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Cardiovascular diseases (CVDs), including a series of pathological disorders, severely
affect millions of people all over the world. To address this issue, several potential
therapies have been developed for treating CVDs, including injectable hydrogels as
a minimally invasive method. However, the utilization of injectable hydrogel is a bit
restricted recently owing to some limitations, such as transporting the therapeutic
agent more accurately to the target site and prolonging their retention locally. This
review focuses on the advances in injectable hydrogels for CVD, detailing the types
of injectable hydrogels (natural or synthetic), especially that complexed with stem cells,
cytokines, nano-chemical particles, exosomes, genetic material including DNA or RNA,
etc. Moreover, we summarized the mainly prominent mechanism, based on which
injectable hydrogel present excellent treating effect of cardiovascular repair. All in all,
it is hopefully that injectable hydrogel-based nanocomposites would be a potential
candidate through cardiac repair in CVDs treatment.

Keywords: injectable hydrogel, nanocomposite, angiogenesis, stem cell homing, cardiovascular diseases

INTRODUCTION

Cardiovascular diseases (CVDs), the group of pathological disorders, including atherosclerosis,
myocardial infarction (AMI), stroke and heart failure (HF), remains the leading cause of death
globally (Ujcic-Voortman et al., 2012; Nichols et al., 2014; Cainzos-Achirica et al., 2019). In the
United States, there were 12.3 million deaths caused primarily by CVD from 2003 to 2017, among
which, ischemic heart disease accounted for 48.2%, followed by cerebrovascular disease or stroke
(16.7%), and heart failure or cardiomyopathy (10.6%) (Cross et al., 2019). CVDs affects the life of
quality of patients, and causes enormous health and economic burdens (Gersh et al., 2010) all over
the world, both in the developing countries (Lopez-Jaramillo, 2008; Gersh et al., 2010; Celermajer
et al., 2012; McAloon et al., 2016) and in the rich ones (Gersh et al., 2010).

To date, current clinical regimens largely rely on the administration of drugs and other
therapeutic agents such as the stem cell and the growth factors (Madonna and De Caterina, 2011;
Bagno et al., 2018), basing on the hypothesis that a certain disease consists of dysfunctional cells
and molecules within healthy organs and body. As well known, on the one hand, drugs or other
therapeutic materials need to overcome physiological barriers to reach targets sites and during the
process of transporting them, potential adverse effects may be produced; on the other hand, another
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hamper is the retention time of agents in the injury site is
not adequate for new vessel growth. Therefore, the use of drug
delivery systems (DDS) is necessary for enhancing the efficacy
and safety of therapeutic agents (Matoba et al., 2017).

In the past decades, DDS has been investigated for improving
the transportation efficiency of drugs or other agents of interest
(Miyake et al., 1998). Currently, great advance about DDS
has been made, for example, electrospun polymeric nanofibers
(Torres-Martinez et al., 2018), Lipid-based DDSs (Semalty
et al., 2009) and Metallic nanoparticles (Mody et al., 2010),
Electrospun polymeric nanofibers (Torres-Martinez et al., 2018),
as one of promising DDSs, has the capacity to improve drug’s
bioavailability and release them in a controlled way via making
the low solubility drugs loaded into the fibers. Besides, the high
surface-to-volume ratio of the fibers can promote cell adhesion
and proliferation, drug loading, and mass transfer processes.
However, because of its high cost, the matter of manufacturing
drug loaded electrospun mats has to be considered before wide
utilization. As one of the lipid-based DDS, pharmacosomes
(Semalty et al., 2009) were able to improve dissolution and
absorption efficiency through the lipophilic membrane tissue
owing to its amphiphilic property (Wang et al., 2011), so that
the bioavailability of drugs was greatly improved. However, the
targeting of the lipid-based DDS is still a challenge. Metallic
nanoparticles (Mody et al., 2010) such as iron oxide nanoparticles
have been widely used in targeted drug delivery since they
were able to conjugate with antibodies and drugs of interest via
modification of different chemical functional groups. However,
the toxicity of these magnetic nanoparticles to certain kinds of
neuronal cells remain unclear (Pisanic et al., 2007).

Recently, the utilization of injectable hydrogel-based DDSs
has attracted considerable attention in many medicine fields,
including chemotherapeutics (Norouzi et al., 2016), tissue
engineering and regenerative medicine such as cartilage (Li
J. et al., 2019) and spinal cord (Macaya and Spector, 2012).
Injectable hydrogel has mechanical properties to closely match
the targeting organ, and can also be loaded with cellular and
a cellular therapeutics to modulate the wound environment
and enhance regeneration (Frith et al., 2013; Seo et al., 2017;
Cipriani et al., 2018; Mao et al., 2019). In the past years,
hydrogels have been paid considerable attention as potential
candidates for restoration of ischemia myocardial, in particular,
those stem from natural extracellular matrix (ECM) components
(e.g., collagen, fibronectin, as well as glycosaminoglycans) could
favor greatly endothelial cells adhesion and their transformation
to microvessels in vitro (Moon et al., 2010) attributing to their
high water content and structural similarity to the natural
ECM (Peppas et al., 2006; Seliktar, 2012). Additionally, when
in an extremly swollen state, hydrogel-based materials such
as chitosan hydrogels show good ability to deliver cells and
bioactive agents (Liu et al., 2006). Besides, owing to its
pH- and temperature-responsive properties, injectable hydrogel
exhibits good capacities as a minimally invasive biomaterial
scaffolding (Van Vlierberghe et al., 2011) applied for CVDs.
Here, we review the wide application of various kinds of
injectable hydrogel and the major strategies for the cardiovascular
disease therapy.

SINGLE USE OF INJECTABLE
HYDROGELS

It is of significant potential for injectable hydrogels to be applied
for cardiovascular diseases. The single use of injectable hydrogels
characterized by minimally invasive has a suitable effect in
cardiovascular disease treatment (Johnson and Christman, 2012).
Injectable hydrogels are able to form a network structure at a
certain temperature, to provide a morphological environment
for supporting myocardial cells and retaining self-differentiated
growth factors to promote myocardial repair (MacArthur et al.,
2017). The current research and development focused on
injectable hydrogels mainly divided into two categories: natural
hydrogels and synthetic hydrogels.

Natural Hydrogel
Natural hydrogels are attracting attention because of their non-
toxicity, immunogenicity, and excretion of metabolites (Li L.
et al., 2019). Generally, natural hydrogels are composed of
polysaccharides or proteins whose water-swelling properties
making them easy to adsorb and contain nutrients and small
molecules (Ahmed, 2015) and improving cell survival and
exercise performance (Ahearne, 2014).

Among them, the application of ECM (Extracellular matrix)
hydrogel is the representative of natural hydrogel (Francis
et al., 2017). Once the nanofiber hydrogel is formed by thermal
induction at physiological temperature, the decellularized
myocardial matrix hydrogels are possible to quickly create
a natural cellular microenvironment for heart tissue and
promote myocardial cell repair (Stoppel et al., 2016). Currently,
ECM hydrogels are transformed into clinically available
injectable biomaterial therapy stages by clinical trials (Wang
and Christman, 2016). However, ECM is currently encountered
with the lack of effective extraction methods with the reason that
the use of chemical reagents for decellularization to remove the
nucleus and cytokines of tissue organs can cause damage and
denaturation of ECM proteins. Some scholars have proposed the
use of supercritical carbon dioxide to extract to reduce damage
while with an inevitable challenge of higher cost (Seo et al., 2018).

Therefore, there are many scholars who have developed
other natural hydrogels and studied their role in promoting
cardiovascular disease repair to replace ECM. Currently
developed hydrogels biomaterials include chitosan natural
hydrogels (Li J. et al., 2013), hyaluronic acid hydrogels (Yoon
et al., 2009), sodium alginate hydrogels (Rocca et al., 2016),
and so on. As an immunological linear neutral polysaccharide,
hyaluronic acid has multiple acid and hydroxyl groups in
the molecule, which can be modified into different forms
of hydrogels, including soft or hard hydrogels, as well as
nanoparticles and electrospinning. HA-based biomaterial
(Burdick and Prestwich, 2011; Larraneta et al., 2018). The
presence of reduced left ventricular volume of the glue, increased
ejection fraction and the increased wall thickness evaluated by
nuclear magnetic resonance (MRI) combined with finite element
(FE) models following the treatment of injectable hyaluronic acid
hydrogels confirmed the cardiovascular properties of injectable
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hyaluronic acid hydrogels, including mechanical properties and
degradation properties which have been strongly verified before
(Rodell et al., 2016).

Perivascular macrophages maintain the balance between
endothelial cells and vascular permeability, but when exposed to
foreign substances, they activate the inflammatory response and
break the balance leading to vascular embolism (Lapenna et al.,
2018). Fortunately, chitosan not only has a group that can be
modified to change its properties (Vukajlovic et al., 2019), but also
has good compatibility with macrophages (Aussel et al., 2019),
suggesting that chitosan can treat cardiovascular diseases through
vascular repair. Chitosan injectable hydrogels can also be used
to remove free radicals due to their antioxidant properties and
degradability, resulting in anti-inflammatory effects to promote
heart and blood vessel repair (Dorsey et al., 2015). Similarly, due
to the easy modification of chitosan, a suitable biocompatible
conductive polypyrrole (PPy)-chitosan hydrogel was designed to
effectively maintain myocardial function by connecting isolated
cardiomyocytes to increase the electrical conductivity of cardiac
tissue (Mihic et al., 2015).

In addition, the easily degradable, non-toxic sodium alginate
hydrogel can be modified without modification and induced
specific properties for a wide range of applications (Hadley and
Silva, 2019). Once the degradable alginate hydrogel was designed
to own a microstructure to sustain the release of angiopoietin,
it can promote cardiac repair (Rocca et al., 2016) and that is
why it widely used in cardiac engineering (Ruvinov and Cohen,
2016). According to the rapid development of alginate hydrogel,
a multicenter prospective randomized controlled trial called
AUGMENT-HF followed up for 1 year was conducted and found
that patients with advanced heart failure (HF) using calcium
alginate-injected hydrogel presented better cardiac function and
clinical outcome rather than who accepting clinical standard
medicine therapy (SMT) (Mann et al., 2016).

Furthermore, the sericin-injected hydrogel also performed
an excellent biodegradability whose advantage is promoting the
recovery of acute myocardial infarction (MI) by promoting
inflammation and promoting cardiomyocytes and vascular
repair, with limited application due to the high cost and
weaker mechanical properties (Song et al., 2016). In order to
improve mechanical properties, silk fibroin (SF) is used as a
raw material for hydrogel to increase hydrogel toughness and
obtain an appropriate degradation rate for better therapeutic
effects (Kambe and Yamaoka, 2019). The following is a
classification description of several common natural hydrogel
materials (Figure 1).

Obviously, natural injectable hydrogels own good
cardiovascular repair and biocompatibility, while the defects in
uncontrolled function, rapid degradation rate, long gel formation
time (Ahearne, 2014; Pena et al., 2018) and high production
cost play (Song et al., 2016) a tough role of obstacle in the way
to cardiovascular application. Therefore, the development of
synthetic hydrogels had become researchers’ hot spot.

Synthetic Hydrogels
Compared to natural hydrogels, synthetic hydrogels perform a
strong mechanical properties and a possibility of being linked to

FIGURE 1 | Common types of natural injectable hydrogels materials.

new functional groups by physical and chemical means to achieve
the desired function (Highley et al., 2016; Pena et al., 2018).
Besides, extensively alternative synthetic materials range and the
low risk of immune rejection implanted in the body (Wang
R. M. et al., 2017) also facilitates the development of synthetic
hydrogels. However, synthetic hydrogels are encountered with
low adhesion, due to the lack of cell attachment sites, and poor
biocompatibility (Do et al., 2015).

The biochemical properties of hydrogels would be altered
to be suitable to play a role in cardiovascular regeneration
engineering due to the addition of chemical groups, the following
is the introduction of several common synthetic hydrogels
(Figure 2). The addition of 2-methylene-1,3-dioxepane (MDO)
provided biodegradability, and the introduction of tetraaniline
endowed copolymers with desirable electrical properties and
antioxidant activities, were added to an in situ hydrogel
composing of poly (NIPAM-based) copolymer that presented
superior biocompatibility and conductivity (Cui et al., 2014).
Furthermore, the biomimetic hydrogel visible-crosslinking
with the GelMA provided biodegradability perform a good
biocompatibility, while the biosafety of which has been
questioned to some extent (Noshadi et al., 2017). It is worth
noting that a functional polyion complex added by static
cross-linking create a controlled release system of NO to
inflammatory tissues to remove the ROS by redox reaction to
promote angiogenesis and prolong the retention period for
more than 10 days, which solved the problem of short retention
time of natural hydrogel (Vong et al., 2018). Equally, the
cross-linking with oxygen-suppressing microspheres to release
oxygen to infarcted tissue increase myocardial cell survival rate
(Fan et al., 2018). Clearly, the plasticity of synthetic hydrogels
provides an effective way to treatment based on cardiovascular
disease pathways. Moreover, the commercialization of synthetic
hydrogels has developed rapidly owing to its designability. An
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FIGURE 2 | Commonly used chemical structure of synthetic materials.
4-Aminodiphenylamine; PAA (Poly acrylic acid); 4-amino-TEMPO; CHA
(cyclohexylamine); VP (N-vinylpyrrolidone); NIPAM (N-Isopropyl acrylamide);
PEG (poly ethylene glycol); MAA (Meth acrylic acid); MANHS (methacrylic acid
N-hydroxysuccinimide ester); nPEG-MA [Poly ethylene glycol (n)
monomethacrylate]; Eosin γ [Eosin γ bis(tetrabutylammonium
salt) + 2-(2,4,5,7-tetrabromo-3-oxido-6-oxoxanthen-9
yl)benzoate,tetrabutylazanium].

injectable bioabsorbable stent (IK-5001) was used in patients
with clinical MI before a 6-month follow-up, the result evaluated
by laboratory examinations showed that IK-5001 was well
tolerated without damage to the myocardium (Süselbeck,
2014). Undoubtedly, the prominent superiority of synthetic
hydrogels are low manufacturing cost, low immunogenicity and
controllability, which provides a huge space for the design and
development, while biocompatibility, degradability and biosafety
of synthetic hydrogels are issues worthily to be discussed.

Since injectable hydrogels have proven to be a good treatment
in clinical practice (Wang H. et al., 2018) while the method is
also encountered with the lack of suitable injectable hydrogel
materials owing to the respective characteristics of natural
hydrogels or synthetic hydrogels. Therefore, the exploration of
clinically appropriate injectable hydrogel materials is also one of
the research priorities (Table 1).

INJECTABLE HYDROGEL-BASED
NANOCOMPOSITES

It is urgent to develop an injectable hydrogel with a stronger
intervention effect as the result of the suitable cardiovascular
repair effect of a single natural or synthetic hydrogel usually
dissatisfy the needs of clinical treatment. Generally, the hydrogels
cross-linking with other substances present a better effect on the
cardiovascular repair than which of hydrogel alone (Singelyn and
Christman, 2011). It is significant that the nanofiber network
structure of hydrogels provides a possibility of the combination
with nanocomposites (Johnson et al., 2011). At the same time,
in addition to the degradability of the injectable hydrogel

(Tous et al., 2011), the particle size of the hydrogel (Yoon et al.,
2014) is equally important to cardiovascular repair effects so that
nanocomposite with hydrogel considered as a carrier plays a great
potential role in the field of cardiovascular tissue engineering
(Kurdi et al., 2010). We will review the common types of active
nanomaterials complexed in injectable hydrogels for tissue repair
as followed (Figure 3).

Nanoparticles and Nanotubes
Limitations of clinical application of natural hydrogels and the
lack of cell sites of synthetic hydrogel was ameliorated by the
introduction of nanoparticles and nanotubes. Biocompatibility
of nanoparticle composite injectable hydrogel have been
demonstrated that the addition of nanoformulations into
the ECM maintained the functional behaviors and balance
of electrical conductivity into cardiomyocytes (Zhang et al.,
2019). The addition of nanotubes not only avoided the
low conductivity of natural injectable hydrogels, but also
retained the strong mechanical properties of synthetic injectable
hydrogels. A pHEMA [poly(2-hydroxyethyl methacrylate)]
hydrogel consisting of RNT (rosette nanotubes) and CNF
(carbon nanofibers) was designed to increase the conductivity
of the myocardium and the mechanical properties to promote
the adhesion of cardiomyocytes to enhance cells survival rate
(Meng et al., 2013). In addition, the Au-loaded Laponite
nanoparticles/ECM injectable hydrogel with superior electrical
conductivity to reduces the long-short structure of the hydrogel
to create a good environment for the cells (Zhang et al.,
2019). Nanotube-injectable hydrogel can increase cell adhesion
sites and ameliorate the arrangement structure of hydrogels
to ensure cell-to-cell integrity to increase the survival rate of
cardiomyocytes. For instance, carbon nanotube-incorporated
collagen hydrogels can improve arrangement to promote cell–
cell integrity and accelerate the regeneration of functional tissues
in 3-D hydrogels (Sun et al., 2017). Recently, in addition to
superior biocompatibility and electrical conductivity as well as
appropriate adhesion sites, the nanotube composite injectable
hydrogels were designed to provide sites for bioactive substance
adhesion. In terms of vascular tissue engineering applications,
Pacelli et al. (2017) proposes a Nanodiamond-based injectable
hydrogel for controlled release of angiogenic factors since the
chemical functional group on the surface of the ND efficiently
interact with the VEGF and facilitate sustained release from
the Polymer staggered network structure. The design of the
bioactive substance adhesion site not only provides convenience
for retaining the active factors produced by the cardiomyocytes
itself, but also provides the possibility for carrying foreign
biologically active factors. Significantly, the combination of bio-
nanomaterials and tissue engineering is a definite effective means
for cardiac tissue engineering.

Drugs
Based on the insufficient therapeutic effect of oral medicine
and cardiac stent treatment (Johnson and Christman, 2012),
the drug-delivered injectable hydrogel treatment method, a
minimally invasive surgical treatment, was proposed. Drugs or
natural active substances can be introduced into the site of
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TABLE 1 | Preclinical efficacy studies in the last 5 years using natural or synthetic injectable hydrogels for treating myocardial infarction.

Biomaterial Type of
hydrogel

Animal
model

Type of MI model/
Processing time point
after successful MI
model

End-point
after
treatment

Injection
site

Results compared to control References

Gelatinized
alginate
hydrogel

Natural Rats Acute myocardial
infarction model/48 h

48 h/after
4 weeks

Myocardium Associated with improved left
ventricular function after MI in
rats, and may provide a
long-term supply of
Angiotensin-(1-7)

Rocca et al.,
2016

pcECM Natural Rats Chronic myocardial
infarction/12 weeks

4 weeks or
8 weeks

Myocardium Preserved heart functions and
alleviated MI damage

Efraim et al.,
2017

Sericin Natural Mice Acute myocardial
infarction
model/Immediate

6 weeks Myocardium Reduces scar formation and
infarct size, increases wall
thickness and
neovascularization, and inhibits
the MI-induced inflammatory
responses and apoptosis

Song et al.,
2016

hpECM Natural Rats Acute myocardial
infarction model/30 min

1 h Myocardium A significant reduction in scar
volume along with normal
electrical activity of the surviving
tissue, as determined by optical
mapping

Francis et al.,
2017

Chitosan
CSCl-RoY
hydrogel

Synthetic Rats Acute myocardial
infarction model

/ Myocardium Improve angiogenesis at MI
region and improve the cardiac
functions

Shu et al., 2015

Synthetic Mice Acute myocardial
infarction model

4 weeks Myocardium Remarkably decreased the
infarction size and improved the
heart function

Vong et al.,
2018

Type I
collagen
hydrogel

Synthetic Rats Acute myocardial
infarction model/10 min

2 h, 1 and
28 days

Myocardium Enhance the grafted cell
survival in the myocardium,
which contributed to the
increased neovascularization,
decreased interstitial fibrosis

Xia et al., 2015

TEMPO Gel Synthetic Rats Acute myocardial
infarction model/30 min

24 h Myocardium Reduced infarction/reperfusion
injury and preserved left
ventricle geometry

Zhu et al., 2018

HA Synthetic Ovine Acute myocardial
infarction model/30 min

8 weeks Myocardium Contractility in the BZ was
significantly higher and ES fiber
stress was also greatly reduced

Wang H. et al.,
2018.

MI, myocardial infarction; pcECM, porcine cardiac extracellular matrix cells; hpECM, human placenta-derived hydrogel; CSCL- Ro γ, chloride-Roγ hydrogel; TEMPO Gel,
2,2,6,6-tetramethylpiperidine-1-oxyl hydrogel; HA, hyaluronic acid; BZ, extension of the border zone; ES, end-systolic.

inflammation through using injectable hydrogels as carriers.
Oxidative stress usually occurs with MI and lead to excessive
generation of free radicals, which damages transplanted cell
membrane lipid, proteins and DNA, seriously affecting the
treatment of MI. Drug delivery with hydrogel can change the
harsh environment of diseased tissue (Hasan et al., 2015).
Hydrogels have a highly porous structure in which irregular
pores are connected to each other throughout the structure
(Trombino et al., 2019), and the drug or a biologically active
substance like a liposome-encapsulated alpha-tocopherol (Qu
et al., 2019) or Ferulic acid (FA) (Cheng et al., 2016) is
uniformly distributed in the porous structure. The inlaid
structure of the hydrogel creates a sustained release system
to sustained-release to resists oxidative stress inflammatory
response and improved cardiomyocyte survival rate. In addition
to repairing blood vessels and promoting myocardial cell repair
through the antioxidant action of biologically active substances,

targeted therapy for drug delivery to damaged myocardium is
also an effective means of treating adverse tissue remodeling.
For instance, metalloproteinase inhibitor-containing injectable
hydrogel was used to locally inhibit matrix metalloproteinases
(MMPs), with the aim of reducing adverse tissue remodeling
contributed by excess MMP activity (Purcell et al., 2014). At
present, drug-encapsulated hydrogel treatment mainly focuses
on finding suitable natural or chemical drugs that change the
environment of tissue lesions, and designing suitable injectable
hydrogel delivery systems. Moreover, the sustained-release effect
of the DDS also affects the treatment of cardiovascular disease
(Singh et al., 2019). It is worth noting that an injecting
TIIA@PDA Nanoparticle-Cross-linked ROS-Sensitive Hydrogels
as a nanoscale DDS roperly control of the drug release amount
because TIIA@PDA NPs can be seized via the chemical bond
between thiolate and quinone groups on PDA (Wang W. et al.,
2019). There generally are a variety of sites of hydrogels that
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FIGURE 3 | Common types of active nanomaterials complexed in injectable hydrogels for tissue repair.

can be modified by reactive groups, such that the drug or active
material to forms a composite gel by a cross-linking reaction such
as a click chemistry or a supramolecular assembly of a guest-
host pair (Highley et al., 2016). This design provides ideas for the
development of sustained-release injectable hydrogels and it is an
inevitable challenge of controlled release of the drug to be solved
by the injectable hydrogel nanoscale DDS.

Stem Cells
Stem cell therapy, a treatment that has developed concurrently
with drug-loaded injectable hydrogels therapy, is well known
to play a very important role in cardiac engineering (Cheraghi
et al., 2016). Hydrogels protect cells from host inflammation
and enable functional integration with damaged myocardium
by providing physical support for transplanted cells to maintain
their location in the injured area (Sepantafar et al., 2016).
Therefore, hydrogels for CVDs ought to be suitable for CMs
owing to superior function in tissue repair (Figure 4). One
of the aspects of current research on injectable hydrogels for
transporting cells is to design a hydrogel that is more compatible
with cells (Lovett et al., 2009). A polyethylene glycol (PEG)
PEGylated fibrin proposed by Geuss et al. (2015) and an injectable

hydrogel combained poly (propylene fumarate-co-sebacate-co-
ethylene glycol) with PEGDA designed by Komeri and Muthu
(2016) are also suitable for cardiomyocytes. In addition, hydrogel
for CVDs should be electrically conductive to generate electrical
signals to the myocardium (Sepantafar et al., 2016). An Injectable,
flexible, antioxidant and electroconductive hydrogel with suitable
biocompatibility, which is equivalent to CMs and provides a
porous network structure suitable for embedding of CMs and
sustained- generated electrical signal (Komeri and Muthu, 2017).

Myocardium contains approximately four basic cell types:
60–80% heart Fibroblast, 20–40% Cardiomyocyte (CM), smooth
muscle cells (SMC) and endothelial cells (EC) (Dolnikov et al.,
2006). It is necessary to recruit cardiac precursor cells to
compensate for cell loss for high levels of cell slippage occurring
during MI (Leri et al., 2005). Injectable hydrogel-based cell
therapy techniques provide sufficient cell populations to support
the ability to electromechanically couple to Cardiomyocytes
(CMS) of host tissues, as well as provide appropriate vascular
and connective tissue (Li and Weisel, 2014). The application and
effects of various cell re-myocardia repair projects have been fully
studied by researchers, among which embryonic stem cells (Lu
et al., 2009) and CMs (Habib et al., 2011) are commonly used
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FIGURE 4 | Comparison about the method of cardiovascular regeneration of hydrogel. (A) Cells Delivery produces paracrine effects, while hydrogels reduce the
reduction of myocardial wall thickness, preserve heart function, prevent the formation of fibrous tissue, and provide a suitable environment for cell survival. Injectable
hydrogels loaded cells suppress the reduction of wall thickness by Inhibiting physical tension to provide a suitable environment, and significantly improve the efficacy
of cell therapy. (B) Commonly used cell types: CMs, cardiomyocytes; EPC, endothelial progenitor cells; brown adipose derived stem cells; embryonic stem cells;
MSCs, mesenchymal stem cells.

materials for cardiac engineering. In addition, mesenchymal stem
cells (MSCs) are able to differentiate into cardiomyocytes for
acute myocardial repair so that some researchers tried to combine
the injectable hydrogel with MSCs to explore more effective
therapeutic effects owing to the extremely low differentiation
rate of MSCs in the heart and the function of hydrogel-
injected network that provide a suitable environment and induce
MSC differentiation (Li Z. et al., 2012). A tunable bioactive
semi-interpenetrating polymer network (sIPN) hydrogels have
been developed with matrix metalloproteinase (MMP) to create
an assistive microenvironment for delivery of bone marrow-
derived mesenchymal stem cells (BMSCs) into the Inflammatory
myocardium. The cardiac function of the mice with the injection
of hydrogel used as a carrier was improved which provided
the basis for the long-term use of transplantation therapy for
cardiac stem cells (Wall et al., 2010). Furthermore, an injectable
hyaluronic acid (HA) shear-thinning hydrogel (STG) loaded
endothelial progenitor cell (EPC) construct (STG-EPC) resulted

in prolonged cell retention time and angiogenesis following
injection into a myocardial infarction mouse model (Alarcin
et al., 2018). In addition to the above-mentioned cells, researchers
also used hydrogels to load human amniotic fluid stem cells (Yeh
et al., 2010), cardiosphere-derived cells (Li Z. et al., 2011), brown
adipose derived stem cells (Wang H. et al., 2014), autologous
bone marrow cells (Chen et al., 2014) to promote cardiomyocyte
differentiation and angiogenesis and so on (Table 2), and the
achieved successful results among the cells above indicate that
cell nanocomposites based on injectable hydrogels are a useful
strategy for cardiac tissue engineering.

It is worth noting that the emerging 3D printing technology
also provides a new idea for the design of injectable hydrogel
cell nanocomposites (Table 3), since fine detail can be included
on the micron level with high complexity which provide cells
for a superior microenvironment with 3D printing (3DP)
technology (Do et al., 2015; Kuo et al., 2015). There is no
doubt that the cell composites based on the injectable hydrogel

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 7 March 2020 | Volume 8 | Article 251

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


fbioe-08-00251 March 28, 2020 Time: 18:58 # 8

Liao et al. Injectable Hydrogel-Based Nanocomposites

TABLE 2 | Studies in the last 5 years using injectable hydrogels combined with cells for treating myocardial infarction.

Biomaterial Type of
cells

Animal
model

Type of MI
model/Processing time
point after successful MI
model

End-point
after
treatment

Injection
site

Results compared to control References

HA Endothelial
progenitor
cell

Rats Immediate acute myocardial
infarction model

1/4 weeks Myocardium Minimize postischemic remodeling Gaffey et al.,
2015, 2019

FA iPS Mice Immediate acute myocardial
infarction model

1, 2,
4 weeks

Myocardium Improved the retention and survival
of iPS; less adverse heart
remodeling and stimulation of
neovascularization

Li H. et al.,
2018

Chitosan MSCs Rats 1 weeks acute myocardial
infarction model

24 h Myocardium Increased graft size and cell
retention, promoted MSCs to
differentiate into cardiomyocytes
and increased the effects of MSCs
on neovas-culature formation

Xu et al., 2017

HA, hyaluronic acid; FA, folic acid; iPS, induced pluripotent stem cells; MSCs, mesenchymal stem cells.

TABLE 3 | Studies of using injectable hydrogels to formulate 3D structure for treating cardiovascular diseases.

Biomaterial Formed 3D material Loaded cells Loaded time Survival rate References

Alginate 3D hydrogel-based
vascular

L929 mouse fibroblasts 7 days >90% Gao et al., 2017

3D printable MEGEL/
PEGDA3350/alginate
hydrogel

3D hydrogel culture
environment

HADMSC/ HAVIC/
HASSMC/

3 days 95%/93%/93% Kang et al., 2017

Chitosan 3D hydrogel culture
environment

NSCs/ECs 2 days Survival rate in 3D
hydrogel culture
environment than that
in 2D

Han H. W. et al., 2019

Plated PEGylated fibrin 3D hydrogel culture
environment

HL-1 CMs 3 days Increased cell retention
and reduced scar
tissue

Geuss et al., 2015

3D printable MEGEL/PEGDA3350/alginate hydrogel, extrusion 3D printable mixture of methacrylated gelatin/poly-ethylene glycol diacrylate/alginate
(MEGEL/PEGDA3350/alginate); PEG, Polyethylene glycol; HADMSC, human adipose derived mesenchymal stem cells; HAVIC, human aortic valve interstitial
cells; HASSMC, human aortic valve sinus smooth muscle cells; NSCs, neural stem cells; ECs: endothelial cells; CMs, cardiomyocytes.

of 3D printing technology will be one of the hotspots of
cardiac tissue engineering in the future (Alonzo et al., 2019;
Han H. W. et al., 2019).

Cell Active Factor
The common injectable hydrogels-based treatments for
cardiovascular disease are drug-loaded therapy and stem
cell therapy, but both have limitations. The drugs currently
in use are usually angiotensin receptor blockers, beta-
blockers, angiotensin-converting enzyme (ACE) inhibitors
and aldosterone antagonists, which possibly cause severe adverse
reactions in patients, including sleep disturbances, hypotension
and difficulty breathing (Jin and Yu, 2018). In order to clinically
reduce the incidence of adverse reactions of CVDs, cell active
factor therapy, including small molecule protein and exosomes,
is considered as a cell-free treatment alternative to drug therapy
(Cohen et al., 2014).

Endogenous and exogenous low molecular proteins are
usually used in clinically applied cell-free therapies with difficult
control of delivery and local release. Obviously, the application of
injectable hydrogel probably significantly improved the biological

activity of small molecule protein. An injectable hydrogel
with a light-sensitive bond and photoresolvability, including
polyethylene glycol and heparin-based polymers, successfully
wrapped fibroblast growth factor 2 (FGF-2), whose activity
was comparable to that before embedding and significantly
altered the release profile of FGF-2 (Kharkar et al., 2017). It
is worth noting that some researchers attempted to embed
horseradish peroxidase (HRP) with a bioactive peptide with
a phenolic hydroxyl group into hydrogel to cause a coupling
reaction to enhance the function of the active peptide
(Wang L. S. et al., 2014). The combination of injectable
hydrogel and small molecule protein, which can not only
improve its biological activity but also significantly increase
the retention time of active protein in the myocardium
and achieve sustained release, promotes cardiovascular repair
by promoting cell homing and regulating key proteins.
MacArthur et al. (2013) successfully loaded the synthetic analog
of stromal cell-derived factor 1-α (engineered stromal cell-
derived factor analog [ESA]) into an injectable hyaluronic
acid hydrogel and successfully induced the persistence of
endothelial progenitor cells Homing. Moreover, a delivery system
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of MMP-2 specific inhibitor peptide CTTHWGFTLC (CTT),
which enables CCT to be released continuously within 4 weeks,
effectively preventing ECM degradation worsens the condition
(Fan et al., 2017). The fusion protein (TAT-HSP27), consisting
of the heat shock protein 27 (HSP27) and transcriptional
activator (TAT), loaded into microsphere/hydrogel combination
delivery devices for controlled release behavior for prolonged
periods because the heat shock proteins is a favorable target
for protecting cardiomyocytes under environmental stimulation
(Lee et al., 2009). Similarly, researchers designed low molecular
protein injectable hydrogel nanocomposites with sustained
release function according to the mechanism of action of
different low molecular proteins: an Poly(ethylene glycol)
dimethacrylate(PEGDMA) hydrogel storing local increasing
mechano growth factor (MGF), a member of the IGF-1 family
with an anti-apoptotic E domain playing a role of a stem cell
homing factor (Doroudian et al., 2014), a temperature-sensitive
chitosan chloride-RoY (CSCl-RoY) hydrogel (Shu et al., 2015),
a hydrogel loading Neuregulin-1β (NRG) which is a member
of the epidermal growth factor family (Cohen et al., 2014), a
hydrogel loading high-mobility group box 1 (HMGB1) (He et al.,
2013), and so on. Song M’s findings on association between stem
cell homing factor (SDF-1) and angiogenic peptides (Ac-SDKP)
also demonstrate a better therapeutic effect in combination with
bioactive substances (Song et al., 2014).

In addition to the aforementioned small molecule regulatory
proteins, certain growth factors, including Thymosin β4 (Tβ4),
especially vascular endothelial growth factor (VEGF), should
be delivered to heart tissue to reduced poor heart remodeling
and improving ventricular function because of the poor cardiac
remodeling that occurs later in the myocardial infarction
(Anselmi et al., 2000). Thymosin β4 (Tβ4), a 43-amino acid
peptide which performs angiogenic and cardioprotective
properties, combined with injectable hydrogel resulted in
stimulation of Vascular regeneration and cardiomyocyte
migration (Shaghiera et al., 2018). Transportation of vascular
endothelial growth factor (VEGF) and other angiogenic factors
to promote angiogenesis are both potential treatment for
cardiovascular disease and a vital aspect of tissue regeneration
(Cao et al., 2009). The myocardial thickness and the density
blood vessels of the rat myocardial infarction model were larger
than that of the group without treating, following the injection
of a novel temperature-susceptible aliphatic polyester hydrogel
(HG) crosslinked with VEGF (Wu et al., 2011). Retention of
highly vascularized cardiomyocytes is a limiting factor in growth
factor therapy although it presents superior performance in
cardiovascular repair (Rufaihah et al., 2017). The Dex-PCL-
HEMA/PNIPAAm hydrogelcon containing VEGF developed
by Zhu et al. (2016) and the injectable hydrogel amalgamated
polyethylene glycol with fibrinogen (PEG-fibrinogen) loaded
with VEGF-A designed by Rufaihah et al. (2013) both are
able to release and store VEGF in a controlled manner and
achieve better cardiac repair than VEGF alone. Moreover,
in order to present a superior repair effect, an polyethylene
glycol-fibrinogen (PF) hydrogels was manufactured for sustained
dual transportation of VEGF and angiopoietin-1 (ANG-1) to
promote myocardial therapy (Rufaihah et al., 2017). Recently,

researchers’ research hotspots have shifted from the development
of nano-growth factor injectable hydrogels to exploring which
nano-growth factor injectable hydrogel complexes present
superior cardiac repair functions. Therefore, the growth factors,
including hepatocyte growth factor (HGF) (Ruvinov et al., 2010),
insulin-like growth factor 1 (IGF-1) (Koudstaal et al., 2014; Fang
et al., 2015), etc. that have been explored in combination with
injectable hydrogels and present good myocardial repair effects,
are suitable in myocardial regeneration.

Though stem cell treatment is one of the effective strategies
for the CVDs, the stem cell clinical transplantation is limited by
the low cell implantation and survival rate (Li Z. et al., 2018).
Exosomes have recently become recognized as new candidates
for cell-free treatment (Emanueli et al., 2015; Davidson et al.,
2017; Zhang et al., 2017). Exosomes, extracellular vesicles
derived from endosomes and the vital mediators of intercellular
communication (Ibrahim and Marbán, 2016), are released by
major cardiac cells, including cardiomyocytes, fibroblasts and
endothelial cells (Barile et al., 2017), to regulate cellular function
(Poe and Knowlton, 2018). Direct use of paracrine factors is
an attractive strategy that play a role in therapy via cytokine
regulatory pathway, taking cell implantation or survival rate
out of considered (Han C. S. et al., 2019). The development of
injectable hydrogel nanocomposites for composite exosomes has
raise researchers’ attention since hydrogels are appropriate carrier
materials. Significant improvement of exosome implantation
on injured myocardium has been proven by that an injectable
shear-thinning gel (STG) carrying EVs probably effectively
improve myocardial function and increased the hemodynamics
as well as the number of blood vessels (Chen et al., 2018).
Furthermore, exosomes generated by human adipose-derived
stem cells (hASCs), Gelatin and Laponite R© were combined to
formulate a shear-thinning, nanocomposite hydrogel (nSi Gel)
which was considered as an injectable carrier of secretome (nSi
Gel+), and the results indicate an increasing density of blood
vessels around the myocardium, an improvement in myocardial
function and a reduction in scar area (Waters et al., 2018).
However, the residence time and stability of exosomes are the
major challenges in the clinical application of exosomes in
recent years. Therefore, good biocompatibility and retention
time are the vital research directions of exosomes-delivered
injectable hydrogels. The stability and cardiovascular application
of chitosan-injectable hydrogel-encapsulated paracrine factors
in vivo were demonstrated by the results which indicated that
exosomes showed high retention rates and promote vascular
repair and formation (Zhang K. et al., 2018). Since the principle
of stem cell therapy is based on the release of paracrine
factors around the myocardial injury tissue to interfere with
the progression of myocardial infarction (Mirotsou et al.,
2011), exosome nanocomplexes with injectable hydrogels plays
a significant role as promising alternative therapies.

Genetic Material: RNA/DNA
Since stem cell and foreign active substance suppression
is prone to collective immune rejection (Lu et al., 2010),
embedding exogenous genetic material (DNA/RNA) into
injectable hydrogels to produce autologous histocompatibility
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stem cells to promote myocardial regeneration, is an appreciated
method in CVDs therapy. According to the pathway of MMP2
related to the cardiac harmful remodeling process, an injectable
hydrogel complexed with siRNA up-regulate the hydrolytic
activity of MMP2 protein to inhibit the harmful remodeling
process of the heart and promote heart repair (Wang L. L. et al.,
2018). In addition, an injectable Hyaluronan-Based hydrogel
modulate remodeling of the myocardial extracellular matrix
(ECM) by injecting a hyaluronic acid-based reservoir delivering
exogenous microRNA-29B (miR-29B) (Monaghan et al., 2018).
Noteworthily, protocols for injection-based delivery of Cre-CPP
by ultrasound-guided injection to cardiac muscle in mice is
mature owing to widely used technique of Cre-mediated DNA
recombination at loxP sites (Chien et al., 2017), which provides
a feasible mean for genetic material composite hydrogel. The
study results above strongly demonstrated that genetic material
(DNA/RNA) would be considered as the potential candidate for
myocardial regeneration.

Composite Use of Nano-Bioactive
Substances
Cell therapy is currently the most mature treatment in cardiac
tissue engineering which encounters with the problems of
immune rejection of foreign cells, low survival rate and short
residence time (Lu et al., 2010) so that researchers have
begun to combine biologically active substance with stem
cells to increase stem cell functional activity. It is common
to carry out the mixture of cell growth factor and stem
cells: combined polyethylene glycol hydrogel (PEG), a hydrogel
consisting of human induced pluripotent stem cell-derived
cardiomyocyte (iPSC-CM) and erythropoietin (EPO) (Chow
et al., 2017), a hydrogel consisting of insulin-like growth factor
(IGF-1) and delivering mesenchymal stromal cell (MSC) (Wang
et al., 2010), injectable linear engineering protein hydrogels
encapsulating VEGF and human induced pluripotent stem cell-
derived endothelial cells (hiPSC-EC) (Mulyasasmita et al., 2014)
and the like. What raise researchers’ attention is the combined
use of multiple nano-bioactive substance. An injectable matrix
metalloproteinase (MMP)-responsive, bioactive hydrogel used as

an in situ forming scaffold to deliver thymosin β4 (Tβ4), along
with vascular cells derived from human embryonic stem cells
(hESC), which useful in engineering sustained tissue preservation
(Kraehenbuehl et al., 2011). Noteworthily, Karam et al. (2014)
proposed to integrate human adipose-derived stem cells (ADSCs)
and pharmacologically active microcarriers (PAMs), a three-
dimensional (3D) carrier of cells and growth factors, into an
injectable hydrogel (HG), to obtain a system that stimulates
the survival and/or differentiation of the grafted cells toward
a cardiac phenotype. This study suggests that the use of 3D
nanocomposites is one of the more effective means and a hot
spot in cardiovascular repair development. From a gene therapy
perspective, an injectable biocompatible hydrogel which can
efficiently deliver a nanocomplex of graphene oxide (GO) and
vascular endothelial growth factor-165 (VEGF) pro-angiogenic
gene is significant for myocardial therapy (Paul et al., 2014),
which suggested the feasibility of gene therapy combined with
cardiac tissue engineering treatment is illustrate.

THE MAJOR MECHANISM USING BY
INJECTABLE HYDROGEL IN CVDS

Although injectable hydrogel as a desirable candidate for CVDs
with numerous outstanding properties has been widely used
in clinical treatment, its mechanism of promotion restoration
of CVDs remains unclear. Herein several possible paths are
illustrated in the following parts.

The Promotion Effect of Recovery in
CVDs via Angiogenesis
Recently, therapeutic angiogenesis, or the delivery of angiogenic
agents such as growth factors (GFs) (Madonna and De Caterina,
2011), NO (Vong et al., 2018), and some drugs (Qi et al.,
2018) to promote revascularization of ischemic tissue, holds
great promise in the fields of treating CVDs. As shown in the
Figure 5, a variety of GFs are indispensable for the different
phrase of neovascularization. Nevertheless, this approach has
been confronted with several obstacle when hydrogel used as

FIGURE 5 | Schematic illustrations of different growth factors signaling during angiogenesis.
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a delivery device, among which, the difficulties of keeping
angiogenic GFs retained locally at the injury site and released
gradually to allow adequate time for growth of new blood vessels
must be overcome before successful clinical implementation.
Basing on the status, recently a growing body of evidences have
shown evidence of injectable hydrogel’s promising effects on
cardiac recovery through addressing the problems mentioned
above in the process of revascularization.

GFs therapy shows great promises in treating ischemia, but
the retention of GFs in the highly vascularized myocardium is
mainly obstacle of its widely application. Some researchers (Feng
et al., 2017) designed an injectable hydrogel scaffold composed of
Konjac glucomannan (KGM, a naturally derived polysaccharide
with capability to activate macrophages/monocytes to secrete
pro-angiogenic/-mitogenic GFs) and heparin (Hep, one of
the glycosaminoglycan molecule that binds numerous pro-
angiogenic GFs and sequester them). Therefore, the injectable
hydrogel was capable of promote revascularization via first
stimulating the secretion of endogenous pro-angiogenic growth
factors (GFs) and next sequestering these GFs inside the scaffold.
Furthermore, controlling the degradation kinetics of injectable
hydrogel would be an effective strategy to prolong the retention
of GFs. Gel-CDH/HA-mCHO (Hozumi et al., 2018) hydrogels, a
new injectable hydrogel synthetized by carbohydrazide -modified
Gel (Gel-CDH) and mono-aldehyde modified-HA (HA-mCHO),
was degraded much more slowly because of stable Schiff ’s
base formation between aldehyde and carbohydrazide groups.
Additionally, the limited function of one single GF in the delivery
system was one of the restrictions. Therefore, polyethylene
glycol-fibrinogen (PF) hydrogels (Rufaihah et al., 2017) was
employed and incorporating with vascular endothelial growth
factor (VEGF) and angiopoietin-1 (ANG-1) to achieve the effect
of dual delivery of GFs in a sustained release way. Besides, other
materials also play the crucial roles on cardiovascular diseases. It
is generally known the significance of nitric oxide (NO) but its
therapeutic application is hampered because of its highly short
half-life and rapidly consumed by excessive producing of ROS.
Thereby, a new injectable hydrogel, namely NO-RIG (Vong et al.,
2018), was prepared which consisted of PArg-PEG-PArg (NO
releasing polymer) and PMNT-PEG-PMNT (ROS scavenging
polymer), in a complex with polyanion PAAc, so that NO’s effect
on promoting angiogenesis were improved.

In addition to the adequate retention time of GFs at the
targeted district, transporting the GFs to the injury site accurately
is also important for inducing angiogenesis. Given the acidic
microenvironment (Khabbaz et al., 2001; Kumbhani et al., 2004;
Ding et al., 2011; Zhao et al., 2012; Wei et al., 2017) of ischemic
myocardium, a pH- and temperature-responsive, injectable
hydrogel has been synthesized (Garbern et al., 2011) with several
pH- and temperature-responsive random copolymer, including
N-isopropylacrylamide (NIPAAm), propylacrylic acid (PAA),
and butyl acrylate (BA) by reversible addition fragmentation
chain transfer polymerization. This polymer existed as a liquid
at room temperature and pH 7.4 but becomes a gel at 37◦C and
pH 6.8. Thereby, the hydrogel successfully provided sustained
release of basic fibroblast growth factor (bFGF) at the injury
site locally and the angiogenesis effect of bFGF were improved.

Similar, another new (Wu et al., 2011), temperature-sensitive,
aliphatic polyester hydrogel (HG) conjugated with (VEGF) was
designed and also shown good therapeutic effect on attenuating
adverse cardiac remodeling and improved ventricular function
when injected after an MI.

In a word, therapeutic angiogenesis showed remarkably
therapeutic potential in cardiovascular disorders by changing the
status of one single material delivering, prolonging the retention
of pro-angiogenic factor and transmitting them accurately to
the targeted site.

The Therapeutic Effect in CVDs Through
Promoting Stem Cell Homing
Stem cell homing, the capability of stem cells to find their
destination in a targeted organ through the bloodstream (Zhao
and Zhang, 2016), was another promising therapeutic strategy
in CVDs, especially in Myocardial infarction (MI). Here, an
example of mesenchymal stromal cells (MSC) in Figure 6
(Marquez-Curtis and Janowska-Wieczorek, 2013) was used to
illustrate the mechanisms of stem cell transendothelial migration
toward injured tissue. As we can see in the Figure 6, the
effect of MSC homing was achieved by production of a series
of some critical factors such as homing receptors including
CXCR4. Although the mechanism of stem cell homing has
been understood recently, the clinical utilization of stem
cells was mainly hindered by their poor homing efficiency.
In the recent years, a growing body of clinical evidence
suggests that injectable hydrogel is a promising biomaterial
that were capable of enhancing stem cell homing efficiency in
treatment of numerous filed of regeneration medicine, such as in
periodontal regeneration (He et al., 2019), cartilage regeneration
(Lu et al., 2018), as well as corneal epithelium regeneration
(Tang et al., 2017).

“Homing” directs stem cells migration through different
signaling pathways, mediated by released chemokines or growth
factor receptors on the surface of stem cells. Over the past
decade, the most thoroughly studied stem cell homing factor
is the chemokine SDF-1α/CXCL12 (Ghadge et al., 2011), based
on which, a number of researchers committed themselves to
develop some new delivery devices loaded with these promoting
homing factors in order to improve the myocardium repair.
Recently, a combined strategy (Naderi-Meshkin et al., 2016) was
implemented via mixing human adipose tissue-derived MSCs
(hASCs) into chitosan-glycerophosphate-hydroxyethyl cellulose
(CH-GP-HEC) injectable hydrogel and as a result, site-directed
homing efficacy and retention of ASCs increase by harnessing
SDF1/CXCR4 axis. Similar, The E domain of mechano growth
factor (MGF) (Doroudian et al., 2014) peptide is anti-apoptotic
and a stem cell homing factor. As shown in a study, a
microrod delivery device of poly (ethylene glycol) dimethacrylate
(PEGDMA) hydrogel could absorb cells and decrease apoptosis
of myocytes via incorporating MGF.

On the other hand, a comfortable microenvironment for stem
cell survival is also of great significance. For example, as shown in
a current report, ROS (Song et al., 2010) in MI microenvironment
negatively regulated graft cell death and stem cell adhesion,
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FIGURE 6 | Mechanisms of MSC transendothelial migration toward injured tissue.

finally caused anoikis of transplanted cells. Hence, changing the
unfavorable MI microenvironment for stem cell homing and
proliferation would have better therapeutic efficiency in cellular
cardiomyoplasty. Chitosan hydrogel (Liu et al., 2012) were
able to improve the MI microenvironment, enhance stem cell
engraftment and survival through ROS scavenging. Furthermore,
adequate blood vessel would be another crucial supportive
condition for cell survival and proliferation. Thus, some scientists
(Song et al., 2014) designed a biomimetic hydrogel incorporated
with both stem cell homing factor (SDF-1) and angiogenic
peptides (Ac-SDKP) in treating chronic myocardial infarction
(CMI) and consequently, regeneration of cardiac function model
were significantly promoted. By and large, the stem cell homing-
based injectable hydrogel emerged as a promising therapy in
treatment ischemic infarction.

All in all, as for treating CVDs, revascularization and stem cell
homing are the two major effective strategies through injectable
hydrogel as a delivery system in the recent years. Besides,
there existing other approach that would hold great therapeutic
potential in the field of CVDs treatment, for instance, taking
advantage of an injectable hyaluronic acid (Zhang Y. et al., 2018)
(HA) hydrogel to deliver miRNA in order to induce proliferation
in cardiomyocytes through its inhibition of Hippo signaling via
a direct binding site on the 3′ UTR, such as miR-302 (Wang L.
L. et al., 2017) and miR-1825 (Pandey et al., 2017), developing a
new hydrogel (Qi et al., 2018) from supramolecular assembling
of a synthetic glycol peptide which endows the hydrogel with the
capacity of endothelial cell adhesion and proliferation due to its
high density of glucose moieties, as well as using Ferulic Acid
(Kanki and Klionsky, 2009; Wu et al., 2012; Wiley et al., 2013) (a
natural antioxidant that is most abundant in vegetables, especially
in eggplants and maize bran) to form a new injectable hydrogel

(Cheng et al., 2016) to effectively promote the recovery of Cisd2
deficiency induced damage.

SUMMARY AND PERSPECTIVE

Injectable hydrogels have shown promise in promoting
cardiovascular disease repair for years from single hydrogels
(natural or synthetic hydrogels) to hydrogel- based
nanocomposite. To the begin, natural hydrogels were attracting
attention because of their non-toxicity, immunogenicity, and
excretion of metabolites (Li L. et al., 2019), such as. However, due
to the lack of effective extraction methods (Francis et al., 2017),
ECM were gradually replaced by other natural hydrogels, such as
hyaluronic acid hydrogels (Yoon et al., 2009) (an immunological
linear neutral polysaccharide with multiple acid and hydroxyl
groups, which can be modified into different forms of hydrogels,
including soft or hard hydrogels, as well as nanoparticles and
electrospinning), chitosan natural hydrogels (which had good
compatibility with macrophages and antioxidant properties and
degradability) (Aussel et al., 2019), sodium alginate hydrogels
(Hadley and Silva, 2019), and so on. On the other hand, synthetic
hydrogels have been attached much importance since their
strong mechanical properties and various and controllable
function by physical and chemical means (Pena et al., 2018).
Synthetic hydrogels are low manufacturing cost and could
provide a huge space for the design and development, while their
biocompatibility, degradability, biosafety and low adhesion for
cell (Do et al., 2015) are issues worthily to be discussed.

Recently, since the porosity of hydrogel of hydrogels provides
a possibility to combine with nanocomposites (Johnson et al.,
2011), and the hydrogels cross-linking with other substances
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show better cardiovascular repair effect than which of hydrogel
alone (Singelyn and Christman, 2011), several types of active
nanomaterials complexed in injectable hydrogels for tissue repair
have been explored. For instance, injectable hydrogel-based
composite carrying drug and/or other bioactive materials have
been explored and the effective have been achieved.

According to different treatment mechanisms and different
aspects of concern, the invention of different nano-composite
injectable hydrogels was designed. For example, drugs-delivered
injectable hydrogels mainly improve the environment of
myocardial tissue with excessive oxidative stress, and small
molecule proteins-delivered and exosomes-delivered injectable
hydrogels are mainly involved in the mechanism of hormone
regulation in the process of self-repair of myocardium. Cell-
delivered injectable hydrogels therapy is mainly to provide a
large number of favorable healthy cells to promote the process
of myocardial repair, while pure hydrogel therapy is mainly to
provide the stent of myocardial cells. Recently, because of foreign
material is prone to collective immune rejection, embedding
foreign genetic material (DNA/RNA) into injectable hydrogels
might be an appreciated method in CVDs therapy.

Although much progress has been made due to injectable
hydrogel’s wide application in the CVDs, some limitations remain
challenges that need to be overcome before successful clinical
implementation, for instance, the exploration of appropriate
approach for injection (Chen et al., 2017), the method for
controlling and tailoring release profiles of targeting agents
confronting the complicated biological processes (Kharkar et al.,
2013; Annabi et al., 2014; Yesilyurt et al., 2016), the substantial
requirement for hydrogel’s rheological and mechanical properties
(Unterman et al., 2017), their capacities to be scaled up to a

good manufacturing practice (cGMP) process (Ungerleider and
Christman, 2014). It is of great hope that advances will be made
along with our thorough study of the pathophysiology of CVDs
and the accurate therapeutic mechanism by hydrogel in the
treatment of CVDs in coming years. What is currently lacking
is the comparison of the effects of different injectable hydrogels
and that of their respective advantages in clinical applications.
Although there are various designs of nanocomposite injectable
hydrogels, their cost and clinical application are in controversy.
Discussion and application of this composite product at this stage
is Insufficient. In the future, we will focus on the rationality
of the research design in this area and the possibility of
clinical application.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

FUNDING

This review was supported by National Natural Science
Foundation of China (Nos. 81972488, 81701836, 81973013),
The Basic Research Start-up Project (QD2018N005), Guangdong
Key R&D Program (No. 2019B020210002), Guangdong Natural
Science Foundation (C1051164), High-level Talent Introduction
Project (C1034220), and The Eighth Affiliated Hospital of Sun
Yat-sen University Outstanding Youth Reserve Talent Science
Fund (FBJQ2019002).

REFERENCES
Ahearne, M. (2014). Introduction to cell–hydrogel mechanosensing. Interface

Focus 4:20130038. doi: 10.1098/rsfs.2013.0038
Ahmed, E. M. (2015). Hydrogel: preparation, characterization, and applications: a

review. J. Adv. Res. 6, 105–121.
Alarcin, E., Lee, T. Y., Karuthedom, S., Mohammadi, M., Brennan, M. A.,

Lee, D. H., et al. (2018). Injectable shear-thinning hydrogels for delivering
osteogenic and angiogenic cells and growth factors. Biomater. Sci. 6, 1604–1615.
doi: 10.1039/c8bm00293b

Alonzo, M., AnilKumar, S., Roman, B., Tasnim, N., and Joddar, B. (2019). 3D
Bioprinting of cardiac tissue and cardiac stem cell therapy. Transl. Res. 211,
64–83. doi: 10.1016/j.trsl.2019.04.004

Annabi, N., Tamayol, A., Uquillas, J. A., Akbari, M., Bertassoni, L. E., and Cha,
C., et al. (2014). 25th anniversary article: Rational design and applications of
hydrogels in regenerative medicine. Adv. Mater. 26, 85–123. doi: 10.1002/adma.
201303233

Anselmi, M., Bolognese, L., Chierchia, S., Maggioni, A., and Marino, P. (2000).
The role of myocardial viability in deriving benefit from reestablishing infarct-
related artery flow after acute myocardial infarction. Prog. Cardiovasc. Dis. 42,
455–470.

Aussel, A., Boiziau, C., L’Azou, B., Siadous, R., Delmond, S., Montembault, A.,
et al. (2019). Cell and tissue responses at the interface with a chitosan hydrogel
intended for vascular applications: in vitro and in vivo exploration. Biomed.
Mater. 14:25009. doi: 10.1088/1748-605X/aafbf0

Bagno, L., Hatzistergos, K. E., Balkan, W., and Hare, J. M. (2018).
Mesenchymal stem cell-based therapy for cardiovascular disease: progress

and challenges. Mol. Ther. 26, 1610–1623. doi: 10.1016/j.ymthe.2018.
05.009

Barile, L., Moccetti, T., Marbán, E., and Vassalli, G. (2017). Roles of exosomes in
cardioprotection. Eur. Heart J. 38:w304. doi: 10.1093/eurheartj/ehw304

Burdick, J. A., and Prestwich, G. D. (2011). Hyaluronic acid hydrogels for
biomedical applications. Adv. Mater. 23, H41–H56. doi: 10.1002/adma.
201003963

Cainzos-Achirica, M., Fedeli, U., Sattar, N., Agyemang, C., Jenum, A. K., McEvoy,
J. W., et al. (2019). Epidemiology, risk factors, and opportunities for prevention
of cardiovascular disease in individuals of South Asian ethnicity living
in Europe. Atherosclerosis 286, 105–113. doi: 10.1016/j.atherosclerosis.2019.
05.014

Cao, L., Arany, P. R., Wang, Y. S., and Mooney, D. J. (2009). Promoting
angiogenesis via manipulation of VEGF responsiveness with notch signaling.
Biomaterials 30, 4085–4093. doi: 10.1016/j.biomaterials.2009.04.051

Celermajer, D. S., Chow, C. K., Marijon, E., Anstey, N. M., and Woo, K. S.
(2012). Cardiovascular disease in the developing World. J. Am. Coll. Cardiol.
60, 1207–1216. doi: 10.1016/j.jacc.2012.03.074

Chen, C. H., Chang, M. Y., Wang, S. S., and Hsieh, P. C. (2014). Injection
of autologous bone marrow cells in hyaluronan hydrogel improves cardiac
performance after infarction in pigs. Am. J. Physiol. Heart Circ. Physiol. 306,
H1078–H1086. doi: 10.1152/ajpheart.00801.2013

Chen, C. W., Wang, L. L., Zaman, S., Gordon, J., Arisi, M. F., Venkataraman,
C. M., et al. (2018). Sustained release of endothelial progenitor cell-derived
extracellular vesicles from shear-thinning hydrogels improves angiogenesis and
promotes function after myocardial infarction.Cardiovasc. Res. 114, 1029–1040.
doi: 10.1093/cvr/cvy067

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 13 March 2020 | Volume 8 | Article 251

https://doi.org/10.1098/rsfs.2013.0038
https://doi.org/10.1039/c8bm00293b
https://doi.org/10.1016/j.trsl.2019.04.004
https://doi.org/10.1002/adma.201303233
https://doi.org/10.1002/adma.201303233
https://doi.org/10.1088/1748-605X/aafbf0
https://doi.org/10.1016/j.ymthe.2018.05.009
https://doi.org/10.1016/j.ymthe.2018.05.009
https://doi.org/10.1093/eurheartj/ehw304
https://doi.org/10.1002/adma.201003963
https://doi.org/10.1002/adma.201003963
https://doi.org/10.1016/j.atherosclerosis.2019.05.014
https://doi.org/10.1016/j.atherosclerosis.2019.05.014
https://doi.org/10.1016/j.biomaterials.2009.04.051
https://doi.org/10.1016/j.jacc.2012.03.074
https://doi.org/10.1152/ajpheart.00801.2013
https://doi.org/10.1093/cvr/cvy067
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


fbioe-08-00251 March 28, 2020 Time: 18:58 # 14

Liao et al. Injectable Hydrogel-Based Nanocomposites

Chen, M. H., Wang, L. L., Chung, J. J., Kim, Y.-H., Atluri, P., and Burdick,
J. A. (2017). Methods to assess shear-thinning hydrogels for application as
injectable biomaterials. ACS Biomater Sci. Eng. 3, 3146–3160. doi: 10.1021/
acsbiomaterials.7b00734

Cheng, Y. H., Lin, F. H., Wang, C. Y., Hsiao, C. Y., Chen, H. C., Kuo, H. Y.,
et al. (2016). Recovery of oxidative stress-induced damage in Cisd2-deficient
cardiomyocytes by sustained release of ferulic acid from injectable hydrogel.
Biomaterials 103, 207–218. doi: 10.1016/j.biomaterials.2016.06.060

Cheraghi, M., Namdari, M., Eatemadi, A., and Negahdarib, B. (2016). Recent
advances in cardiac regeneration: stem cell, biomaterial and growth factors.
Biomed. Pharmacother. 87, 37–45.

Chien, W. M., Liu, Y., Dinca, A. A., and Chin, M. T. (2017). Injection-based
delivery of cell-permeable peptide-tagged cre. Methods Mol. Biol. 1642, 99–107.
doi: 10.1007/978-1-4939-7169-5_7

Chow, A., Stuckey, D. J., Kidher, E., Rocco, M., Jabbour, R. J., Mansfield, C. A.,
et al. (2017). Human induced pluripotent stem cell-derived cardiomyocyte
encapsulating bioactive hydrogels improve rat heart function post myocardial
infarction. Stem Cell Rep. 9, 1415–1422. doi: 10.1016/j.stemcr.2017.09.003

Cipriani, F., Kruger, M., de Torre, I. G., Sierra, L. Q., Rodrigo, M. A., Kock,
L., et al. (2018). Cartilage regeneration in preannealed silk elastin-like co-
recombinamers injectable hydrogel embedded with mature chondrocytes in an
ex vivo culture platform. Biomacromolecules 19, 4333–4347. doi: 10.1021/acs.
biomac.8b01211

Cohen, J. E., Purcell, B. P., MacArthur, J. J., Mu, A., Shudo, Y., Patel,
J. B., et al. (2014). A bioengineered hydrogel system enables targeted and
sustained intramyocardial delivery of neuregulin, activating the cardiomyocyte
cell cycle and enhancing ventricular function in a murine model of
ischemic cardiomyopathy. Circ. Heart Fail. 7, 619–626. doi: 10.1161/
CIRCHEARTFAILURE.113.001273

Cross, S. H., Kaufman, B. G., Mentz, R. J., Kamal, A. H., Taylor, D. J., and Warraich,
H. J. (2019). Trends in place of death for individuals with cardiovascular disease
in the United States. J. Am. Coll. Cardiol. 74, 1943–1946. doi: 10.1016/j.jacc.
2019.08.1015

Cui, H., Liu, Y., Cheng, Y., Zhang, Z., Zhang, P., Chen, X., et al. (2014). In vitro
study of electroactive tetraaniline-containing thermosensitive hydrogels for
cardiac tissue engineering. Biomacromolecules 15, 1115–1123. doi: 10.1021/
bm4018963

Davidson, S. M., Takov, K., and Yellon, D. M. (2017). Exosomes and cardiovascular
protection. Cardiovasc. Drugs Ther. 31, 77–86. doi: 10.1007/s10557-016-6698-
6696

Ding, J., Zhuang, X., Xiao, C., Cheng, Y., Zhao, L., He, C., et al. (2011). Preparation
of photo-cross-linked pH-responsive polypeptide nanogels as potential carriers
for controlled drug delivery. J. Mater. Chem. 21, 11383–11391.

Do, A. V., Khorsand, B., Geary, S. M., and Salem, A. K. (2015). 3D printing of
scaffolds for tissue regeneration applications. Adv. Healthc. Mater. 4, 1742–
1762. doi: 10.1002/adhm.201500168

Dolnikov, K., Shilkrut, M., Zeevi Levin, N., Gerecht Nir, S., Amit, M., Danon,
A., et al. (2006). Functional properties of human embryonic stem cell–derived
cardiomyocytes: intracellular Ca2+ handling and the role of sarcoplasmic
reticulum in the contraction. Stem Cells 24, 236–245.

Doroudian, G., Pinney, J., Ayala, P., Los, T., Desai, T. A., and Russell, B. (2014).
Sustained delivery of MGF peptide from microrods attracts stem cells and
reduces apoptosis of myocytes. Biomed. Microdevices 16, 705–715. doi: 10.1007/
s10544-014-9875-z

Dorsey, S. M., McGarvey, J. R., Wang, H., Nikou, A., Arama, L., Koomalsingh,
K. J., et al. (2015). MRI evaluation of injectable hyaluronic acid-based
hydrogel therapy to limit ventricular remodeling after myocardial
infarction. Biomaterials 69, 65–75. doi: 10.1016/j.biomaterials.2015.
08.011

Efraim, Y., Sarig, H., Cohen Anavy, N., Sarig, U., de Berardinis, E., Chaw, S., et al.
(2017). Biohybrid cardiac ECM-based hydrogels improve long term cardiac
function post myocardial infarction. Acta Biomater. 50, 220–233. doi: 10.1016/
j.actbio.2016.12.015

Emanueli, C., Shearn, A. I. U., Angelini, G. D., and Sahoo, S. (2015). Exosomes and
exosomal miRNAs in cardiovascular protection and repair. Vasc. Pharmacol. 71,
24–30. doi: 10.1016/j.vph.2015.02.008

Fan, Z., Fu, M., Xu, Z., Zhang, B., Li, Z., Li, H., et al. (2017). Sustained release of a
peptide-based matrix metalloproteinase-2 inhibitor to attenuate adverse cardiac

remodeling and improve cardiac function following myocardial infarction.
Biomacromolecules 18, 2820–2829. doi: 10.1021/acs.biomac.7b00760

Fan, Z., Xu, Z., Niu, H., Gao, N., Guan, Y., Li, C., et al. (2018). An injectable oxygen
release system to augment cell survival and promote cardiac repair following
myocardial infarction. Sci. Rep. 8:1371. doi: 10.1038/s41598-018-19906-w

Fang, R., Qiao, S., Liu, Y., Meng, Q., Chen, X., Song, B., et al. (2015). Sustained
co-delivery of BIO and IGF-1 by a novel hybrid hydrogel system to stimulate
endogenous cardiac repair in myocardial infarcted rat hearts. Int. J. Nanomed.
10, 4691–4703. doi: 10.2147/IJN.S81451

Feng, Y., Li, Q., Wu, D., Niu, Y., Yang, C., Dong, L., et al. (2017). A macrophage-
activating, injectable hydrogel to sequester endogenous growth factors for
in situ angiogenesis. Biomaterials 134, 128–142. doi: 10.1016/j.biomaterials.
2017.04.042

Francis, M. P., Breathwaite, E., Bulysheva, A. A., Varghese, F., Rodriguez, R. U.,
Dutta, S., et al. (2017). Human placenta hydrogel reduces scarring in a rat model
of cardiac ischemia and enhances cardiomyocyte and stem cell cultures. Acta
Biomater. 52, 92–104. doi: 10.1016/j.actbio.2016.12.027

Frith, J. E., Cameron, A. R., Menzies, D. J., Ghosh, P., Whitehead, D. L.,
Gronthos, S., et al. (2013). An injectable hydrogel incorporating mesenchymal
precursor cells and pentosan polysulphate for intervertebral disc regeneration.
Biomaterials 34, 9430–9440. doi: 10.1016/j.biomaterials.2013.08.072

Gaffey, A. C., Chen, M. H., Trubelja, A., Venkataraman, C. M., Chen, C. W.,
Chung, J. J., et al. (2019). Delivery of progenitor cells with injectable shear-
thinning hydrogel maintains geometry and normalizes strain to stabilize cardiac
function after ischemia. J. Thorac. Cardiovasc. Surg. 157, 1479–1490. doi: 10.
1016/j.jtcvs.2018.07.117

Gaffey, A. C., Chen, M. H., Venkataraman, C. M., Trubelja, A., Rodell, C. B.,
Dinh, P. V., et al. (2015). Injectable shear-thinning hydrogels used to deliver
endothelial progenitor cells, enhance cell engraftment, and improve ischemic
myocardium. J. Thorac. Cardiovasc. Surg. 150, 1268–1277. doi: 10.1016/j.jtcvs.
2015.07.035

Gao, Q., Liu, Z., Lin, Z., Qiu, J., Liu, Y., Liu, A., et al. (2017). 3D bioprinting of
vessel-like structures with multilevel fluidic channels. ACS Biomater. Sci. Eng. 3,
399–408. doi: 10.1021/acsbiomaterials.6b00643

Garbern, J. C., Minami, E., Stayton, P. S., and Murry, C. E. (2011). Delivery of
basic fibroblast growth factor with a pH-responsive, injectable hydrogel to
improve angiogenesis in infarcted myocardium. Biomaterials 32, 2407–2416.
doi: 10.1016/j.biomaterials.2010.11.075

Gersh, B. J., Sliwa, K., Mayosi, B. M., and Yusuf, S. (2010). Novel therapeutic
concepts ∗ The epidemic of cardiovascular disease in the developing world:
global implications. Eur. Heart J. 31, 642–648. doi: 10.1093/eurheartj/ehq030

Geuss, L. R., Allen, A. C., Ramamoorthy, D., and Suggs, L. J. (2015). Maintenance
of HL-1 cardiomyocyte functional activity in PEGylated fibrin gels. Biotechnol.
Bioeng. 112, 1446–1456. doi: 10.1002/bit.25553

Ghadge, S. K., Muhlstedt, S., Ozcelik, C., and Bader, M. (2011). SDF-1alpha as a
therapeutic stem cell homing factor in myocardial infarction. Pharmacol. Ther.
129, 97–108. doi: 10.1016/j.pharmthera.2010.09.011

Habib, M., Shapira-Schweitzer, K., Caspi, O., Gepstein, A., Arbel, G., Aronson, D.,
et al. (2011). A combined cell therapy and in-situ tissue-engineering approach
for myocardial repair. Biomaterials 32, 7514–7523. doi: 10.1016/j.biomaterials.
2011.06.049

Hadley, D. J., and Silva, E. A. (2019). Thaw-induced gelation of alginate hydrogels
for versatile delivery of therapeutics. Ann. Biomed. Eng. 47, 1701–1710. doi:
10.1007/s10439-019-02282-2285

Han, C. S., Zhou, J., Liang, C., Liu, B., Pan, X. B., Zhang, Y., et al. (2019).
Human umbilical cord mesenchymal stem cell derived exosomes encapsulated
in functional peptide hydrogels promote cardiac repair. Biomater. Sci. 7, 2920–
2933. doi: 10.1039/c9bm00101h

Han, H. W., Hou, Y. T., and Hsu, S. H. (2019). Angiogenic potential of co-spheroids
of neural stem cells and endothelial cells in injectable gelatin-based hydrogel.
Mater. Sci. Eng. C Mater. Biol. Appl. 99, 140–149. doi: 10.1016/j.msec.2019.
01.089

Hasan, A., Khattab, A., Islam, M. A., Hweij, K. A., Zeitouny, J., Waters, R., et al.
(2015). Injectable hydrogels for cardiac tissue repair after myocardial infarction.
Adv. Sci. 2:1500122. doi: 10.1002/advs.201500122

He, X. T., Li, X., Xia, Y., Yin, Y., Wu, R. X., Sun, H. H., et al. (2019). Building
capacity for macrophage modulation and stem cell recruitment in high-
stiffness hydrogels for complex periodontal regeneration: experimental studies

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 14 March 2020 | Volume 8 | Article 251

https://doi.org/10.1021/acsbiomaterials.7b00734
https://doi.org/10.1021/acsbiomaterials.7b00734
https://doi.org/10.1016/j.biomaterials.2016.06.060
https://doi.org/10.1007/978-1-4939-7169-5_7
https://doi.org/10.1016/j.stemcr.2017.09.003
https://doi.org/10.1021/acs.biomac.8b01211
https://doi.org/10.1021/acs.biomac.8b01211
https://doi.org/10.1161/CIRCHEARTFAILURE.113.001273
https://doi.org/10.1161/CIRCHEARTFAILURE.113.001273
https://doi.org/10.1016/j.jacc.2019.08.1015
https://doi.org/10.1016/j.jacc.2019.08.1015
https://doi.org/10.1021/bm4018963
https://doi.org/10.1021/bm4018963
https://doi.org/10.1007/s10557-016-6698-6696
https://doi.org/10.1007/s10557-016-6698-6696
https://doi.org/10.1002/adhm.201500168
https://doi.org/10.1007/s10544-014-9875-z
https://doi.org/10.1007/s10544-014-9875-z
https://doi.org/10.1016/j.biomaterials.2015.08.011
https://doi.org/10.1016/j.biomaterials.2015.08.011
https://doi.org/10.1016/j.actbio.2016.12.015
https://doi.org/10.1016/j.actbio.2016.12.015
https://doi.org/10.1016/j.vph.2015.02.008
https://doi.org/10.1021/acs.biomac.7b00760
https://doi.org/10.1038/s41598-018-19906-w
https://doi.org/10.2147/IJN.S81451
https://doi.org/10.1016/j.biomaterials.2017.04.042
https://doi.org/10.1016/j.biomaterials.2017.04.042
https://doi.org/10.1016/j.actbio.2016.12.027
https://doi.org/10.1016/j.biomaterials.2013.08.072
https://doi.org/10.1016/j.jtcvs.2018.07.117
https://doi.org/10.1016/j.jtcvs.2018.07.117
https://doi.org/10.1016/j.jtcvs.2015.07.035
https://doi.org/10.1016/j.jtcvs.2015.07.035
https://doi.org/10.1021/acsbiomaterials.6b00643
https://doi.org/10.1016/j.biomaterials.2010.11.075
https://doi.org/10.1093/eurheartj/ehq030
https://doi.org/10.1002/bit.25553
https://doi.org/10.1016/j.pharmthera.2010.09.011
https://doi.org/10.1016/j.biomaterials.2011.06.049
https://doi.org/10.1016/j.biomaterials.2011.06.049
https://doi.org/10.1007/s10439-019-02282-2285
https://doi.org/10.1007/s10439-019-02282-2285
https://doi.org/10.1039/c9bm00101h
https://doi.org/10.1016/j.msec.2019.01.089
https://doi.org/10.1016/j.msec.2019.01.089
https://doi.org/10.1002/advs.201500122
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


fbioe-08-00251 March 28, 2020 Time: 18:58 # 15

Liao et al. Injectable Hydrogel-Based Nanocomposites

in vitro and in rats. Acta Biomater. 88, 162–180. doi: 10.1016/j.actbio.2019.
02.004

He, Y. Y., Wen, Y., Zheng, X. X., and Jiang, X. J. (2013). Intramyocardial delivery
of HMGB1 by a novel thermosensitive hydrogel attenuates cardiac remodeling
and improves cardiac function after myocardial infarction. J. Cardiovasc.
Pharmacol. 61, 283–290. doi: 10.1097/FJC.0b013e31827ecd50

Highley, C. B., Prestwich, G. D., and Burdick, J. A. (2016). Recent advances in
hyaluronic acid hydrogels for biomedical applications. Curr. Opin. Biotechnol.
40, 35–40. doi: 10.1016/j.copbio.2016.02.008

Hozumi, T., Kageyama, T., Ohta, S., Fukuda, J., and Ito, T. (2018). Injectable
hydrogel with slow degradability composed of gelatin and hyaluronic acid
cross-linked by schiff ’s base formation. Biomacromolecules 19, 288–297. doi:
10.1021/acs.biomac.7b01133

Ibrahim, A., and Marbán, E. (2016). Exosomes: fundamental biology and roles
in cardiovascular physiology. Annu. Rev. Physiol. 78, 67–83. doi: 10.1146/
annurev-physiol-021115-104929

Jin, L., and Yu, Y. (2018). Bioactive small molecules in the pathogenesis and
pharmacology of cardiovascular diseases: from bench to bedside. Curr. Top.
Med. Chem. 18, 1351–1353. doi: 10.2174/156802661816181107141558

Johnson, T. D., and Christman, K. L. (2012). Injectable hydrogel therapies and their
delivery strategies for treating myocardial infarction. Expert Opin. Drug Deliv.
10, 59–72. doi: 10.1517/17425247.2013.739156

Johnson, T. D., Lin, S. Y., and Christman, K. L. (2011). Tailoring material properties
of a nanofibrous extracellular matrix derived hydrogel. Nanotechnology
22:494015. doi: 10.1088/0957-4484/22/49/494015

Kambe, Y., and Yamaoka, T. (2019). Biodegradation of injectable silk fibroin
hydrogel prevents negative left ventricular remodeling after myocardial
infarction. Biomater. Sci. 7, 4153–4165. doi: 10.1039/c9bm00556k

Kang, L. H., Armstrong, P. A., Lee, L. J., Duan, B., Kang, K. H., and Butcher,
J. T. (2017). Optimizing photo-encapsulation viability of heart valve cell types
in 3D printable composite hydrogels. Ann. Biomed. Eng. 45, 360–377. doi:
10.1007/s10439-016-1619-1611

Kanki, T., and Klionsky, D. J. (2009). Mitochondrial abnormalities drive cell death
in Wolfram syndrome 2. Cell Res. 19, 922–923. doi: 10.1038/cr.2009.94

Karam, J. P., Muscari, C., Sindji, L., Bastiat, G., Bonafe, F., Venier-Julienne,
M. C., et al. (2014). Pharmacologically active microcarriers associated with
thermosensitive hydrogel as a growth factor releasing biomimetic 3D scaffold
for cardiac tissue-engineering. J. Control. Release 192, 82–94. doi: 10.1016/j.
jconrel.2014.06.052

Khabbaz, K. R., Zankoul, F., and Warner, K. G. (2001). Intraoperative metabolic
monitoring of the heart: II. Online measurement of myocardial tissue pH. Ann.
Thorac. Surg. 72, S2227–S2234. doi: 10.1016/s0003-4975(01)03284-3282

Kharkar, P. M., Kiick, K. L., and Kloxin, A. M. (2013). Designing degradable
hydrogels for orthogonal control of cell microenvironments. Chem. Soc. Rev.
42, 7335–7372. doi: 10.1039/c3cs60040h

Kharkar, P. M., Scott, R. A., Olney, L. P., LeValley, P. J., Maverakis, E., Kiick,
K. L., et al. (2017). Controlling the release of small, bioactive proteins via
dual mechanisms with therapeutic potential. Adv. Healthc. Mater. 6:1700713.
doi: 10.1002/adhm.201700713

Komeri, R., and Muthu, J. (2016). In situ crosslinkable elastomeric hydrogel for
long-term cell encapsulation for cardiac applications. J. Biomed. Mater. Res. A
104, 2936–2944. doi: 10.1002/jbm.a.35833

Komeri, R., and Muthu, J. (2017). Injectable, cytocompatible, elastic, free radical
scavenging and electroconductive hydrogel for cardiac cell encapsulation. Coll.
Surf. B Biointerfaces 157, 381–390. doi: 10.1016/j.colsurfb.2017.05.073

Koudstaal, S., Bastings, M. M., Feyen, D. A., Waring, C. D., van Slochteren, F. J.,
Dankers, P. Y., et al. (2014). Sustained delivery of insulin-like growth factor-
1/hepatocyte growth factor stimulates endogenous cardiac repair in the chronic
infarcted pig heart. J. Cardiovasc. Transl. Res. 7, 232–241. doi: 10.1007/s12265-
013-9518-9514

Kraehenbuehl, T. P., Ferreira, L. S., Hayward, A. M., Nahrendorf, M., van der Vlies,
A. J., Vasile, E., et al. (2011). Human embryonic stem cell-derived microvascular
grafts for cardiac tissue preservation after myocardial infarction. Biomaterials
32, 1102–1109. doi: 10.1016/j.biomaterials.2010.10.005

Kumbhani, D. J., Healey, N. A., Birjiniuk, V., Crittenden, M. D., Josa, M.,
Treanor, P. R., et al. (2004). Determinants of regional myocardial acidosis
during cardiac surgery. Surgery 136, 190–198. doi: 10.1016/j.surg.2004.
04.015

Kuo, K. C., Lin, R. Z., Tien, H. W., Wu, P. Y., Li, Y. C., Melero-Martin, J. M.,
et al. (2015). Bioengineering vascularized tissue constructs using an injectable
cell-laden enzymatically crosslinked collagen hydrogel derived from dermal
extracellular matrix. Acta Biomater. 27, 151–166. doi: 10.1016/j.actbio.2015.
09.002

Kurdi, M., Chidiac, R., Hoemann, C., Zouein, F., Zgheib, C., and Booz, G. W.
(2010). Hydrogels as a platform for stem cell delivery to the heart. Congest.
Heart Fail. 16, 132–135. doi: 10.1111/j.1751-7133.2010.00145.x

Lapenna, A., De Palma, M., and Lewis, C. E. (2018). Perivascular macrophages in
health and disease. Nat. Rev. Immunol. 18, 689–702. doi: 10.1038/s41577-018-
0056-59

Larraneta, E., Henry, M., Irwin, N. J., Trotter, J., Perminova, A. A., and Donnelly,
R. F. (2018). Synthesis and characterization of hyaluronic acid hydrogels
crosslinked using a solvent-free process for potential biomedical applications.
Carbohydr. Polym. 181, 1194–1205. doi: 10.1016/j.carbpol.2017.12.015

Lee, J., Tan, C. Y., Lee, S. K., Kim, Y. H., and Lee, K. Y. (2009). Controlled delivery
of heat shock protein using an injectable microsphere/hydrogel combination
system for the treatment of myocardial infarction. J. Control. Release 137,
196–202. doi: 10.1016/j.jconrel.2009.04.008

Leri, A., Kajstura, J., and Anversa, P. (2005). Cardiac stem cells and mechanisms of
myocardial regeneration. Physiol. Rev. 85, 1373–1416.

Li, H., Gao, J., Shang, Y., Hua, Y., Ye, M., Yang, Z., et al. (2018). Folic acid derived
hydrogel enhances the survival and promotes therapeutic efficacy of iPS cells
for acute myocardial infarction. ACS Appl. Mater. Interfaces 10, 24459–24468.
doi: 10.1021/acsami.8b08659

Li, Z., Shen, D., Hu, S., Su, T., Huang, K., Liu, F., et al. (2018). Pretargeting and
bioorthogonal click chemistry-mediated endogenous stem cell homing for heart
repair. ACS Nano 12, 12193–12200. doi: 10.1021/acsnano.8b05892

Li, J., Chen, G., Xu, X., Abdou, P., Jiang, Q., Shi, D., et al. (2019). Advances of
injectable hydrogel-based scaffolds for cartilage regeneration. Regen. Biomater.
6, 129–140. doi: 10.1093/rb/rbz022

Li, L., Yu, F., Zheng, L., Wang, R., Yan, W., Wang, Z., et al. (2019). Natural
hydrogels for cartilage regeneration: modification, preparation and application.
J. Orthop. Transl. 17, 26–41. doi: 10.1016/j.jot.2018.09.003

Li, J., Shu, Y., Hao, T., Wang, Y., Qian, Y., Duan, C., et al. (2013). A chitosan-
glutathione based injectable hydrogel for suppression of oxidative stress damage
in cardiomyocytes. Biomaterials 34, 9071–9081. doi: 10.1016/j.biomaterials.
2013.08.031

Li, R., and Weisel, R. D. (2014). Cardiac Regeneration and Repair: Biomaterials and
Tissue Engineering. Amsterdam: Elsevier.

Li, Z., Guo, X., Matsushita, S., and Guan, J. (2011). Differentiation of cardiosphere-
derived cells into a mature cardiac lineage using biodegradable poly(N-
isopropylacrylamide) hydrogels. Biomaterials 32, 3220–3232. doi: 10.1016/j.
biomaterials.2011.01.050

Li, Z., Guo, X., Palmer, A. F., Das, H., and Guan, J. (2012). High-efficiency matrix
modulus-induced cardiac differentiation of human mesenchymal stem cells
inside a thermosensitive hydrogel. Acta Biomater. 8, 3586–3595. doi: 10.1016/j.
actbio.2012.06.024

Liu, T. Y., Chen, S. Y., Lin, Y. L., and Liu, D. M. (2006). Synthesis and
characterization of amphiphatic carboxymethyl-hexanoyl chitosan hydrogel:
water-retention ability and drug encapsulation. Langmuir 22, 9740–9745. doi:
10.1021/la061471n

Liu, Z., Wang, H., Wang, Y., Lin, Q., Yao, A., Cao, F., et al. (2012). The influence
of chitosan hydrogel on stem cell engraftment, survival and homing in the
ischemic myocardial microenvironment. Biomaterials 33, 3093–3106. doi: 10.
1016/j.biomaterials.2011.12.044

Lopez-Jaramillo, P. (2008). Defining the research priorities to fight the burden
of cardiovascular diseases in Latin America. J. Hypertens. 26, 1886–1889. doi:
10.1097/HJH.0b013e328308ba8d

Lovett, M., Lee, K., Edwards, A., and Kaplan, D. L. (2009). Vascularization strategies
for tissue engineering. Tissue Eng. B Rev. 15, 353–370. doi: 10.1089/ten.TEB.
2009.0085

Lu, J., Shen, X., Sun, X., Yin, H., Yang, S., Lu, C., et al. (2018). Increased recruitment
of endogenous stem cells and chondrogenic differentiation by a composite
scaffold containing bone marrow homing peptide for cartilage regeneration.
Theranostics 8, 5039–5058. doi: 10.7150/thno.26981

Lu, S., Wang, H., Lu, W., Liu, S., Lin, Q., Li, D., et al. (2010). Both the
transplantation of somatic cell nuclear transfer- and fertilization-derived mouse

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 15 March 2020 | Volume 8 | Article 251

https://doi.org/10.1016/j.actbio.2019.02.004
https://doi.org/10.1016/j.actbio.2019.02.004
https://doi.org/10.1097/FJC.0b013e31827ecd50
https://doi.org/10.1016/j.copbio.2016.02.008
https://doi.org/10.1021/acs.biomac.7b01133
https://doi.org/10.1021/acs.biomac.7b01133
https://doi.org/10.1146/annurev-physiol-021115-104929
https://doi.org/10.1146/annurev-physiol-021115-104929
https://doi.org/10.2174/156802661816181107141558
https://doi.org/10.1517/17425247.2013.739156
https://doi.org/10.1088/0957-4484/22/49/494015
https://doi.org/10.1039/c9bm00556k
https://doi.org/10.1007/s10439-016-1619-1611
https://doi.org/10.1007/s10439-016-1619-1611
https://doi.org/10.1038/cr.2009.94
https://doi.org/10.1016/j.jconrel.2014.06.052
https://doi.org/10.1016/j.jconrel.2014.06.052
https://doi.org/10.1016/s0003-4975(01)03284-3282
https://doi.org/10.1039/c3cs60040h
https://doi.org/10.1002/adhm.201700713
https://doi.org/10.1002/jbm.a.35833
https://doi.org/10.1016/j.colsurfb.2017.05.073
https://doi.org/10.1007/s12265-013-9518-9514
https://doi.org/10.1007/s12265-013-9518-9514
https://doi.org/10.1016/j.biomaterials.2010.10.005
https://doi.org/10.1016/j.surg.2004.04.015
https://doi.org/10.1016/j.surg.2004.04.015
https://doi.org/10.1016/j.actbio.2015.09.002
https://doi.org/10.1016/j.actbio.2015.09.002
https://doi.org/10.1111/j.1751-7133.2010.00145.x
https://doi.org/10.1038/s41577-018-0056-59
https://doi.org/10.1038/s41577-018-0056-59
https://doi.org/10.1016/j.carbpol.2017.12.015
https://doi.org/10.1016/j.jconrel.2009.04.008
https://doi.org/10.1021/acsami.8b08659
https://doi.org/10.1021/acsnano.8b05892
https://doi.org/10.1093/rb/rbz022
https://doi.org/10.1016/j.jot.2018.09.003
https://doi.org/10.1016/j.biomaterials.2013.08.031
https://doi.org/10.1016/j.biomaterials.2013.08.031
https://doi.org/10.1016/j.biomaterials.2011.01.050
https://doi.org/10.1016/j.biomaterials.2011.01.050
https://doi.org/10.1016/j.actbio.2012.06.024
https://doi.org/10.1016/j.actbio.2012.06.024
https://doi.org/10.1021/la061471n
https://doi.org/10.1021/la061471n
https://doi.org/10.1016/j.biomaterials.2011.12.044
https://doi.org/10.1016/j.biomaterials.2011.12.044
https://doi.org/10.1097/HJH.0b013e328308ba8d
https://doi.org/10.1097/HJH.0b013e328308ba8d
https://doi.org/10.1089/ten.TEB.2009.0085
https://doi.org/10.1089/ten.TEB.2009.0085
https://doi.org/10.7150/thno.26981
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


fbioe-08-00251 March 28, 2020 Time: 18:58 # 16

Liao et al. Injectable Hydrogel-Based Nanocomposites

embryonic stem cells with temperature-responsive chitosan hydrogel improve
myocardial performance in infarcted rat hearts. Tissue Eng. A 16, 1303–1315.
doi: 10.1089/ten.TEA.2009.0434

Lu, W. N., Lu, S. H., Wang, H. B., Li, D. X., Duan, C. M., Liu, Z. Q., et al. (2009).
Functional improvement of infarcted heart by co-injection of embryonic stem
cells with temperature-responsive chitosan hydrogel. Tissue Eng. A 15, 1437–
1447. doi: 10.1089/ten.tea.2008.0143

MacArthur, J. J., Purcell, B. P., Shudo, Y., Cohen, J. E., Fairman, A., Trubelja, A.,
et al. (2013). Sustained release of engineered stromal cell-derived factor 1-alpha
from injectable hydrogels effectively recruits endothelial progenitor cells and
preserves ventricular function after myocardial infarction. Circulation
128(11 Suppl. 1), S79–S86. doi: 10.1161/CIRCULATIONAHA.112.00
0343

MacArthur, J. W., Steele, A. N., Goldstone, A. B., Cohen, J. E., Hiesinger, W., and
Woo, Y. J. (2017). Injectable bioengineered hydrogel therapy in the treatment
of ischemic cardiomyopathy. Curr. Treat. Options Cardiovasc. Med. 19:30. doi:
10.1007/s11936-017-0530-x

Macaya, D., and Spector, M. (2012). Injectable hydrogel materials for spinal cord
regeneration: a review. Biomed. Mater. 7:12001. doi: 10.1088/1748-6041/7/1/
012001

Madonna, R., and De Caterina, R. (2011). Stem cells and growth factor delivery
systems for cardiovascular disease. J. Biotechnol. 154, 291–297. doi: 10.1016/j.
jbiotec.2011.05.014

Mann, D. L., Lee, R. J., Coats, A. J., Neagoe, G., Dragomir, D., Pusineri, E.,
et al. (2016). One-year follow-up results from AUGMENT-HF: a multicentre
randomized controlled clinical trial of the efficacy of left ventricular
augmentation with Algisyl in the treatment of heart failure. Eur. J. Heart Fail.
18, 314–325. doi: 10.1002/ejhf.449

Mao, X., Cheng, R., Zhang, H., Bae, J., Cheng, L., Zhang, L., et al. (2019). Self-
healing and injectable hydrogel for matching skin flap regeneration. Adv. Sci.
6:1801555. doi: 10.1002/advs.201801555

Marquez-Curtis, L. A., and Janowska-Wieczorek, A. (2013). Enhancing the
Migration Ability of Mesenchymal Stromal Cells by Targeting the SDF-
1/CXCR4 Axis. Biomed. Res. Int. 2013, 1–15. doi: 10.1155/2013/561098

Matoba, T., Koga, J. I., Nakano, K., Egashira, K., and Tsutsui, H. (2017).
Nanoparticle-mediated drug delivery system for atherosclerotic cardiovascular
disease. J. Cardiol. 70, 206–211. doi: 10.1016/j.jjcc.2017.03.005

McAloon, C. J., Boylan, L. M., Hamborg, T., Stallard, N., Osman, F., Lim, P. B.,
et al. (2016). The changing face of cardiovascular disease 2000-2012: an analysis
of the world health organisation global health estimates data. Int. J. Cardiol. 224,
256–264. doi: 10.1016/j.ijcard.2016.09.026

Meng, X., Stout, D. A., Sun, L., Beingessner, R. L., Fenniri, H., and Webster, T. J.
(2013). Novel injectable biomimetic hydrogels with carbon nanofibers and self
assembled rosette nanotubes for myocardial applications. J. Biomed. Mater. Res.
A 101, 1095–1102. doi: 10.1002/jbm.a.34400

Mihic, A., Cui, Z., Wu, J., Vlacic, G., Miyagi, Y., Li, S. H., et al. (2015). A
conductive polymer hydrogel supports cell electrical signaling and improves
cardiac function after implantation into myocardial infarct. Circulation 132,
772–784. doi: 10.1161/CIRCULATIONAHA.114.014937

Mirotsou, M., Jayawardena, T. M., Schmeckpeper, J., Gnecchi, M., and Dzau, V. J.
(2011). Paracrine mechanisms of stem cell reparative and regenerative actions
in the heart. J. Mol. Cell Cardiol. 50, 280–289. doi: 10.1016/j.yjmcc.2010.08.005

Miyake, F., Kamogawa, A., and Sakakibara, M. (1998). [Drug delivery system in
cardiovascular drugs]. Nihon Rinsho 56, 737–741.

Mody, V. V., Siwale, R., Singh, A., and Mody, H. R. (2010). Introduction to
metallic nanoparticles. J. Pharm. Bioallied Sci. 2, 282–289. doi: 10.4103/0975-
7406.72127

Monaghan, M. G., Holeiter, M., Brauchle, E., Layland, S. L., Lu, Y., Deb, A., et al.
(2018). Exogenous miR-29B delivery through a hyaluronan-based injectable
system yields functional maintenance of the infarcted myocardium. Tissue Eng.
A 24, 57–67. doi: 10.1089/ten.TEA.2016.0527

Moon, J. J., Saik, J. E., Poche, R. A., Leslie-Barbick, J. E., Lee, S. H., Smith, A. A., et al.
(2010). Biomimetic hydrogels with pro-angiogenic properties. Biomaterials 31,
3840–3847. doi: 10.1016/j.biomaterials.2010.01.104

Mulyasasmita, W., Cai, L., Dewi, R. E., Jha, A., Ullmann, S. D., Luong, R. H.,
et al. (2014). Avidity-controlled hydrogels for injectable co-delivery of induced
pluripotent stem cell-derived endothelial cells and growth factors. J. Control.
Release 191, 71–81. doi: 10.1016/j.jconrel.2014.05.015

Naderi-Meshkin, H., Matin, M. M., Heirani-Tabasi, A., Mirahmadi, M., Irfan-
Maqsood, M., Edalatmanesh, M. A., et al. (2016). Injectable hydrogel delivery
plus preconditioning of mesenchymal stem cells: exploitation of SDF-1/CXCR4
axis toward enhancing the efficacy of stem cells’ homing. Cell Biol. Int. 40,
730–741. doi: 10.1002/cbin.10474

Nichols, M., Townsend, N., Scarborough, P., and Rayner, M. (2014).
Cardiovascular disease in Europe 2014: epidemiological update. Eur. Heart J.
35, 2950–2959. doi: 10.1093/eurheartj/ehu299

Norouzi, M., Nazari, B., and Miller, D. W. (2016). Injectable hydrogel-based drug
delivery systems for local cancer therapy. Drug Discov. Today 21, 1835–1849.
doi: 10.1016/j.drudis.2016.07.006

Noshadi, I., Hong, S., Sullivan, K. E., Shirzaei, S. E., Portillo-Lara, R., Tamayol, A.,
et al. (2017). In vitro and in vivo analysis of visible light crosslinkable gelatin
methacryloyl (GelMA) hydrogels. Biomater. Sci. 5, 2093–2105. doi: 10.1039/
c7bm00110j

Pacelli, S., Acosta, F., Chakravarti, A. R., Samanta, S. G., Whitlow, J., Modaresi,
S., et al. (2017). Nanodiamond-based injectable hydrogel for sustained growth
factor release: preparation, characterization and in vitro analysis.Acta Biomater.
58, 479–491. doi: 10.1016/j.actbio.2017.05.026

Pandey, R., Velasquez, S., Durrani, S., Jiang, M., Neiman, M., Crocker, J. S.,
et al. (2017). MicroRNA-1825 induces proliferation of adult cardiomyocytes
and promotes cardiac regeneration post ischemic injury. Am. J. Transl. Res. 9,
3120–3137.

Paul, A., Hasan, A., Kindi, H. A., Gaharwar, A. K., Rao, V. T., Nikkhah, M., et al.
(2014). Injectable graphene oxide/hydrogel-based angiogenic gene delivery
system for vasculogenesis and cardiac repair. ACS Nano 8, 8050–8062. doi:
10.1021/nn5020787

Pena, B., Laughter, M., Jett, S., Rowland, T. J., Taylor, M., Mestroni, L., et al.
(2018). Injectable hydrogels for cardiac tissue engineering. Macromol. Biosci.
18:e1800079. doi: 10.1002/mabi.201800079

Peppas, N. A., Hilt, J. Z., Khademhosseini, A., and Langer, R. (2006). Hydrogels in
biology and medicine: from molecular principles to bionanotechnology. Adv.
Mater. 18, 1345–1360. doi: 10.1002/adma.200501612

Pisanic, T. N., Blackwell, J. D., Shubayev, V. I., Finones, R. R., and Jin, S. (2007).
Nanotoxicity of iron oxide nanoparticle internalization in growing neurons.
Biomaterials 28, 2572–2581. doi: 10.1016/j.biomaterials.2007.01.043

Poe, A. J., and Knowlton, A. A. (2018). Exosomes and cardiovascular cell-cell
communication. Essays Biochem. 62, 193–204. doi: 10.1042/EBC20170081

Purcell, B. P., Lobb, D., Charati, M. B., Dorsey, S. M., Wade, R. J., Zellars, K. N.,
et al. (2014). Injectable and bioresponsive hydrogels for on-demand matrix
metalloproteinase inhibition. Nat. Mater. 13, 653–661. doi: 10.1038/nmat3922

Qi, J., Yan, Y., Cheng, B., Deng, L., Shao, Z., Sun, Z., et al. (2018). Enzymatic
formation of an injectable hydrogel from a glycopeptide as a biomimetic
scaffold for vascularization. ACS Appl. Mater. Interfaces 10, 6180–6189. doi:
10.1021/acsami.7b18535

Qu, Y., Tang, J., Liu, L., Song, L., Chen, S., and Gao, Y. (2019). alpha-Tocopherol
liposome loaded chitosan hydrogel to suppress oxidative stress injury in
cardiomyocytes. Int. J. Biol. Macromol. 125, 1192–1202. doi: 10.1016/j.ijbiomac.
2018.09.092

Rocca, D. G. D., Willenberg, B. J., Qi, Y., Simmons, C. S., Rubiano, A., Ferreira,
L. F., et al. (2016). An injectable capillary-like microstructured alginate hydrogel
improves left ventricular function after myocardial infarction in rats. Int. J.
Cardiol. 220, 149–154. doi: 10.1016/j.ijcard.2016.06.158

Rodell, C. B., Lee, M. E., Wang, H., Takebayashi, S., Takayama, T., Kawamura, T.,
et al. (2016). Injectable shear-thinning hydrogels for minimally invasive delivery
to infarcted myocardium to limit left ventricular remodeling. Circ. Cardiovasc.
Interv. 9:e004058. doi: 10.1161/CIRCINTERVENTIONS.116.004058

Rufaihah, A. J., Johari, N. A., Vaibavi, S. R., Plotkin, M., Di Thien, D. T., Kofidis,
T., et al. (2017). Dual delivery of VEGF and ANG-1 in ischemic hearts using
an injectable hydrogel. Acta Biomater. 48, 58–67. doi: 10.1016/j.actbio.2016.
10.013

Rufaihah, A. J., Vaibavi, S. R., Plotkin, M., Shen, J., Nithya, V., Wang, J.,
et al. (2013). Enhanced infarct stabilization and neovascularization mediated
by VEGF-loaded PEGylated fibrinogen hydrogel in a rodent myocardial
infarction model. Biomaterials 34, 8195–8202. doi: 10.1016/j.biomaterials.2013.
07.031

Ruvinov, E., and Cohen, S. (2016). Alginate biomaterial for the treatment of
myocardial infarction: progress, translational strategies, and clinical outlook:

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 16 March 2020 | Volume 8 | Article 251

https://doi.org/10.1089/ten.TEA.2009.0434
https://doi.org/10.1089/ten.tea.2008.0143
https://doi.org/10.1161/CIRCULATIONAHA.112.000343
https://doi.org/10.1161/CIRCULATIONAHA.112.000343
https://doi.org/10.1007/s11936-017-0530-x
https://doi.org/10.1007/s11936-017-0530-x
https://doi.org/10.1088/1748-6041/7/1/012001
https://doi.org/10.1088/1748-6041/7/1/012001
https://doi.org/10.1016/j.jbiotec.2011.05.014
https://doi.org/10.1016/j.jbiotec.2011.05.014
https://doi.org/10.1002/ejhf.449
https://doi.org/10.1002/advs.201801555
https://doi.org/10.1155/2013/561098
https://doi.org/10.1016/j.jjcc.2017.03.005
https://doi.org/10.1016/j.ijcard.2016.09.026
https://doi.org/10.1002/jbm.a.34400
https://doi.org/10.1161/CIRCULATIONAHA.114.014937
https://doi.org/10.1016/j.yjmcc.2010.08.005
https://doi.org/10.4103/0975-7406.72127
https://doi.org/10.4103/0975-7406.72127
https://doi.org/10.1089/ten.TEA.2016.0527
https://doi.org/10.1016/j.biomaterials.2010.01.104
https://doi.org/10.1016/j.jconrel.2014.05.015
https://doi.org/10.1002/cbin.10474
https://doi.org/10.1093/eurheartj/ehu299
https://doi.org/10.1016/j.drudis.2016.07.006
https://doi.org/10.1039/c7bm00110j
https://doi.org/10.1039/c7bm00110j
https://doi.org/10.1016/j.actbio.2017.05.026
https://doi.org/10.1021/nn5020787
https://doi.org/10.1021/nn5020787
https://doi.org/10.1002/mabi.201800079
https://doi.org/10.1002/adma.200501612
https://doi.org/10.1016/j.biomaterials.2007.01.043
https://doi.org/10.1042/EBC20170081
https://doi.org/10.1038/nmat3922
https://doi.org/10.1021/acsami.7b18535
https://doi.org/10.1021/acsami.7b18535
https://doi.org/10.1016/j.ijbiomac.2018.09.092
https://doi.org/10.1016/j.ijbiomac.2018.09.092
https://doi.org/10.1016/j.ijcard.2016.06.158
https://doi.org/10.1161/CIRCINTERVENTIONS.116.004058
https://doi.org/10.1016/j.actbio.2016.10.013
https://doi.org/10.1016/j.actbio.2016.10.013
https://doi.org/10.1016/j.biomaterials.2013.07.031
https://doi.org/10.1016/j.biomaterials.2013.07.031
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


fbioe-08-00251 March 28, 2020 Time: 18:58 # 17

Liao et al. Injectable Hydrogel-Based Nanocomposites

from ocean algae to patient bedside. Adv. Drug Deliv. Rev. 96, 54–76. doi:
10.1016/j.addr.2015.04.021

Ruvinov, E., Leor, J., and Cohen, S. (2010). The effects of controlled HGF
delivery from an affinity-binding alginate biomaterial on angiogenesis and
blood perfusion in a hindlimb ischemia model. Biomaterials 31, 4573–4582.
doi: 10.1016/j.biomaterials.2010.02.026

Seliktar, D. (2012). Designing cell-compatible hydrogels for biomedical
applications. Science 336, 1124–1128. doi: 10.1126/science.1214804

Semalty, A., Semalty, M., Rawat, B. S., Singh, D., and Rawat, M. S. (2009).
Pharmacosomes: the lipid-based new drug delivery system. Expert Opin. Drug
Deliv. 6, 599–612. doi: 10.1517/17425240902967607

Seo, B. B., Koh, J. T., and Song, S. C. (2017). Tuning physical properties and BMP-
2 release rates of injectable hydrogel systems for an optimal bone regeneration
effect. Biomaterials 122, 91–104. doi: 10.1016/j.biomaterials.2017.01.016

Seo, Y., Jung, Y., and Kim, S. H. (2018). Decellularized heart ECM hydrogel using
supercritical carbon dioxide for improved angiogenesis. Acta Biomater. 67,
270–281. doi: 10.1016/j.actbio.2017.11.046

Sepantafar, M., Maheronnaghsh, R., Mohammadi, H., Rajabi-Zeleti, S., Annabi,
N., Aghdami, N., et al. (2016). Stem cells and injectable hydrogels: synergistic
therapeutics in myocardial repair. Biotechnol. Adv. 34, 362–379. doi: 10.1016/j.
biotechadv.2016.03.003

Shaghiera, A. D., Widiyanti, P., and Yusuf, H. (2018). Synthesis and
characterization of injectable hydrogels with varying Collagen(-)Chitosan(-
)thymosin beta4 composition for myocardial infarction therapy. J. Funct.
Biomater. 9:33. doi: 10.3390/jfb9020033

Shu, Y., Hao, T., Yao, F., Qian, Y., Wang, Y., Yang, B., et al. (2015). RoY peptide-
modified chitosan-based hydrogel to improve angiogenesis and cardiac repair
under hypoxia. ACS Appl. Mater. Interfaces 7, 6505–6517. doi: 10.1021/acsami.
5b01234

Singelyn, J. M., and Christman, K. L. (2011). Modulation of material properties
of a decellularized myocardial matrix scaffold. Macromol. Biosci. 11, 731–738.
doi: 10.1002/mabi.201000423

Singh, A. P., Biswas, A., Shukla, A., and Maiti, P. (2019). Targeted therapy
in chronic diseases using nanomaterial-based drug delivery vehicles. Signal
Transduct. Target. Ther. 4, 1–21. doi: 10.1038/s41392-019-0068-63

Song, H., Cha, M. J., Song, B. W., Kim, I. K., Chang, W., Lim, S., et al. (2010).
Reactive oxygen species inhibit adhesion of mesenchymal stem cells implanted
into ischemic myocardium via interference of focal adhesion complex. Stem
Cells 28, 555–563. doi: 10.1002/stem.302

Song, M., Jang, H., Lee, J., Kim, J. H., Kim, S. H., Sun, K., et al. (2014). Regeneration
of chronic myocardial infarction by injectable hydrogels containing stem cell
homing factor SDF-1 and angiogenic peptide Ac-SDKP. Biomaterials 35, 2436–
2445. doi: 10.1016/j.biomaterials.2013.12.011

Song, Y., Zhang, C., Zhang, J., Sun, N., Huang, K., Li, H., et al. (2016). An
injectable silk sericin hydrogel promotes cardiac functional recovery after
ischemic myocardial infarction. Acta Biomater. 41, 210–223. doi: 10.1016/j.
actbio.2016.05.039

Stoppel, W. L., Gao, A. E., Greaney, A. M., Partlow, B. P., Bretherton, R. C., Kaplan,
D. L., et al. (2016). Elastic, silk-cardiac extracellular matrix hydrogels exhibit
time-dependent stiffening that modulates cardiac fibroblast response. J. Biomed.
Mater. Res. A 104, 3058–3072. doi: 10.1002/jbm.a.35850

Sun, H., Zhou, J., Huang, Z., Qu, L., Lin, N., Liang, C., et al. (2017). Carbon
nanotube-incorporated collagen hydrogels improve cell alignment and the
performance of cardiac constructs. Int. J. Nanomed. 12, 3109–3120. doi: 10.
2147/IJN.S128030

Süselbeck, T. (2014). Intracoronary delivery of injectable bioabsorbable scaffold
(IK-5001) to treat left ventricular remodeling after ST-elevation myocardial
infarction: a first-in-man study. Circ. Cardiovasc. Interv. 7, 806–812.

Tang, Q., Luo, C., Lu, B., Fu, Q., Yin, H., Qin, Z., et al. (2017). Thermosensitive
chitosan-based hydrogels releasing stromal cell derived factor-1 alpha recruit
MSC for corneal epithelium regeneration. Acta Biomater. 61, 101–113. doi:
10.1016/j.actbio.2017.08.001

Torres-Martinez, E. J., Cornejo, B. J., Serrano, M. A., Perez, G. G., and Villarreal,
G. L. (2018). A summary of electrospun nanofibers as drug delivery system:
drugs loaded and biopolymers used as matrices. Curr. Drug Deliv. 15, 1360–
1374. doi: 10.2174/1567201815666180723114326

Tous, E., Ifkovits, J. L., Koomalsingh, K. J., Shuto, T., Soeda, T., Kondo, N.,
et al. (2011). Influence of injectable hyaluronic acid hydrogel degradation

behavior on infarction-induced ventricular remodeling. Biomacromolecules 12,
4127–4135. doi: 10.1021/bm201198x

Trombino, S., Servidio, C., Curcio, F., and Cassano, R. (2019). Strategies for
hyaluronic acid-based hydrogel design in drug delivery. Pharmaceutics 11:407.
doi: 10.3390/pharmaceutics11080407

Ujcic-Voortman, J. K., Baan, C. A., Seidell, J. C., and Verhoeff, A. P. (2012). Obesity
and cardiovascular disease risk among Turkish and Moroccan migrant groups
in Europe: a systematic review. Obes. Rev. 13, 2–16. doi: 10.1111/j.1467-789X.
2011.00932.x

Ungerleider, J. L., and Christman, K. L. (2014). Concise review: injectable
biomaterials for the treatment of myocardial infarction and peripheral artery
disease: translational challenges and progress. Stem Cells Transl. Med. 3, 1090–
1099. doi: 10.5966/sctm.2014-0049

Unterman, S., Charles, L. F., Strecker, S. E., Kramarenko, D., Pivovarchik, D., and
Edelman, E. R., et al. (2017). Hydrogel nanocomposites with independently
tunable rheology and mechanics. ACS Nano. 11, 2598–2610. doi: 10.1021/
acsnano.6b06730

Van Vlierberghe, S., Dubruel, P., and Schacht, E. (2011). Biopolymer-
based hydrogels as scaffolds for tissue engineering applications: a review.
Biomacromolecules 12, 1387–1408. doi: 10.1021/bm200083n

Vong, L. B., Bui, T. Q., Tomita, T., Sakamoto, H., Hiramatsu, Y., and Nagasaki,
Y. (2018). Novel angiogenesis therapeutics by redox injectable hydrogel -
Regulation of local nitric oxide generation for effective cardiovascular therapy.
Biomaterials 167, 143–152. doi: 10.1016/j.biomaterials.2018.03.023

Vukajlovic, D., Parker, J., Bretcanu, O., and Novakovic, K. (2019). Chitosan based
polymer/bioglass composites for tissue engineering applications. Mater. Sci.
Eng. C Mater. Biol. Appl. 96, 955–967. doi: 10.1016/j.msec.2018.12.026

Wall, S. T., Yeh, C. C., Tu, R. Y., Mann, M. J., and Healy, K. E. (2010). Biomimetic
matrices for myocardial stabilization and stem cell transplantation. J. Biomed.
Mater. Res. A 95, 1055–1066. doi: 10.1002/jbm.a.32904

Wang, F., Li, Z., Khan, M., Tamama, K., Kuppusamy, P., Wagner, W. R., et al.
(2010). Injectable, rapid gelling and highly flexible hydrogel composites as
growth factor and cell carriers. Acta Biomater. 6, 1978–1991. doi: 10.1016/j.
actbio.2009.12.011

Wang, H., Rodell, C. B., Zhang, X., Dusaj, N. N., Gorman, J. R., Pilla, J. J.,
et al. (2018). Effects of hydrogel injection on borderzone contractility post-
myocardial infarction. Biomech. Model. Mechanobiol. 17, 1533–1542. doi: 10.
1007/s10237-018-1039-1032

Wang, L. L., Chung, J. J., Li, E. C., Uman, S., Atluri, P., and Burdick, J. A.
(2018). Injectable and protease-degradable hydrogel for siRNA sequestration
and triggered delivery to the heart. J. Control. Release 285, 152–161. doi: 10.
1016/j.jconrel.2018.07.004

Wang, H., Shi, J., Wang, Y., Yin, Y., Wang, L., Liu, J., et al. (2014). Promotion
of cardiac differentiation of brown adipose derived stem cells by chitosan
hydrogel for repair after myocardial infarction. Biomaterials 35, 3986–3998.
doi: 10.1016/j.biomaterials.2014.01.021

Wang, L. S., Lee, F., Lim, J., Du, C., Wan, A. C., Lee, S. S., et al. (2014).
Enzymatic conjugation of a bioactive peptide into an injectable hyaluronic
acid-tyramine hydrogel system to promote the formation of functional
vasculature. Acta Biomater. 10, 2539–2550. doi: 10.1016/j.actbio.2014.
02.022

Wang, L. L., Liu, Y., Chung, J. J., Wang, T., Gaffey, A. C., Lu, M., et al. (2017).
Local and sustained miRNA delivery from an injectable hydrogel promotes
cardiomyocyte proliferation and functional regeneration after ischemic injury.
Nat. Biomed. Eng. 1, 983–992. doi: 10.1038/s41551-017-0157-y

Wang, R. M., Johnson, T. D., He, J., Rong, Z., Wong, M., Nigam, V., et al.
(2017). Humanized mouse model for assessing the human immune response
to xenogeneic and allogeneic decellularized biomaterials. Biomaterials 129,
98–110. doi: 10.1016/j.biomaterials.2017.03.016

Wang, R. M., and Christman, K. L. (2016). Decellularized myocardial matrix
hydrogels: in basic research and preclinical studies. Adv. Drug Deliv. Rev. 96,
77–82. doi: 10.1016/j.addr.2015.06.002

Wang, W., Chen, J., Li, M., Jia, H., Han, X., Zhang, J., et al. (2019). Rebuilding
postinfarcted cardiac functions by injecting TIIA@PDA nanoparticle-cross-
linked ros-sensitive hydrogels. ACS Appl. Mater. Interfaces 11, 2880–2890. doi:
10.1021/acsami.8b20158

Wang, W., Ding, J., Xiao, C., Tang, Z., Li, D., Chen, J., et al. (2011). Synthesis
of amphiphilic alternating polyesters with oligo (ethylene glycol) side chains

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 17 March 2020 | Volume 8 | Article 251

https://doi.org/10.1016/j.addr.2015.04.021
https://doi.org/10.1016/j.addr.2015.04.021
https://doi.org/10.1016/j.biomaterials.2010.02.026
https://doi.org/10.1126/science.1214804
https://doi.org/10.1517/17425240902967607
https://doi.org/10.1016/j.biomaterials.2017.01.016
https://doi.org/10.1016/j.actbio.2017.11.046
https://doi.org/10.1016/j.biotechadv.2016.03.003
https://doi.org/10.1016/j.biotechadv.2016.03.003
https://doi.org/10.3390/jfb9020033
https://doi.org/10.1021/acsami.5b01234
https://doi.org/10.1021/acsami.5b01234
https://doi.org/10.1002/mabi.201000423
https://doi.org/10.1038/s41392-019-0068-63
https://doi.org/10.1002/stem.302
https://doi.org/10.1016/j.biomaterials.2013.12.011
https://doi.org/10.1016/j.actbio.2016.05.039
https://doi.org/10.1016/j.actbio.2016.05.039
https://doi.org/10.1002/jbm.a.35850
https://doi.org/10.2147/IJN.S128030
https://doi.org/10.2147/IJN.S128030
https://doi.org/10.1016/j.actbio.2017.08.001
https://doi.org/10.1016/j.actbio.2017.08.001
https://doi.org/10.2174/1567201815666180723114326
https://doi.org/10.1021/bm201198x
https://doi.org/10.3390/pharmaceutics11080407
https://doi.org/10.1111/j.1467-789X.2011.00932.x
https://doi.org/10.1111/j.1467-789X.2011.00932.x
https://doi.org/10.5966/sctm.2014-0049
https://doi.org/10.1021/acsnano.6b06730
https://doi.org/10.1021/acsnano.6b06730
https://doi.org/10.1021/bm200083n
https://doi.org/10.1016/j.biomaterials.2018.03.023
https://doi.org/10.1016/j.msec.2018.12.026
https://doi.org/10.1002/jbm.a.32904
https://doi.org/10.1016/j.actbio.2009.12.011
https://doi.org/10.1016/j.actbio.2009.12.011
https://doi.org/10.1007/s10237-018-1039-1032
https://doi.org/10.1007/s10237-018-1039-1032
https://doi.org/10.1016/j.jconrel.2018.07.004
https://doi.org/10.1016/j.jconrel.2018.07.004
https://doi.org/10.1016/j.biomaterials.2014.01.021
https://doi.org/10.1016/j.actbio.2014.02.022
https://doi.org/10.1016/j.actbio.2014.02.022
https://doi.org/10.1038/s41551-017-0157-y
https://doi.org/10.1016/j.biomaterials.2017.03.016
https://doi.org/10.1016/j.addr.2015.06.002
https://doi.org/10.1021/acsami.8b20158
https://doi.org/10.1021/acsami.8b20158
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


fbioe-08-00251 March 28, 2020 Time: 18:58 # 18

Liao et al. Injectable Hydrogel-Based Nanocomposites

and potential use for sustained release drug delivery. Biomacromolecules 12,
2466–2474. doi: 10.1021/bm200668n

Waters, R., Alam, P., Pacelli, S., Chakravarti, A. R., Ahmed, R., and Paul, A. (2018).
Stem cell-inspired secretome-rich injectable hydrogel to repair injured cardiac
tissue. Acta Biomater. 69, 95–106. doi: 10.1016/j.actbio.2017.12.025

Wei, L., Chen, J., Zhao, S., Ding, J., and Chen, X. (2017). Thermo-sensitive
polypeptide hydrogel for locally sequential delivery of two-pronged antitumor
drugs. Acta Biomater. 58, 44–53. doi: 10.1016/j.actbio.2017.05.053

Wiley, S. E., Andreyev, A. Y., Divakaruni, A. S., Karisch, R., Perkins, G., Wall, E. A.,
et al. (2013). Wolfram Syndrome protein, Miner1, regulates sulphydryl redox
status, the unfolded protein response, and Ca2+ homeostasis. EMBOMol. Med.
5, 904–918. doi: 10.1002/emmm.201201429

Wu, C. Y., Chen, Y. F., Wang, C. H., Kao, C. H., Zhuang, H. W., Chen, C. C., et al.
(2012). A persistent level of Cisd2 extends healthy lifespan and delays aging in
mice. Hum. Mol. Genet. 21, 3956–3968. doi: 10.1093/hmg/dds210

Wu, J., Zeng, F., Huang, X. P., Chung, J. C., Konecny, F., Weisel, R. D.,
et al. (2011). Infarct stabilization and cardiac repair with a VEGF-conjugated,
injectable hydrogel. Biomaterials 32, 579–586. doi: 10.1016/j.biomaterials.2010.
08.098

Xia, Y., Zhu, K., Lai, H., Lang, M., Xiao, Y., Lian, S., et al. (2015). Enhanced
infarct myocardium repair mediated by thermosensitive copolymer hydrogel-
based stem cell transplantation. Exp. Biol. Med. 240, 593–600. doi: 10.1177/
1535370214560957

Xu, B., Li, Y., Deng, B., Liu, X., Wang, L., and Zhu, Q. (2017). Chitosan hydrogel
improves mesenchymal stem cell transplant survival and cardiac function
following myocardial infarction in rats. Exp. Ther. Med. 13, 588–594. doi: 10.
3892/etm.2017.4026

Yeh, Y. C., Lee, W. Y., Yu, C. L., Hwang, S. M., Chung, M. F., Hsu, L. W.,
et al. (2010). Cardiac repair with injectable cell sheet fragments of human
amniotic fluid stem cells in an immune-suppressed rat model. Biomaterials 31,
6444–6453. doi: 10.1016/j.biomaterials.2010.04.069

Yesilyurt, V., Webber, M. J., Appel, E. A., Godwin, C., Langer, R., and Anderson,
D. G. (2016). Injectable self-healing glucose-responsive hydrogels with pH-
regulated mechanical properties. Adv. Mater. 28, 86–91. doi: 10.1002/adma.
201502902

Yoon, S. J., Fang, Y. H., Lim, C. H., Kim, B. S., Son, H. S., Park, Y., et al. (2009).
Regeneration of ischemic heart using hyaluronic acid-based injectable hydrogel.
J. Biomed. Mater. Res. B Appl. Biomater. 91, 163–171. doi: 10.1002/jbm.b.31386

Yoon, S. J., Hong, S., Fang, Y. H., Song, M., Son, K. H., Son, H. S., et al.
(2014). Differential regeneration of myocardial infarction depending
on the progression of disease and the composition of biomimetic
hydrogel. J. Biosci. Bioeng. 118, 461–468. doi: 10.1016/j.jbiosc.2014.
04.001

Zhang, K., Zhao, X., Chen, X., Wei, Y., Du, W., Wang, Y., et al. (2018).
Enhanced therapeutic effects of mesenchymal stem cell-derived exosomes
with an injectable hydrogel for hindlimb ischemia treatment. ACS
Appl. Mater. Interfaces 10, 30081–30091. doi: 10.1021/acsami.8b0
8449

Zhang, Y., Cai, L., Li, D., Lao, Y., Liu, D., Li, M., et al. (2018). Tumor
microenvironment-responsive hyaluronate-calcium carbonate hybrid
nanoparticle enables effective chemotherapy for primary and advanced
osteosarcomas. Nano Res. 11, 4806–4822.

Zhang, Y., Fan, W., Wang, K., Wei, H., Zhang, R., and Wu, Y. (2019).
Novel preparation of Au nanoparticles loaded Laponite nanoparticles/ECM
injectable hydrogel on cardiac differentiation of resident cardiac stem cells
to cardiomyocytes. J. Photochem. Photobiol. B 192, 49–54. doi: 10.1016/j.
jphotobiol.2018.12.022

Zhang, Y., Hu, Y., Zheng, L., and Wang, Q. (2017). Characteristics and roles of
exosomes in cardiovascular disease. DNA Cell Biol. 36, 202–211. doi: 10.1089/
dna.2016.3496

Zhao, L., Ding, J., Xiao, C., He, P., Tang, Z., Pang, X., et al. (2012). Glucose-
sensitive polypeptide micelles for self-regulated insulin release at physiological
pH. J. Mater. Chem. 22, 12319–12328.

Zhao, Y., and Zhang, H. (2016). Update on the mechanisms of homing of adipose
tissue-derived stem cells. Cytotherapy 18, 816–827. doi: 10.1016/j.jcyt.2016.
04.008

Zhu, H., Jiang, X., Li, X., Hu, M., Wan, W., Wen, Y., et al. (2016). Intramyocardial
delivery of VEGF165 via a novel biodegradable hydrogel induces angiogenesis
and improves cardiac function after rat myocardial infarction. Heart Vessels 31,
963–975. doi: 10.1007/s00380-015-0710-710

Zhu, Y., Matsumura, Y., Velayutham, M., Foley, L. M., Hitchens, T. K.,
and Wagner, W. R. (2018). Reactive oxygen species scavenging with a
biodegradable, thermally responsive hydrogel compatible with soft tissue
injection. Biomaterials 177, 98–112. doi: 10.1016/j.biomaterials.2018.05.044

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Liao, Yang, Deng, Hao, Mao, Zhang, Liao and Yuan. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 18 March 2020 | Volume 8 | Article 251

https://doi.org/10.1021/bm200668n
https://doi.org/10.1016/j.actbio.2017.12.025
https://doi.org/10.1016/j.actbio.2017.05.053
https://doi.org/10.1002/emmm.201201429
https://doi.org/10.1093/hmg/dds210
https://doi.org/10.1016/j.biomaterials.2010.08.098
https://doi.org/10.1016/j.biomaterials.2010.08.098
https://doi.org/10.1177/1535370214560957
https://doi.org/10.1177/1535370214560957
https://doi.org/10.3892/etm.2017.4026
https://doi.org/10.3892/etm.2017.4026
https://doi.org/10.1016/j.biomaterials.2010.04.069
https://doi.org/10.1002/adma.201502902
https://doi.org/10.1002/adma.201502902
https://doi.org/10.1002/jbm.b.31386
https://doi.org/10.1016/j.jbiosc.2014.04.001
https://doi.org/10.1016/j.jbiosc.2014.04.001
https://doi.org/10.1021/acsami.8b08449
https://doi.org/10.1021/acsami.8b08449
https://doi.org/10.1016/j.jphotobiol.2018.12.022
https://doi.org/10.1016/j.jphotobiol.2018.12.022
https://doi.org/10.1089/dna.2016.3496
https://doi.org/10.1089/dna.2016.3496
https://doi.org/10.1016/j.jcyt.2016.04.008
https://doi.org/10.1016/j.jcyt.2016.04.008
https://doi.org/10.1007/s00380-015-0710-710
https://doi.org/10.1016/j.biomaterials.2018.05.044
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	Injectable Hydrogel-Based Nanocomposites for Cardiovascular Diseases
	Introduction
	Single Use of Injectable Hydrogels
	Natural Hydrogel
	Synthetic Hydrogels

	Injectable Hydrogel-Based Nanocomposites
	Nanoparticles and Nanotubes
	Drugs
	Stem Cells
	Cell Active Factor
	Genetic Material: RNA/DNA
	Composite Use of Nano-Bioactive Substances

	The Major Mechanism Using by Injectable Hydrogel in Cvds
	The Promotion Effect of Recovery in CVDs via Angiogenesis
	The Therapeutic Effect in CVDs Through Promoting Stem Cell Homing

	Summary and Perspective
	Author Contributions
	Funding
	References


