMs, and growth factors due to its high
biocompatibility and water solubility. Its syn-
thesis and degradation are controllable and
reproducible, which makes it an ideal material
for drug delivery. However, its applications are
limited because of poor degradation, which
requires high temperature or modification
[40, 88]. PGA 1is a biocompatible and
biodegradable synthetic hydrogel, and is a
commonly used biomaterial. However, the

drawbacks of PGA are rapid degradation rate
and insolubility [43, 44]. PLA has renewable
resources, and it has many advantages, such as
good biocompatibility, biodegradability, and
bioabsorbability, low toxicity, proper mechani-
cal strength, and mild inflammatory response,
and it is transparent, low-cost, easily produced,
and compressible, and can be injected in vivo.
The disadvantages are low hydrophilicity and
long-term degradation [4]. PLGA is a
biodegradable and biocompatible biomaterial
with a controllable degradation rate, and can be
used as a nontoxic carrier for drugs and tissues.
However, PLGA can induce inflammation [89].
PNIPAM is a thermosensitive biomaterial that is
suitable for controlled drug release. The draw-
backs for PNIPAM are its rapid aggregation and
need for chemical modification [50]. PGCL is a
biomaterial with good mechanical strength,
biodegradability, and biocompatibility. Its elas-
ticity and proper pore size are also suitable for
drug and cell delivery [53].

COMPARISONS BETWEEN
NATURAL AND SYNTHETIC
HYDROGELS

Both natural and synthetic hydrogels have their
advantages and disadvantages (Table 4). Natural
hydrogels are biocompatible and can provide a
similar microenvironment as native tissue. They
are widely available, with easy processing at low
cost. However, natural hydrogels have weak
mechanical properties and sometimes are diffi-
cult to modify and purify, and variations can be
seen from batch to batch. Synthetic hydrogels
have good biocompatibility, biodegradability,
and bioresorbability. They are easily modified
and have good reproducibility, controlled
degradation time, and ideal mechanical prop-
erties. The drawbacks are that synthetic hydro-
gels are costly and the manufacturing process is
complicated.
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Table 2 The pros and cons of natural hydrogels

Materials Advantages Disadvantages References
Alginate Non-thrombogenic, structure is similar to Limited cell adhesion and needs modification [S, 6, 81]
ECM, biocompatible, bio-inert for cell binding, limited stability in vivo
Chitosan Good biocompatibility, non-immunogenic, Uncontrollable mechanical properties [38]
can be conjugated with other molecules, low
toxicity
Collagen Low immunogenicity, good availability, Non-tunable mechanical properties, lack of (8, 13, 82]
remarkable biocompatibility, mechanical robustness, gels with high weight
biodegradability, provides sufficient fraction limit cell migration and nutrient
mechanical stability, tensile strength can be diffusion
modified by changing collagen amount and
cross-linking, enhances stem cell
engraftment and requires fewer cells to be
transplanted, easy to change shape, can be
3D-printed
Elastin Antibacterial, good cell-matrix interaction, Formation of aggregates or self-assembly above [83, 84]
good elasticity, biocompatibility, soft, a specific temperature, insolubility, tendency
stretchable to calcify, hard to purify, poor mechanical
stability
Fibrin Good biocompatibility, biodegradability, Stiffness, rapid degradation (85, 86]
mechanical properties, bioactivity, easy
cross-linking for cells and in vivo
experiments, can be injected into tissues
in vivo, casily modified into many shapes,
good drug delivery system, great extensibility
Gelatin Good biocompatibility, biodegradability, easy =~ Prolonged existence in vivo [22]
for isolation, solubility, thermo-reversible,
low processing cost, nontoxic, safe, can be
3D-printed, ideal for drug delivery
Hyaluronic  Excellent biocompatibility, biodegradable, Rapid degradation, poor retention of cells, [20]
acid non-immunogenic, proper viscosity, poor survival of cells
(HA) promotes angiogenesis
Matrigel Soluble, good attachment for cells, promotes  Structural weakness, fast transition to solid at  [29, 30]

cellular attachment, proliferation, and
differentiation, angiogenesis,
thermosensitive, provides many growth
factors, cytoprotective, less invasive,

myocardial-injectable

37 °C, adopted for short-term analysis
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Table 2 continued
Materials ~ Advantages Disadvantages References
Keratin Low cost, easy and wide availability, renewable, Insoluble, chemicals for increasing solubility ~ [87]

good biocompatibility, good are toxic

biodegradability, tough biomaterial, high

stability, no inflammatory or immunogenic

response
Silk fibroin  Wide availability from nature, low cost, Mild immune and inflammatory response, (33, 34]

incredibly robust mechanical and elastic
properties, thermal and chemical stability,

enzymatic biodegradability, nontoxic, drug

stabilization, injectable, can be modified into

multiple forms and used as 3D-printed

material

difficult for chemical modification,

degradation rate is dependent on processing

ECM extracellular matrix

HYDROGELS CAN SERVE
AS A DELIVERY SYSTEM

As an ideal delivery system for small molecules
and stem cells, hydrogels must be resistant to
enzyme degradation, have the ability to target
specific tissues, and allow the controllable
release of relevant molecules. Below are differ-
ent cellular and molecular ingredients which
have been applied in animal models with MI
and show promise for treating MI in humans.

Stem Cell Delivery

Stem cell therapy is a promising method for
cardiac tissue regeneration, since stem cells
have great potential to differentiate into cardiac
cells. Stem cells can be acquired from a wide
range of approaches, such as direct separation
from embryonic stem cells or induced pluripo-
tent stem cells. In recent years, multiple stem
cells have been investigated, such as adipose-
derived stromal cells (ASCs), cardiomyocytes
(CMs), epithelial cells (ECs), cardiac progenitor
cells (CPCs), endothelial progenitor cells (EPCs),
embryonic stem cells (ESCs), induced pluripo-
tent stem cells (iPSCs), and bone marrow-
derived mesenchymal stem cells (BMMSCs). As

stem cells have the propensity to form tumors,
undifferentiated stem cells are often not applied
directly during clinical transplants. Moreover,
the retention and survival of stem cells in
ischemic tissue is very limited, which poses
significant challenges in their clinical use for
cardiac regeneration.

In recent research, scientists have discovered
that multiple hydrogels can be applied as
important delivery systems for stem cell reten-
tion. They provide an ideal microenvironment
for stem cells to maintain their stemness, pro-
moting their survival and differentiation. MSCs
have been found useful in the therapeutic
treatment of MI. One study reported that MSC
retention and impulse conduction could be
enhanced by alginate hydrogels in swine MI
models [90]. Another study indicated that
retention of MSCs could be realized by using a
novel injectable thermosensitive hydrogel,
which is made from copolymer with N-iso-
propylacrylamide/acrylic acid/2-hydroxylethyl
methacrylate-poly(e-caprolactone) coupled with
type 1 collagen. This hydrogel was shown to
significantly promote the survival of the grafted
MSCs, stimulate neovascularization, attenuate
fibrosis, and further improve cardiac function in
the MI models [91]. Francis et al. discovered
that an original hydrogel derived from the
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Table 3 The advantages and disadvantages of synthetic hydrogels

Advantages Disadvantages References
Polyethylene glycol Highly versatile for modifications, can serve as carrier for Degrades at high (40, 88]
(PEG) drugs, ECM, growth factors, is biocompatible, bio- temperature or needs
inert, injectable, and highly water-soluble, synthesis and modification
degradation are controllable and reproducible,
nontoxic
Polyglycolic acid Biocompatible, biodegradable, cytocompatible, good Rapid degradation, (43, 44]
(PGA) ductility insolubility
Polylactic acid (PLA)  Renewable resources, easy production, good Low hydrophilicity, (4]
biocompatibility, biodegradability, and long-term degradation
bioabsorbability, low toxicity, proper mechanical
strength, low inflammatory response, transparent, low
cost, injectable and compressible
Polylactic-co-glycolic Biodegradable, biocompatible, controllable degradation ~ May induce [89]
acid (PLGA) rate, can serve as a carrier for drugs and tissues, inflammation
nontoxic
Poly(N- Thermosensitive, can be used for controlled drug release Rapid aggregation, [50]
isopropylacrylamide) requires chemical
(PNIPAM) modification
Poly(glycolide-co- Good mechanical strength, biodegradability and N/A (53]

caprolactone)

(PGCL) and cell delivery

biocompatibility, elasticity, proper pore size for drug

ECM extracellular matrix

human placenta (hpECM) was helpful in car-
diac regeneration. It showed versatility as it
comprised numerous collagens, fibronectin,
glycoproteins, laminin, growth factors, and
several known pro-regenerative, pro-angio-
genic, and stem cell-recruiting factors. Further-
more, it could induce human iPSC-derived CMs
to be electrically synchronized at a faster speed
than traditional methods. Compared with the
sham group, rat MI models with hpECM injec-
tion showed a significant decrease in scar size
and promotion of normal electrical conductiv-
ity in the surviving tissues, indicating that
hydrogel is promising in cardiac regeneration
[92].

Drug Delivery System (DDS)

A DDS is a device which can be loaded with
therapeutic compounds and delivered to the
animal or human body in order to enhance the
safety and efficiency of the delivery of drugs to a
target site or tissue with controllable delivery
time and rate. Drug efficacy can be significantly
affected by the delivery method. For achieving
the desired concentration of a drug in the body,
hydrogels have shown significant advantages
over traditional methods, with moderate pore
size for better drug delivery and protection of
drugs from degradation in the body. Moreover,
they can facilitate the gradual release of the
drug to the target tissues and reduce drug
delivery times. Currently, alginate, chitosan,
cellulose, dextran, PLA, and PLGA can all be
applied as a DDS because of their
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Table 4 Comparisons between natural and synthetic hydrogels

Natural hydrogel

Synthetic hydrogel

Advantages Good biocompatibility, biodegradability,
bioresorbability, provides similar
microenvironment as native tissue, wide
availability, low cost, nontoxic degradation

products

Good biocompatibility, biodegradability,
bioresorbability, easy modifications, good
reproducibility, controlled degradation time,

mechanical properties

Disadvantages Weak mechanical properties, difficult to modify, ~ High cost, complicated manufacturing process

hard to purify, batch-to-batch variations

biocompatibility and biodegradability. The
selection of the appropriate DDS is dependent
on the features of polymers and target drugs
and tissues.

Cytokines

Multiple cytokines have been applied to MI
models. Growth factors are most common for
regulating cell fate and function during regen-
eration, such as fibroblast growth factor-2 (FGF-
2), hepatocyte growth factor (HGF), insulin-like
growth factor 1 (IGF-1), nerve growth factor
(NGF), platelet-derived growth factor (PDGF),
transforming growth factor beta-1 (TGF-B1),
and vascular endothelial growth factor 165
(VEGF165). However, the delivery of growth
factors requires a moderate release speed rather
than a burst release profile. Hydrogels and
nanoparticles perform important roles during
growth factor release. They can control the
release speed in a sustained manner [93].
Moreover, these materials can increase the sta-
bility and specificity of growth factors. All those
growth factors have already been applied with
different hydrogels in the investigation of MI
models, and most of the research has exhibited
exciting discoveries that various hydrogels can
provide an ideal platform for growth factors to
release and facilitate the restoration of cardiac
function after MI.

Nucleic Acids and Plasmids

Gene delivery and therapy can be realized by
hydrogels. Introducing genomic materials into
a target tissue is beneficial for individuals. Small
nucleic acids and plasmids can be conjugated to
different hydrogel-based DDS to reach the
therapeutic target. Some scientists have applied
hydrogels as a tool to release siRNA against
MMP2(siMMP2). MMP2 is responsible for car-
diac remodeling after MI. When responding to
proteases, hydrogels were eroded and released
active siRNA, which further knocked down
MMP2 in primary CFs. In a rat model of MI after
4 weeks, hydrogels delivering siMMP2
improved myocardial thickness in the infarct
area and made a significant improvement in
increasing ejection fraction (EF), stroke volume
(SV), and cardiac output (CO) compared to
hydrogels with control siRNA [74]. Wang et al.
applied a soft hydrogel (based on PEG-HA)
having similar myocardial conductivity loaded
with a plasmid DNA encoding endothelial nitric
oxide synthase (eNOs) nano-complexes coupled
with ADSCs to treat MI. This hydrogel-based
plasmid delivery system was directly injected
into the infarcted myocardium in rats with MI.
Expression of eNOs in myocardial tissue signif-
icantly increased with enhanced expression of
proangiogenic growth factors. Moreover, a
remarkable increase in EF, less fibrogenesis,
smaller infarction size, and greater revascular-
ization were demonstrated with this treatment
[94]. Combination with conductive
injectable hydrogel, stem cells, and gene-
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encoding plasmid might become an ideal ther-
apeutic strategy for Ml in the future.

Peptides

Hydrogels can be utilized to carry peptides to
prevent cardiac functional loss in MI models. By
injection into the peri-infarct/MI zone on rat
models with MI, a chitosan-collagen-based
hydrogel immobilized with pro-survival
angiopoietin-1-derived peptide was shown to
better attenuate post-MI cardiac remodeling
than gel without peptide or gel with PBS groups.
This hydrogel remained in situ for 2 weeks and
degraded around the third week. The combi-
nation significantly ameliorated cardiac dys-
function and scar thickness. Moreover, more
CMs were detected in the MI zone after hydro-
gel application, without inducing an inflam-
matory response [95].

ECM is degraded by increasing matrix met-
alloproteinase (MMP) after MI, which can lead
to a decrease in tissue mechanical properties.
Mitigating the degradation of ECM in the early
stage of MI can restore cardiac function. Ma
et al. used a thermosensitive hydrogel based on
the polymerization of NIPAM, HEMA, and
acrylate-oligolactide carried with an MMP-2-
specific inhibitor, CTTHWGFTLC (CTT), to
continuously release CTT in the heart tissue.
This system demonstrated that it could suc-
cessfully prevent ECM degradation and improve
cardiac dysfunction in rat MI models [96].

Oxygen Delivery System

After M1, the lack of oxygen in the local cardiac
tissue makes cardiomyocytes vulnerable to cell
death. Controlled oxygen release to the infarc-
ted area may be a potential way to protect the
ischemic cardiac cells and promote cardiac
repair. Current oxygen delivery methods can-
not effectively diffuse oxygen into the infarcted
area due to low blood flow in the ischemic area.
Fan et al. developed a new oxygen delivery
system using hydrogels with features of ther-
mosensitive, fast gelation combined with oxy-
gen-releasing microspheres. It was shown to
consistently release oxygen and specifically

diffuse to infarcted cardiac tissue. This system
was able to release oxygen continuously for
4 weeks, which significantly improved the sur-
vival of cardiac cells under ischemic conditions
with 1% O,, which was equivalent to the con-
centration of infarcted cardiac tissue. After the
application of this system on infarcted hearts
for 4 weeks, cell survival was improved, and the
number of macrophages decreased significantly.
Moreover, collagen deposition and myofibrob-
last density were prominently reduced and
angiogenesis was significantly improved, which
greatly improved cardiac function [97].

HYDROGELS CAN MODULATE
THE MICROENVIRONMENT,
SIGNAL TRANSDUCTION,
AND ENDOGENOUS CELL
RESPONSE

A large number of biofunctional additives can
be added to hydrogels in order to enhance their
biological effects. These additives can be
cytokines, nucleic acids, extracellular ligands,
and short peptides [98], and can be performed
as biochemical and biophysical signals, and
provide an ideal microenvironment. In addi-
tion, they can determine and modulate cell fate
and function during regeneration. More inter-
estingly, hydrogels can modulate the microen-
vironment for tissue regeneration. A relevant
study indicates that hydrogel together with
antioxidants and anti-inflammatory factors can
inhibit target tissue oxidation and inflamma-
tion [99, 100]. The heart has the ability to
transduce orchestrated electrical activity during
its normal function. After MI, collagen and
fibrotic scar are often formed and severely affect
electrical activity transduction. Hydrogels pro-
vide a good platform for electrical signal trans-
duction after ischemic events. Many studies are
engaged in developing novel hydrogels to lower
the electrical impedance in the cellular envi-
ronments and enhance the survival and matu-
ration of engineered heart tissue. In this way,
the excitability and attachment of the cardiac
cells and tissue can be significantly improved.
Some studies demonstrate that polymer
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hydrogels (polypyrrole (PPy)-chitosan hydrogel)
can prominently enhance cell electrical signal
transduction and ameliorate cardiac dysfunc-
tion when applied to the ischemic and infarct
cardiac tissue. Collagen and fibrotic scar for-
mation during MI severely affects impulse and
electrical activity transduction. Some scientists
have established hybrid properties with nano-
electrics and cardiac tissues to sense the spatial
electrical signal in the microenvironment,
which is much more promising in drug testing
in a real-time manner [101].

Hydrogels can also modulate endogenous
cell response. During tissue regeneration,
injured tissue response relies on the surround-
ing cell response, which is determined by the
cell types and populations. As hydrogels can be
utilized as a delivery platform for stem cells or
cytokines, these combinations provide basic
elements for cell survival and engraftment.
They also enhance the cell-cell interaction,
promoting communication of information
between cells [98].

NEW TECHNOLOGY APPLIED
IN HYDROGELS

3D and 4D Bioprinting

Three-dimensional printing is an emerging and
promising field for tissue engineering and
regenerative medicine. It can generate 3D tis-
sues or organs for application in vivo. Moreover,
3D-printed structures can be used to test the
safety and efficiency of the DDS. The bioink
used in 3D printing contains various types of
cells and biomaterials, and can transform from a
liquid phase into a solid form to generate
functional 3D architectures under the precise
control of pre-designed computer software.
Different cell types can be utilized for 3D bio-
printing in cardiac regeneration, including
endothelial cells, cardiomyocytes, fibroblast
cells, mesenchymal cells, and smooth muscle
cells [102].

Biomaterials for 3D bioprinting are utilized
as a scaffold to support 3D architecture and
nutrient transfer, sometimes as a natural ECM
environment in the heart. The ideal material for

bioprinting must be easily tunable, with specific
viscosity, the ability to transform from a liquid
form to a solid form, must be nontoxic, with
good biocompatibility without inducing
inflammation or immune response, and must
have proper mechanical properties (stiffness,
elasticity, strength), biodegradability, and
appropriate pore size. The viscosity of bioink
determines the resolution, mechanical strength,
and outer appearance. Alginate, agarose, chi-
tosan, collagen, HA, and decellularized ECM
can be used as biomaterial for 3D bioprinting
[102].

Recently, Maiullari et al. developed a PEG-
based hydrogel with induced pluripotent cell-
derived cardiomyocytes (iPSC-CMs) and human
umbilical vein endothelial cells (HUVECs), and
applied 3D technology to encapsulate cells
within the hydrogel. A 3D cardiac tissue was
generated and applied in non-obese dia-
betic/severe combined immunodeficient (NOD-
SCID) mice. Their research showed that these
3D-bioprinted multicellular structures could
mature in vivo and aided in vascularization.
This method shows potential for enabling
revascularization of ischemic tissue and organs
[103]. Other scientists applied 3D-bioprinted
myocardium cultured with HUVECs and
human mesenchymal cells based on HA/gelatin
hydrogel patch in mice models with MI after 8
weeks, which significantly reduced cardiac
adverse remodeling and restored cardiac per-
formance [104].

Another printing technology, 4D bioprinting
is much more advanced than 3D bioprinting
because it is integrated with time. In order to
create tissue structures that resemble nature, 4D
bioprinting provides a dynamic way to produce
structural and cell changes over a period of
time. One way to create the 4D architecture is to
seed 4D-bioprinted tissue into a desired shape,
such as a tube like a blood vessel [105]. Another
way is to promote the self-assembly of tissues
through stimulation. Kaji et al. found that
myocytes could conjugate gap junctions under
chemical stimuli [106]. This 4D bioprinting
technology holds promise in the field of cardiac
regeneration, and will facilitate further novel
work in the future.
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Cooperation Between Hydrogels
and Artificial Intelligence

Another thermally responsive, injectable hydro-
gel with relative stiffness, poly(NIPAAm-co-VP-
co-MAPLA), was fabricated based on N-iso-
propylacrylamide and N-vinylpyrrolidone (VP
gel). Optimized gel injected by a robot into the
ventricular wall in vitro on beating infarcted
porcine hearts showed that this thermosensitive
gel injected using a temperature-controlled
robotic system achieved an accurate injected
location and reliable depth without any occlu-
sion, thus showing great potential for thera-
peutic application in patient-specific planning
strategies [107].

Biosensing and Diagnosis

In recent years, hydrogels have also been
applied as biosensors or diagnostic tools for
cardiac disorders such as arrhythmia [108]. In
the future, additional kinds of hydrogels must
be developed in these fields.

PROSPECTIVE HYDROGEL
APPLICATIONS IN CARDIAC
REGENERATION

Hydrogels are promising biomaterials for car-
diac regeneration. Additional biomaterials with
ideal physical and chemical properties will be
developed in the future. Numerous studies are
needed to confirm the therapeutic efficacy of
hydrogels in animals and humans with MI.
Hydrogels play significant roles in cardiac
regeneration and tissue engineering, and pave
the way for future therapeutic treatments of MI.

LIMITATIONS

Numerous newly developed hydrogels and
applications of artificial intelligence in deliver-
ing hydrogels have not been mentioned. The
signaling pathways and mechanisms of each
hydrogel are not discussed in detail due to space
limitations.

CONCLUSION

Hydrogels are promising biomaterials in tissue
engineering and cardiac regeneration, which
can be used in the future for treatment of MI.
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