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Myocardial infarction (Ml) is a global cardiovascular disease with high mortality and morbidity. To treat
acute MI, various therapeutic approaches have been developed, including cells, extracellular vesicles,
and biomimetic nanoparticles. However, the clinical application of these therapies is limited due to low
cell viability, inadequate targetability, and rapid elimination from cardiac sites. Injectable hydrogels, with
their three-dimensional porous structure, can maintain the biomechanical stabilization of hearts and the
transplantation activity of cells. However, they cannot regenerate cardiomyocytes or repair broken

Received 21st June 2023,
Accepted 18th September 2023

hearts. A better understanding of the collaborative relationship between hydrogel delivery systems and
cell or cell-inspired therapy will facilitate advancing innovative therapeutic strategies against MI.
DOI: 10.1039/d3tb01411h Following that, from the perspective of cell types, Ml progression and recent studies on using hydrogel

to deliver cell or cell-derived preparations for Ml treatment are discussed. Finally, current challenges and
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1. Introduction

According to the World Health Organization (WHO), more than
17.9 million people die each year from cardiovascular disease
(CVD), and the number is steadily rising." By 2030, the global
economic burden of CVD is anticipated to reach $104.4 billion.>
Among CVD-related deaths, myocardial infarction (MI) and
associated heart failure are the most common causes.’ MI is
triggered by the sudden narrowing or blockage of coronary
arteries, which leads to a prolonged reduction or cessation of
blood supply to the heart.* Myocardial cells undergo necrotic
apoptosis during ischemia due to the lack of oxygen or
nutrients.” The process of fibrous remodeling leads to the
formation of scars, which can impede normal cardiac function
and ultimately result in severe heart failure.® While current
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future prospects of cell or cell derivative-laden hydrogels for Ml therapy are proposed.

therapeutic methods, such as prompt reperfusion, pharmaco-
logical thrombolysis, and surgical intervention, can alleviate
the process of MI, they do not address the urgent challenge of
regenerating and repairing myocardial tissue. This presents a
significant obstacle in the field of MI therapy.””

Researchers have developed various cell-based MI therapeu-
tic strategies over the years to restore cardiac tissue and reverse
cardiac function.'®™® These strategies have evolved from
the initial cell therapy to extracellular vesicles (EVs). (1) Cell
therapy. Source cells include mesenchymal stem cells (MSCs),
endothelial progenitor cells (EPCs), and cardiac-derived stem
cells."*"® Mechanisms involved in this therapy are pro-angio-
genic factor releasement and cardiomyocyte differentiation.'®
(2) Cell-derived extracellular vesicle therapy (e.g., MSCs, EPCs,
and macrophage-derived exosomes).'”'® Mechanisms include
reduced monocyte invasion and macrophage polarization
control.’®° However, the clinical application of cell or cell-
inspired therapy is hindered by low cell survival rates, inefficient
heart targeting, and rapid clearance from cardiac sites.>"**

Encapsulating cell or cell-derived preparations in hydrogels
or patches is a promising resolution.”*** While cardiac patches
require surgical implantation and result in low patient com-
pliance, the injectable hydrogel is less intrusive and traumatic,
and has preferable biocompatibility due to its structural simi-
larity to the myocardium’s extracellular matrix.>*>® The porous
structure of swelling hydrogel also helps maintain cell activity
and reduce blood elimination in vivo, making it an excellent
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strated that injecting hydrogel into myocardial infarction sites
can attenuate biomechanical remodeling of the heart, leading
to improved 5 year survival rates for MI patients.>* As such,
utilizing an injectable hydrogel delivery strategy in conjunction
with cell or cell-derived therapy may be a promising approach
to further improve outcomes for MI patients.*> Moreover,
biomimetic nanoparticle (e.g., erythrocyte, neutrophil, and
platelet cell membrane-camouflaged nanoparticles) has
emerged as a new tool for MI therapy. These delivery systems
have the potential to target the site of myocardial infarction and
repair endogenous heart tissue by releasing loaded active
cytokines or other drugs.**¢

In light of the foregoing, this review first presented an
overview of the pathological process of myocardial infarction,
focusing on the role of each cell type in heart recovery post MI.
Then, we discussed the advantages and drawbacks of hydrogel
delivery and cell-based therapy, as well as their cooperative
relationship in MI treatment. Notably, we reviewed the current
studies on using hydrogel delivery technologies to deliver cell
or cell-derived preparations for MI treatment. Finally, current
challenges and future prospects of cell or cell derivative-laden
hydrogels for MI therapy are proposed.

2. The role of different cells in heart
recovery post Ml

Myocardial infarction is closely linked to the interactions and
collaboration among various cells in the heart, blood, and bone
marrow.”” The heart, being the primary site of MI, comprises
several cell types such as cardiomyocytes, cardiac fibroblasts,
endothelium, immune cells, and the myocardium extracellular
matrix.*® During the progression of MI, neutrophils and mono-
cytes, which are the major functional blood or bone marrow
cells, also play a critical role.*® Each cell type has a specific
function in the physiological condition, and their interaction
and collaboration are essential for the heart to function nor-
mally. In the pathological stage of MI, several cascade reactions
occur in the specific cells of the heart, blood circulation, and
bone marrow, leading to cardiac remodeling and subsequent
heart failure.’***> This process is mainly divided into four
phases: inflammation, proliferation, maturation, and remodel-
ing.*® This review outlines the biological activity and function
of different cells in heart recovery post MI (Fig. 1).

2.1 Cardiomyocytes

Myocardial ischemia causes irreparable damage to cardiomyo-
cytes during the inflammatory phase.** This process mediates
cardiomyocyte death and the release of damage-related mole-
cular patterns through multiple pathways such as necrosis,
regulation of death, and autophagy.”> Cardiomyocytes will
hypertrophy with the addition of new myofibrils during the
ensuing MI process to adjust to the physical demands of the
injured heart.*®
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2.2 Macrophages

During the inflammatory phase, resident macrophages receive
death signals from cardiomyocytes via the pattern recognition
receptor.”” Subsequently, macrophages release pro-inflam-
matory factors and chemokines into the circulation system,
including the chemokine (C-C motif) ligand 2 (CCL2) and
interleukin-1f (IL-1B). In response to cytokines, monocytes
are attracted to the ischemic region and then transform into
M1-phenotype macrophages with a pro-inflammatory character.*®
At this stage, the inflammatory effect will be amplified in cascades.
In the proliferative phase, macrophages are polarized into M2-
phenotype macrophages with anti-inflammatory property.*®*°
M2-phenotype macrophages secrete a variety of cytokines, such
as TGF-B, IL-10, and VEGF, to promote tissue repair and
angiogenesis.>® At the maturation stage, the recruitment of
macrophages ends. Macrophages remaining in the ischemic
region will undergo apoptosis.®*

2.3 Cardiac fibroblasts

In normal cardiac tissue, cardiac fibroblasts are mainly respon-
sible for the secretion of extracellular matrix, facilitating the
infiltration of immune cells.’® During the proliferative phase,
macrophages activate cardiac fibroblasts by releasing TGF-.>"
In the maturation phase, activated fibroblasts transform into
matrifibrocytes.>® The cardiac extracellular matrix is cross-linked
to form scar tissue. During the remodeling phase, chronic
immune system overactivation will lead to fibrosis and increase
tissue stiffness in infracted and remote myocardium.>?

2.4 Endothelial

Physiologically, the principal function of endothelial cells is to
provide a barrier between blood and cardiac tissue by regulat-
ing vascular permeability.>* The initial inflammatory response
of MI causes the expression of surface adhesion molecules by
endothelial cells and increases the intercellular space between
endothelial cells.>® This action substantially increases vascular
permeability and aids immune cell recruitment and infiltra-
tion. In the proliferative phase, endothelial cells proliferate in
response to cytokines such as VEGF, which mediates vascular
regeneration and remodeling at the site of ischemia.’®
Endothelial cells further proliferate during the maturation
phase to produce vessel lumens, which are subsequently stabi-
lized by recruited pericytes. During the remodeling phase, as
scar tissue continues to form, microvascular rarefied and
vascular density is reduced in the heart.>”

2.5 Other immune cells

During heart recovery period post MI, except for macrophages
mentioned above, other immune cells (e.g., monocytes, neutro-
phils, dendritic cells) rapidly coordinate their function to
contain inflammation by removing dying cells and promoting
cardiomyocyte replenishment. Monocytes and neutrophils from
the bone marrow or spleen are recruited to the site of ischemia by
endothelial cell surface adhesion molecules and inflammatory
chemokines.”® Among them, induced by pro-inflammatory

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 The role of different cells in heart recovery post MI. Dying myocardial cells release damage-associated molecular patterns (DAMPs). Resident
macrophages recognize DAMPs and initialize inflammatory cascade by releasing cytokines and chemokines, leading to the recruitment of neutrophils
(NEs), dendritic cells (DCs) and monocytes. Monocytes are differentiated into M1-phenotype macrophages (MPs) and, together with NEs, secrete matrix
metalloproteinases (MMPs) and inflammatory cytokines. Resident and recruited MPs are responsible for phagocytosis and degradation of necrotic tissue.
In subsequent proliferation phage, MPs are polarized into pro-inflammatory M2-phenotype MPs, releasing transforming growth factor-f (TGF-B),
interleukin-10 (IL-10), and vascular endothelial growth factor (VEGF). Three cytokines can respectively enhance the collagen production ability of
matrificrocytes, attenuate inflammation, and promote neovascularization. In the maturation and remodeling phase, monocyte recruitment ends.
Eventually, the scar tissue is formed by hypertrophied cardiomyocytes and cross-linked extracellular.

cytokines, monocytes transform into M1-phenotype macro-
phages with a pro-inflammatory character. During the proli-
ferative phase, macrophages polarize into anti-inflammatory
M2-phenotype macrophages. The re-emergence of immune
cells during the remodeling phase causes inflammation in
remote and non-infarcted myocardium.’® Dendritic cells play
a significant role in post-MI antigen presentation, immune

This journal is © The Royal Society of Chemistry 2023

activation, and other processes.*? Initially, immature DCs

migrate through the vascular endothelium into damaged heart
tissue, where they are activated by DAMPs. These activated DCs
then engulf antigens released by necrotic cardiomyocytes.
Subsequently, the DCs migrate to lymph nodes and stimulate
the production of CD8+ T cells, triggering specific immunity.
On the other hand, EVs released by DCs can activate regulatory
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T cells (Tregs), which suppress the activity of CD8+ T cells and
regulate the differentiation of monocytes and macrophages.
CD8+ T cells, Tregs, and other immune cells work together to
maintain the equilibrium of the heart’s immune environment
post MI.

3. Collaborative effects of hydrogel
with cell-based therapy
3.1 Necessities and drawbacks of hydrogel in MI therapy

Due to the function of supplying blood to the entire body as a
mechanical pump, the homeostasis of the biomechanical
environment of the heart matters a lot.®® The elasticity of each
cardiac cell and the extracellular matrix are particularly impor-
tant. During cardiac systole and diastole, the elastic modulus of
the normal heart varies cyclically.®' The modulus of elasticity in
the infarcted region tends to decrease and then increase within
24 hours of the onset of ML.°* This pattern is associated with
the degradation and then increase of extracellular matrix (ECM)
during the progression of ML®® It has been reported that
hydrogels could replace the degraded ECM after being injected
into the ischemic region, compensating for the loss of contrac-
tility in the acute ischemic region and providing good mechan-
ical support for cardiomyocyte function.®* Another study found
that by increasing the thickness of the ventricular wall in the
infarcted region, hydrogel could improve the ejection fraction
of the left ventricle, effectively delaying the remodeling process
of the myocardium after the onset of ML°

Furthermore, several natural and synthetic hydrogels
(e.g., fibrin hydrogels, alginate hydrogels, hyaluronic acid hydro-
gels, and the cell-interacting peptide RAD16-11 hydrogels) have
been shown to have bioactivities that can improve the therapeutic
efficacy of MI.>*°® These bioactivities include immune cell recruit-
ment, inflammatory microenvironment modulation, and pro-
angiogenic effects. A clinical phase II trial of an alginate hydrogel
(Algisyl-LVRTM) for intracardiac injection has been completed.®”
Although the hydrogel is able to maintain the biomechanical
environment of the heart after the onset of MI and mitigate the MI
process, the inability to regenerate cardiomyocytes remains an
unresolved issue. In a clinical trial called PRESERVATION-1
(NCT01226563), a total of 231 patients were administered
IK-5001 and compared with 102 healthy controls.®® However,
no visible effect was observed after a period of 6 months. It was
noted that serious adverse events were more common in the
treatment group (5%) than in the control group (2.9%). Addi-
tionally, the treatment group also exhibited higher rates of
mortality and myocardial infarction compared to the control
group. In conclusion, these findings suggest that severe MI
patients did not experience significant anatomical changes or
improvements in their quality of life but were more prone to
severe adverse reactions. This is because there are still many
problems with hydrogel alone. On the one hand, the lack of
cells makes this therapy only “passive”, unable to regenerate
new myocardium. On the other hand, since the hydrogel is
mainly relied on to maintain the cardiac biomechanical
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environment after MI, the injection volume of the hydrogel is
relatively large. It may be more likely to cause adverse reactions,
such as ventricular ectopy or ventricular arrhythmia.

3.2 Necessities and drawbacks of cell-based therapy

Due to the superior MI therapeutic effects, stem cell therapy has
received much attention.® In 2011, the first MSCs preparation in
the world for myocardial infarction therapy (Hearticellgram-AMI)
was launched in Korea.” It is prepared by extracting blood from
the autologous sciatic bone marrow of patients. MSCs are cultured
for three to four weeks before being intracoronary infused.
Clinical trials have shown that stem cell preparation injection
improved heartbeats in patients with MI. Several autologous bone
marrow MSCs administrated by intracoronary infusion for MI
therapy are also in phase III clinical trials.”*”® These findings
highlight the significance of stem cell therapy in the treatment of
heart diseases such as MI. They stimulate endogenous myocardial
activation by secreting a variety of repair and regenerative cyto-
kines. It is characterized by decreased myocardial cell death
and hypertrophy, increased neovascularization, and improved
function of existing myocardial cells.”* However, stem cells survive
in the heart only for a short time after being infused.

Surprisingly, it is estimated that more than 90% of stem
cells infused into the heart do not reach the heart.””> The
situation occurs for two reasons. (1) Because of the abundant
blood flow in the heart, stem cells infused are quickly elimi-
nated and cannot be retained for an extended period of time
to exert therapeutic effects.”® (2) Stem cell therapy should
be started as soon as an acute injury occurs. However, during
acute injury, the infarcted area of the heart has a robust
immune and inflammatory response.”” Therefore, stem cells
injected into this area are subjected to a hostile environment,
reducing cell viability. As a result, selecting an appropriate
delivery system to increase intracardiac retention and cell
survival rate is critical to promoting the efficacy of cell-based
MI therapy.

Injectable hydrogels, among various biological scaffolds, use
the properties of polymeric materials that undergo a sol-gel
transition. These hydrogels can incorporate cells and retain
them in the infarct site. Furthermore, in the early stages of MI,
the hydrogel could effectively separate loading cells from the
robust inflammatory and immune environments.”®”° Addition-
ally, a more suitable in vivo microenvironment for stem cell
differentiation can be created by adding pro-stem cell differ-
entiation siRNA (e.g., miR-1a) or cytokines to the hydrogel.®***
Moreover, it has been reported that the elasticity of the matrix
influences the differentiation efficiency of stem cells.®* Human
mesenchymal stem cells differentiate more readily in hydrogels
with a higher elastic modulus. Based on this, it is reasonable
to speculate that stem cell delivery via a hydrogel similar to
the elasticity of cardiac tissue is more conducive to stem cell
differentiation to cardiomyocytes.®* In one study, pluripotent
stem cells were cultured in a polyacrylamide hydrogel with an
elastic modulus of 55 kPa rather than a traditional tissue
culture medium.*® The stem cells were able to differentiate
into cardiomyocytes more efficiently.

This journal is © The Royal Society of Chemistry 2023
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Notably, some researchers believe that the potential mecha-
nism of MI cell therapy is primarily related to their paracrine
function.®® The paracrine function of stem cells refers to the
release of extracellular vesicles from these stem cells into
the stroma. Active substances found in extracellular vesicles
include stem cell-associated proteins, miRNAs, and DNA
fragments.®® By fusing with the cell membrane of damaged or
surviving cardiomyocytes, stem cell-derived exosomes release
their active contents into the recipient cells, enhancing cardi-
omyocyte viability and function at the infarct site. Current
research has focused on using extracellular vesicles as drug
delivery systems for miRNAs or active proteins that promote
angiogenesis for myocardial regeneration.*>®” However, to
date, there is no clinical trial on using extracellular vesicle-
loaded hydrogels for MI therapy. Facing the same problem as
cell therapy, extracellular vesicles are still rapidly eliminated by
the rich blood flow of the heart after intravenous or intracor-
onary administration.®® As a result, extracellular vesicle delivery
to the infarct site is inefficient. Similarly, sparse drug-loading
space combined with the long-term retention ability of hydro-
gel at the infarct site makes it an ideal vehicle for extracellular
vesicle MI therapy.®®

In conclusion, researches indicate that the use of injectable
hydrogels and cell or cell-derived agents can be mutually
beneficial and complementary in treating MI. While the cardi-
omyocyte differentiation ability and paracrine function of cell
or cell-derived agents can effectively improve cardiac function
after MI, compensating for the inability of hydrogels to reverse
cardiac fibrosis, the ECM-like three-dimensional structure of
the injectable hydrogel provides mechanical support for the
heart. Additionally, the abundant cell-loading space makes
hydrogel an ideal microenvironment for cell proliferation and
differentiation.’® The residency of the hydrogel at the site of
post-injection infarct provides targeting properties for cell-
derived agents, which compensates for the drawbacks of cell
or cell-derived preparation. These drawbacks include low cell
survival, rapid clearance, and poor targeting properties.”!
In this article, we summarize studies about hydrogel delivery
systems that encapsulate cell or cell-derived preparations for
myocardial infarction therapy.

4. Cell or cell derivative-laden
hydrogels for Ml therapy

In order to meet the cells or extracellular vesicles delivery
requirements of hydrogels, the physicochemical properties of
hydrogels need to be carefully considered, including porosity,
stiffness, swelling ability, complex mechanical properties, and
degradation ability.°® These physicochemical properties dictate
the fate of cells or EVs after being encapsulated and delivered.
For example, it has been reported that in order to deliver
human embryonic stem cells (hESCs), the stiffness of the
hydrogel needs to be around 10 kPa. This is because only
hydrogels with this stiffness can maintain hESCs proliferation
and pluripotency.”® Degradability provides the space for cell

This journal is © The Royal Society of Chemistry 2023
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stretching and proliferation. According to another study, it has
been found that MSCs only spread in a degradable hydrogel
made from RGD-modified HA, as opposed to a non-degradable
matrix.”® Therefore, it is necessary to adjust these physico-
chemical properties and complex mechanical properties of
hydrogels to meet the delivery or treatment need for cells or
cell derivatives-based MI therapy.

Materials and preparation methods affect the physicochem-
ical properties of hydrogels. Based on the biological material
used, hydrogels can be classified as natural or synthetic. Fibrin
glue, alginate, hyaluronic acid, and collagen hydrogels are
the most commonly used natural hydrogels.**>*> The majority
of synthetic hydrogels are homopolymers and copolymers of
acrylamide (AAM) and its derivatives, homopolymers and copo-
lymers of acrylic acid (AA) and its derivatives, followed by
polyvinyl alcohol (PVA) and polyethylene glycol (PEG)
(Table 1).°> The preparation methods of hydrogels include
physical methods (ultraviolet light, y-ray irradiation, heating,
freeze-drying), chemical methods (modification of functional
groups such as carboxyl and amino groups, and addition of
crosslinking agents such as glutaraldehyde, etc.), and enzy-
matic methods (glutamine transaminase, etc.).”* Physical cross-
linking methods may decrease cell activity, while chemical
crosslinking and enzymatic crosslinking require complex modi-
fications or additional reagents. The interactions between the
cell or cell-derived agents and the hydrogel matrix must be
considered during the preparation of the hydrogels. On the one
hand, hydrogels must meet the fundamental requirements for
in vitro culture and in vivo transplantation, such as the absence
of small molecule cross-linking agents, moderate cross-linking
conditions, and the avoidance of toxic by-product generation.***>
As reported, gelation and cryo-gelation hydrogels are less toxic to
adipose-derived mesenchymal cells than conventional covalent
cross-linked and photopolymerized hydrogels, indicating they are
a more promising tool in vivo application.’®®” On the other hand,
the physical and mechanical properties of hydrogels are crucial
for their application in stem cell tissue engineering.’® Although
the hydrogels have a stable three-dimensional porous structure
for encapsulating cells or cell-derived agents, the biotherapeutic
adding will inevitably affect the macroscopic properties of
hydrogels.”*'°° Herein, we introduced two cell-based appro-
aches for MI therapy from the perspective of cell types.

4.1 Cell-laden hydrogels for MI therapy

Cells used in cell therapy primarily consist of bone marrow-
or adipose-derived mesenchymal stem cells (ADSCs), blood- or
bone marrow-derived endothelial progenitor cells, blood- or
bone marrow-derived monocytes, cardiac-derived stem cells,
skeletal myoblasts (SkMs), and multi-source-derived cardio-
myocytes (Fig. 2). The therapeutic mechanism of cell-based
MI therapy is summarized in Table 2.'%'71%

4.1.1 Bone marrow or adipose-derived mesenchymal stem
cells. MSCs, or mesenchymal stromal cells, are multipotent
stromal cells that can differentiate into various cell types,
such as osteoblasts, chondrocytes, muscle cells, and adipo-
cytes, among others.'® MSCs are found throughout the human
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Table 1 Summary of advantages and disadvantages of natural or synthetic hydrogels for cell or cell derivatives encapsulation

Materials Advantages Disadvantages
Natural hydrogels Fibrin e Good biocompatibility e Poor mechanical stability
e Good biodegradability e Easily agglomerate at high concentrations
e Promotes angiogenesis
o Fast gelation
Alginate e Bio-inert e Modifications needed for cell binding

Hyaluronic acid

Collagen
Synthetic hydrogels AAM derivatives
AA derivatives
PVA derivatives

PEG derivatives

o Fast gelation

e Good stability

e Good biocompatibility

e Promotes proliferation and angiogenesis
e Fast gelation

o Cell-matrix interactions

e Promotes cell attachment

e Good hydrolytic stability

o Similar to the extracellular matrix

e Good biocompatibility

e Easily functionalized

e Promoting cell survival and proliferation
o Degradability

e Good hydrophilicity

e Good biocompatibility

e Easily functionalized

e Poor cell adhesion

e Easily agglomerate at high concentrations
e Rapid degradation

e Poor mechanical stability

e Poor mechanical stability
o Slow gelation
e Easily agglomerate at high concentrations

o Weak degradability
e Cell toxicity
o Weak degradability

e Weak ability to adsorb proteins

e Poor cell adhesion

e Low cell proliferation and adhesion

e Weak biodegradation

e Intrinsic toxicity of synthetic schemes

body, most in bone marrow and adipose tissue.'®> MSCs have
several advantages in the field of MI therapy: (1) convenient
isolation and extraction from bone marrow or adipose tissue;
(2) active differentiation and proliferation ability; (3) immune
privilege, immunosuppression, and anti-inflammatory ability,
which can prevent immune rejection after cardiac infusion; and
(4) extensive paracrine effect, which can induce angiogenesis
and improve myocardial function by secreting angiogenic and
chemotactic factors. MSCs are currently the most commonly
used cell type in MlI-related clinical trials due to the above-
mentioned advantages. In 2008, in a pig model of chronic
myocardial infarction, a study was designed to determine
whether fibroblast growth factor-contained gelatin hydrogel
might improve bone marrow-derived mesenchymal stem cell
therapy.'% Recently, a single study on the use of mesenchymal
stem cells encapsulated in epicardial extracellular matrix
hydrogel has entered phase II clinical trials for heart failure
therapy (NCT04011059).""”

Wang et al. discovered that a cyclodextrin/PEG-PCL-PEG
hydrogel could promote bone marrow-derived MSC cell coloni-
zation and differentiation in the infarcted area. This hydrogel
was absorbed four weeks after administration. Thereby, MSCs
were mostly retained in the infarcted tissue.'”® This effectively
increased vessel density while inhibiting infarct dilatation and
left ventricular remodeling. The pore size of the hydrogel can
also influence the paracrine effect of MSCs. Qazi et al. reported
that medium pore size hydrogels (500 m) promoted pro-
angiogenic factor secretion by MSCs more effectively compared
with small pore size (400 m) and large pore size (600 m)
hydrogels."® This class of drug delivery systems has anti-
inflammatory properties in addition to cardiac tissue repair.
By converting adenosine monophosphate (AMP) to adenosine
via CD73, bone marrow-derived MSCs encapsulated in hydrogels
effectively suppressed acute inflammatory cascade in MI mice

9872 | J Mater. Chem. B, 2023, 11, 9867-9888

model."*® MSCs are more abundant in the stromal fraction
of adipose tissue than in bone marrow. Adipose tissue is also
easily accessible via liposuction. As a result, adipose-derived
MSCs are a good source of MSCs. Chen et al. cultured ADSCs in
cross-linked transglutaminase gelatin (Col-Tgel). Col-Tgel cre-
ated an adaptive microenvironment for ADSCs at the infarct
site that is conducive to differentiation and secretion, thereby
improving ADSCs cardioprotection.'" In addition to the com-
monly used fibrin hydrogels, alginate hydrogels, and hyaluro-
nic acid hydrogels, researchers have developed various other
hydrogel systems for MSC cardiac delivery. Koivunotko et al.
discovered nano-fibrillated cellulose (NFC) as a superior bio-
material scaffold capable of delivering MSCs. NFC maintained
the high viability and angiogenic properties of ADSCs in vitro.
As a result, NFC was able to deliver MSCs for MI therapy.'"”
Wau et al. co-loaded MSCs and cardioblast cells (H9C2 cells) into
chitosan-silk fibroin hydrogel. This co-culture strategy reduced
the electrophysiological barriers of native MSCs and released
heart-friendly cytokines, which slowed down the acute MI
process."*® Ding et al. designed a novel injectable hydrogel to
encapsulate MSCs, achieving better therapeutic results in MI
treatment. This hydrogel has a dual function of reactive oxygen
removal and oxygen generation."'* The lack of electromecha-
nical coupling of the hydrogel to the host myocardial tissue and
the inability to monitor the implantation may compromise
optimal treatment outcomes. Zhu et al. prepared an injectable
conductive nanocomposite hydrogel. The hydrogel consisted of
gold nanorods (GNRs), synthetic silicate nanoplatelets (SNs),
and PLGA-PEG-PLGA. Among them, SNs supported the proli-
feration of MSCs.''® Carbon nanotubes modified poly-(N-
isopropylacrylamide) (PNIPAAm) hydrogel was prepared by
Li et al. The hydrogel has good electrical conductivity and
mechanical support properties. It can effectively deliver ADSCs
to the infarct site and maintain their activity.*®

This journal is © The Royal Society of Chemistry 2023
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4.1.2 Blood or bone marrow-derived endothelial progeni-
tor cells. Endothelial cells (ECs) are less commonly used in
tissue regeneration medicine due to their high differentiation
state and limited proliferation rate.'*” In contrast to ECs,
angiogenic endothelial progenitor cells play an essential
role in physiological and pathological neovascularization and
tissue repair.''® EPCs are mainly derived from peripheral
blood, bone marrow, and adipose tissue, expressing cell mar-
kers such as CD31, CD34, and CD134. EPCs have the ability to
improve myocardial function in preclinical models of ischemic

This journal is © The Royal Society of Chemistry 2023

heart disease. The underlying mechanisms are related to direct
incorporation into neovascularization and the release of
pro-angiogenic factors.'*® In a prospective crossover study of
ischemic heart failure, CD34+ EPCs were infused via subcuta-
neous catheter into ischemic sites."*® The treatment regimen
effectively improved left ventricular ejection fraction and 6 minute
walk distance at six months in patients who received high-dose
cell injections.

Various materials such as fibrin hydrogels, hyaluronic acid,
alginate, self-assembling peptide (SAP), and ECM for hydrogel
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Table2 Summary of the therapeutic mechanism of cell-based Ml therapy

Cell sources Therapeutic mechanism

Mesenchymal stem e Extensive paracrine effect

cells e Inducement of angiogenesis by secreting
angiogenic factors
o Differentiation into cardiomyocyte

Endothelial e Incorporation into neovascularization
progenitor cells o Releasement of pro-angiogenic factors
Monocytes o Differentiation into macrophages and

dendritic cells

o New collateral blood vessel formation
Cardiac-derived stem e Extensive paracrine effect
cells e Modulation of ischemic microenvironment
Cardiomyocytes o Differentiate into cardiomyocyte

e Electromechanical integration with host

cardiomyocytes

delivery of EPCs have been reported.'*'”*?* For example, Camp-
bell et al. reported an alginate hydrogel that can be degraded by
lytic enzymes. In this work, alginate lyase and outgrowth
endothelial cells (OECs) (a subpopulation of EPCs) were co-
loaded in a hydrogel. After injection into the heart, this hydro-
gel is progressively degraded by enzymatic action, with an
increase in pore size and subsequent release of the encapsu-
lated OECs."”® After MI occurs, adverse remodeling of the
ventricles leads to an abnormal biomechanical environment
of the heart. For this reason, Gaffey et al. designed a novel
injectable shear-thinning hyaluronic acid hydrogel. This hydro-
gel significantly increased the efficiency of intracardiac trans-
plantation and retention of EPCs. In addition, the hydrogel
adhered to the infarct site, stabilized the border zone myocar-
dium, and slowed down the adverse myocardial remodeling
process. The hyaluronic acid hydrogel, together with encapsu-
lated EPCs reduced left ventricular dilatation, thus improving
cardiac function."®® Cardiac lymphatic vessel damage leads to
cardiac lymphedema. Recent studies have shown that stimula-
tion of lymphatic angiogenesis reduces cardiac lymphedema
and slows down the MI process. However, little is known about
the effect of lymphatic endothelial progenitor cells (LEPCs)
on the formation of cardiac lymph nodes. Zhang et al. evaluated
the safety and efficacy of a self-assembling peptide hydrogel
encapsulating LEPCs and VEGF-C for treating MI. The results
showed that the cell hydrogel delivery system promoted the
survival of transplanted cells and cardiac lymphatic angio-
genesis. Notably, cardiac lymph-angiogenesis facilitated the
clearance of inflammatory cells from the infarct site, thereby
alleviating cardiac edema and ventricular remodeling."*® Engi-
neered heart tissue transplantation requires a good vascular
network to provide oxygen and nutrients to the living cells.
Based on this, Yang et al. proposed spheroids of early vascular
cells (EVCs) derived from hESCs rather than single-cell forms as
transplant “seeds” for reconstructing microvascular networks.
EVCs are capable of forming vascular networks in extracellular
matrix hydrogels. After being injected into the ischemic site of
the heart in MI mice, this delivery system effectively reduced
infarct size and improved cardiac function."**

4.1.3 Blood or bone marrow-derived monocytes (BM-MNCs).
Monocytes are the largest type of leukocyte in the blood."”’
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They can differentiate into macrophages and monocyte-derived
dendritic cells after migrating into inflammatory tissues.*®
Bone marrow-derived mononuclear cells have been widely used
in preclinical and clinical studies for MI treatment due to their
accessibility and ease of procurement.'****! The therapeutic
effect of BM-MNCs infusion in patients with MI or heart failure
has been shown in clinical trials to be significantly influenced
by trial design diversity and the inherent heterogeneity of
BM-MNCs."*? Overall, BM-MNCs are beneficial in the treatment
of MI. Furthermore, using in vitro amplification culture tech-
niques, the inherent heterogeneity of BM-MNCs can be over-
come. The patented culture technique has been used to boost
the culture of BM-MNCs."** The techniques can deplete lym-
phocytes and granulocytes from the initial MNC population
and specifically expanse mesenchymal cells, monocytes, and
M2-phenotype macrophages. Interestingly, M2-phenotype macro-
phages are considered to assist with tissue repair, angiogenesis,
and vascular remodeling.

Fewer studies used hydrogel to deliver MNCs for MI therapy.
Li et al. discovered that hydrogels enhanced BM-MNC coloniza-
tion in the infarct site. Hydrogel injection with BM-MNCs
promoted angiogenesis and prevented scar expansion in MI
rabbits, facilitating cardiac function restoration.'** In a large
animal model, Chen et al. assessed the safety and efficacy of
BM-MNCs-loaded hyaluronic acid hydrogel. According to the
findings, this strategy significantly increased left ventricular
ejection fraction, systolic function, and neovascular differentia-
tion in the hearts of the porcine MI model. Notably, the
hyaluronic acid hydrogel effectively promoted the differentia-
tion of BM-MNCs at the infarct site."*"

4.1.4 Cardiac-derived stem cells. Based on the foundational
studies about isolation, expansion, and therapeutic treatment of
resident cardiac cells, various original populations of cardiac-
derived stem cells have been identified and isolated."® C-kit+,
Isl-1+, and Sca-1+ - phenotype cardiac stem cells (CSCs) are plastic
to cardiomyocytes and endothelial vascular smooth muscle
cells.’®® Other subtypes of cardiac-resident MSCs include
epicardium-derived cells (EPDCs) and cardiosphere-derived
stem cells (CDCs). Notably, both c-kit + CSCs and CDCs have
entered phase II clinical trials for acute myocardial infarction
and ischemic heart failure treatment.*® According to the
promising clinical trial results, autologous c-kit + CSCs infusion
has a high feasibility and safety profile. Patients in the treat-
ment group exhibited a higher local wall motion score index
(WMSI).

In addition, studies have reported a population of progenitor
cells derived from resident cardiac stem cells, termed cardiac
progenitor cells (CPCs)."” In contrast to terminally differentiated
cardiomyocytes, CPCs are highly proliferative and can theoreti-
cally differentiate into all types of cardiomyocytes to efficiently
reconstruct damaged cardiac tissue and promote angiogenesis.
Cardiospheres are self-adhesive heterogeneous cell populations
obtained from in vitro cardiac tissue cultures.'*® It typically
contains several different types, including endothelial cells,
mesenchymal cells, and c-kit, Sca-1, and CD34 expressed stem
cells.”®® Because of their feeblish differentiation capacity, the
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therapeutic potential of CDCs for MI basically relies on their
paracrine function. Although CDCs do not significantly
improve LV (left ventricle) ejection fraction and LV volume,
they reduce scar tissue and increase local ventricular wall
contractility after MI.

Phase I clinical trials have been completed with injectable
gelatin hydrogels containing human cardiac-derived stem cells
and fibroblast growth factor (bFGF)."*° Takehara et al. demon-
strated that hydrogels co-loaded with bFGF and CDCs could
improve post-infarction cardiac function by modulating the
ischemic microenvironment and enhancing cardiomyocyte
viability."*" Prat-Vidal et al. evaluated the safety of coronary
artery injection of porcine cardiac progenitor cells (pCPCs) in
an acute MI porcine model.’** A clinical trial further validated
the technical feasibility and short-term safety of using fibrin
hydrogel delivery of CPCs."*® In addition, Masato Kanda
reported a three-dimensional hydrogel scaffold (CPC-PRGmx)
for culturing CPCs. CPC-PRGmx consisted of RGD peptide-
conjugated self-assembling peptide and insulin-like growth
factor-1 (IGF-1). This cell hydrogel delivery strategy was
potential in MI therapy.'** The hydrophilic hydrogel environ-
ment is more conducive to improving cell viability and achiev-
ing uniform cell distribution in engineered cardiac tissues.
Chang et al. prepared N-hydroxysuccinimide-functionalized
hyaluronic acid hydrogels to encapsulate CDCs and enhance
cell viability. The NHS-activated HA hydrogels reacted with
primary amines in the myocardium to form a more stable
three-dimensional structure with the infarcted tissue, allowing
the hydrogel to remain at the injection site for over 4 weeks.
The encapsulated CDCs effectively improved left ventricular
ejection fraction after myocardial infarction.'*

4.1.5 Skeletal myoblasts. SkMs are the progenitor cells
under the basement membrane of muscle fibers."*® They can
generate new muscle fibers after muscle injury. Due to the easy
isolation and intrinsic contraction properties, SkMs were one of
the first cell types used in MI cell therapy studies.'*” Although
SkMs have been shown to have some function in reducing
interstitial fibrosis and improving cardiac performance, the
underlying mechanism is not associated with the differentia-
tion of SkMs into cardiomyocytes. SkMs still have a skeletal
muscle phenotype after being infused into the heart."*® In fact,
the mechanism of MI treatment of SkMs involves paracrine
pathway-mediated ECM and endogenous pro-angiogenic factor
release. Previous studies have proposed the use of injectable
fibrin hydrogel to enhance SkMs survival in infarcted areas,
with the ultimate goal of improving heart function recovery.
Despite this, the results of clinical II trials of SkMs were still
disappointing.'*® Although percutaneous intramyocardial adminis-
tration of SkMs improved the 6 minute walking distance, it did not
significantly ameliorate the left ventricular ejection fraction at six
months.

4.1.6 Embryonic stem cell-derived cardiomyocytes (ESC-CM:s)
and induced pluripotent stem cell-derived cardiomyocytes
(iPSC-CMs). The structure and function of ESCs are similar to
those of cardiac myocytes, including cell markers, sarcomeric
organization, and electrophysiological properties.'*® ESCs-induced
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pluripotent stem cells and mesenchymal stem cells all have
the potential to differentiate into cardiomyocytes.”> Although
ESC-derived cardiomyocytes have been shown to proliferate,
differentiate, and electromechanically integrate with host cardi-
omyocytes after implantation in vivo, they have not universally
exhibited myocardial remodeling and functional improvement.
Nevertheless, there are still clinical phase I studies of MI
therapies based on ESCs.*** Due to concerns about the immune
rejection of allogeneic ESC-CMs, autologous iPSCs-derived car-
diomyocytes are a safer source of cardiomyocytes. Both undiffer-
entiated iPSCs and iPSCs-CMs have shown repair effects in
animal models of ML However, researchers disagree over
the therapeutic effects iPSCs have. Thus, iPSCs are considered
more as an experimental platform for mechanistic studies
compared with ESCs. The development of clinically available
iPSC products still has a long way to go. This process requires
overcoming issues such as low efficiency of cell programming
and myocardial induction and variabilities between iPSC cell
lines."™

The hydrogel delivery system is vital to increase cell reten-
tion and ameliorate the cell transplantation microenvironment.
Oligo [poly(ethylene glycol) fumarate] (OPF) hydrogels were
used to encapsulate mouse embryonic stem cells (mESCs) by
Wang et al. In vivo ascorbic acid induces mESCs to differentiate
into cardiomyocytes and other cell types in all three lineages.
OPF hydrogels effectively increased cell retention and reduced
infarct size together with ESC-CMs."> Nakajima et al. validated
that water-soluble gelatin hydrogel was a suitable biomaterial
for delivering ESC-CMs."*® Erythropoietin (EPO) could promote
cell survival. Chow et al. found that treatment with polyethylene
glycol hydrogels encapsulating iPSC-CMs with EPO improved
cardiac function and increased infarct thickness and muscle
7 Delivery of iPSC-CMs using conventional
hydrogels suffered from poor attachment capacity, single func-
tion, and inability to control the direction of differentiation of
iPSCs. To address these problems, Khazaei et al. designed an
iPSC-CMs-integrated conductive hydrogel microneedle. The
anisotropic structure of the encapsulated parallel-aligned car-
bon nanotube induced the directional alignment of iPSCs and
endowed it with preferable conductivity. MSCs differentiated
into cardiomyocytes under the stimulation of MSCs-related
genes (e.g., microRNA-1) or differentiation factors (e.g., Myo-
cardin). In addition, hydrogels with three-dimensional struc-
tures used for cell culture also improved the induction
efficiency of MSC-derived cardiomyocytes (MSC-CMs)."*® Wu
et al. used a decellularized porcine extracellular matrix to
deliver exogenous cardiomyocytes into the infarcted region.
The co-loaded stromal cell-derived factor 1 (SDF-1) alleviated
the ischemic microenvironment and improved the engraftment
environment of cardiomyocytes."°

4.1.7 Other cells. Furthermore, some cell therapy strategies
do not function directly at the site of the myocardial infarction.
Cell therapy regimens that combine with other infarct site
targeting strategies reduce the need for hydrogel delivery.
Platelets have been used to design various functional nanocar-
riers for treating cancer and bacterial infections in recent years,

content after MI.
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owing to their critical role as circulating sentinels for tissue
damage.'® Acute myocardial infarction, in fact, causes vascular
damage and exposes the subendothelial matrix, resulting in
platelet recruitment from the blood to the infarct site. Shen
et al. created CD34 antibody-modified platelets (P-CD34) by
utilizing the homing ability of platelets to the myocardial
infarction site. P-CD34 binds to CD34+ endogenous stem cells
and directs cells to the infarct site. This strategy was successful
in repairing damaged cardiac tissue following MI."®" Tang et al.
discovered that by fusing platelet nanovesicles into CSCs cell
membranes, platelet surface markers associated with injury site
adhesion were highly expressed on the CSCs surface. The
engineered CSCs were able to target and reduce infarct volume
in acute MI rat or porcine models.'®* A few studies have been
conducted on controlled oxygen-modulating hydrogels for
MI treatment. Liu and colleagues created a hydrogel-coated
cyanobacteria nano-capsule. The engineered cyanobacteria
consumed oxygen via respiration, resulting in a hypoxic micro-
environment that promoted the upregulation of heat shock
protein 70 (HSP70). It resulted in the tolerance of cardiomyo-
cytes to the robust infarction environment. Furthermore, near-
infrared (NIR) light could inhibit macrophage M1 polarization
by releasing photosynthetic oxygen via upconversion lumines-
cence (UCL) effects. This strategy effectively inhibited the
pro-inflammatory cytokines Interleukin-6 and tumor necrosis
factor-a, thereby repairing myocardial injury.'®®

4.2 Cell-derived extracellular vesicle-laden hydrogels for MI
therapy

EVs are natural lipid nanoparticles released by cells that can
transport various macromolecular active substances (e.g., cyto-
kines and non-coding RNA).'®** Apoptotic bodies (size between
1 and 4 um), microvesicles (size between 50 and 1000 nm), and
exosomes (size between 30 and 100 nm) are the three main
types of EVs.'®>%% Apoptotic bodies are the remains of cells
undergoing apoptosis or programmed cell death. Microvesicles
are membrane-bound sacs that are shed from cell surfaces into
the extracellular environment in a highly regulated process.
Exosomes are generated in the endosomal compartment, which
contains the proteins, DNA, and RNA of the cells that secrete
them. EVs contain a wide range of biological activities and
participate in many physiological or pathological cardiovascu-
lar diseases processes, such as angiogenic regulation, blood
pressure regulation, cardiomyocyte hypertrophy, and cardiac
fibrosis."**'7°

Most mechanisms of MI therapy with stem cells involve the
paracrine release of extracellular vesicles containing bioactive
substances. As a result, some researchers have extracted extra-
cellular vesicles from stem cells in vitro for MI therapy.'”"
Preclinical studies have confirmed the therapeutic potential
of EVs in alleviating ischemic heart injury.'”> The therapeutic
mechanisms primarily include reduced monocyte infiltration
in ischemic cardiac tissue, angiogenesis promotion, and
macrophage polarization regulation. Compared with cell ther-
apy, the therapeutic effect of EVs by releasing active contents
(e.g., miRNAs and cytokines) in MI is more direct. Furthermore,
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EVs are only nanometers in size. Thus, EVs are able to penetrate
tissue and cells deeper.'”® It should be noted that EVs (parti-
cularly stem cell-derived EVs) are typically less effective due to a
lack of targeting ability in the heart and in the infarct region.’”*
The recently developed injectable hydrogels show the potential
to conquer this issue. EVs-containing hydrogels can be pre-
pared through ‘“sponge absorption,” mix and cross-linking,
and in situ hydrogel formation."”> This section summarizes
the research on using EVs-loaded hydrogels for MI therapy
according to the type of source cells (Fig. 3).

4.2.1 Stem/progenitor cell-derived EVs. EVs released from
stem/progenitor cells contain a variety of active substances that
can improve cardiomyocyte function, which is one of the main
MI therapeutic mechanisms of stem/progenitor cell.'”® EVs
have several advantages over stem cells, including small size,
low toxicity, low immunogenicity, superior tissue permeability,
and no cell viability issue. As a result, stem/progenitor cell-
derived EVs may be an effective alternative option for stem/
progenitor cell therapy. However, fewer clinical trials of cell-
derived EVs for MI treatment have yet begun. Only one recent
study of cardiovascular progenitor cells-derived EVs entered
clinical trials for non-ischemic myocardiopathy therapy.'’” The
reasons for this could be the low yield of EV preparation, poor
in vivo targetability, and difficulties with quality assessment.
Encapsulation by hydrogel has been shown to be effective in
overcoming the drawbacks of rapid clearance and insufficient
targetability. CPCs, EPCs, and MSCs are currently the most
commonly used cell resources of EVs.">"7®'"® For example,
Gil-Cabrerizo et al. used alginate hydrogels to encapsulate EVs
derived from ADSCs to improve EV delivery at the infarct site."°
Furthermore, researchers have created numerous novel hydro-
gels for targeted EVs delivery. Yang et al. reported an injectable
conductive hydrogel. This hydrogel has controllable gelation
kinetics, shear-thinning injectability, and conductivity compar-
able to native myocardium. It relieved myocardial injury after
myocardial infarction-ischemia/reperfusion by encapsulating
mesenchymal stem cell-derived EVs.”* Mol et al. developed a
hydrogel based on ureido-pyrimidinone (UPy) units coupled to
poly-(ethylene glycol) chains (UPy-hydrogel). The pH-responsive
cross-linking ability of UPy-hydrogel allows for in situ hydrogel
formation after injection into the myocardial infarct region. In
UPy-hydrogel, encapsulated EVs can be slowly released.'®'
Monguio-Tortajada et al. encapsulated MSC-derived EVs into
hydrogels to mitigate ventricular remodeling and regulate the
immune response in a porcine model of MI'®* Researchers
have also developed other engineered EVs. For example, a
strategy that fused EVs with platelet membranes could effec-
tively deliver active contents of EVs to MI inflammation sites. At
sites of inflammation, EVs were phagocytosed by macrophages,
inducing the formation of M2-phenotype macrophages and
thus suppressing inflammation response in acute MI.'83184

However, one of the critical limitations of their clinical
application is the inefficient production rate of highly active
EVs. It has been reported that using three-dimensional hydro-
gels as the culture medium could significantly enhance the
yield of MSC-derived EVs compared to the two-dimensional
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liquid medium. EVs obtained via this method were more
potential in terms of cardio-protection due to the similar
culture medium structure with the physiological environment.
It allowed stem cells to respond positively to exogenous stimuli
(e.g., temperature, pH, and nutrition) and produce higher-
quality EVs.'®> The expression of ISL1 could enhance the
paracrine function of MSCs. Hu et al. used a gene transfection
technique to generate MSCs with high ISL1 expression.
This strategy made it possible to prepare MSC-derived EVs
(ISL1-MSCs-Exo) efficiently. Using angiogenin-1 hydrogel
(Ang-1 hydrogel) to encapsulate ISL1-MSCs-Exo increased EVs
retention at the ischemic site and improved the anti-apoptotic
and pro-angiogenic ability of EVs.'®® In addition, researchers
demonstrated an approach to prepare high amounts of extra-
cellular vesicles with high bioactivity from endothelial progeni-
tor cells by stimulation with silicate ions derived from silicate
ceramics. The engineered EVs encapsulated in hydrogels
significantly improved angiogenesis at the post-MI infarct
site."®”

This journal is © The Royal Society of Chemistry 2023

Tregs derived-EVs loaded hydrogel for promoting the recovery of cardiac function. Reproduced with permission

4.2.2 Dendritic cell-derived EVs. The immune system is
essential in both inflammatory and proliferative phases of MI.
Most immune cells (for example, dendritic cells) contribute
to the MI process by releasing relevant EVs via paracrine
mechanisms."®® Dendritic cell-derived EVs (DEXs) are mainly
involved in post-MI antigen presentation, immune activation,
and other processes. In detail, mechanisms of DEXs include the
activation of regulatory T cells (Tregs) and the induction of anti-
inflammatory M2-phenotype macrophage.'®'° Zhang et al.
established an alginate-based injectable hydrogel loaded with
DEXs. The findings confirmed the role of the hydrogel in
increasing DEX retention at the injection site, as well as the
therapeutic effect of DEXs in improving cardiac function fol-
lowing MI due to DEX-induced Treg cell activation and macro-
phage polarization regulation.**°

4.2.3 Regulatory T cell-derived EVs. When acute myocar-
dial infarction occurs, the immune response is highly activated,
and both T and B lymphocytes are involved in the inflammatory
response, determining the myocardial repair process. Tregs, for
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example, can suppress the activity of CD8+ T cells and regulate
the differentiation of monocytes and macrophages.’® SPARC
(secreted protein acidic and cysteine-rich) overexpressed Reg-
ulatory T cells (Sparc™®" Tregs), in particular, may assist in
the repair of infarcted tissues following acute MI. Sparc™s?
Tregs-derived EVs have similar cell functions and could thus be
a potent strategy for MI treatment. Cheng et al. discovered that
Sparchish Tregs-derived EVs improved cardiac function by inhi-
biting pro-inflammatory factor secretion and increasing the
expression of the collagen synthesis-related gene Col3al.
Furthermore, a novel hydrogel delivery system based on Sparc"&"
Tregs-derived EVs was developed. This hydrogel system could
respond to environmental pH, H,0,, and MMP9 and release
EVs, allowing EVs to remain in the infarct region and exert repair
functions.'*>

5. Challenges and future prospects
5.1 Challenges

Injectable hydrogels have been highlighted to be the ideal heart
tissue analogs. They served as functional myocardial tissue
after efficient encapsulation and release of various cells or
cell-derived EVs. However, several critical issues need to be
addressed and clarified on the road to the commercialization of
cell or cell derivative-laden hydrogels for MI treatment.

5.1.1 Stability and activity issues. During the manufactur-
ing and clinical application of living cells, freezing and thawing
are necessary steps.'>® However, this process can have a signi-
ficant impact on the differentiation, proliferation, and therapeu-
tic activity of live cells. To avoid this, cell-derived preparations
such as EVs and biomimetic nanoparticles may be another
reasonable option. Additionally, when using hydrogels for stem
cell administration, it is important to carefully examine the
hydrogel material, cross-linking agent, and preparation proce-
dure for their potential impact on cell activity."®* For example,
biocompatibility hydrogel material, no introduction of small
molecule cross-linking agents, mild cross-linking conditions,
and no toxic by-products can improve the stability and activity
of cell-based hydrogel delivery systems.

5.1.2 Large-scale production and quality control issues.
Cell or cell-derived formulations, unlike other medications,
require large-scale expansion of cells. Cell source, high costs,
technical constraints, and quality control severely limit their
application. Using cells from allogeneic sources to prepare cell
or cell-derived formulations increased production scalability
and saved costs compared to autologous sources."*>

5.1.3 Animal model issues. The bulk of preclinical animals
utilized in research are small, adolescent animals.'®® In contrast
to clinical patients, these animals often have a favorable body
function and a powerful tissue repair potential. Clinical patients
are usually middle-aged or elderly. Furthermore, most of them
have underlying conditions such as hypertension. Their organ-
ism function and tissue repair capabilities are inadequate. Given
these distinctions, the animal models for preclinical investiga-
tions need to be reconsidered. Medium and big animals such as
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rabbits, porcine, and monkeys may be a better choice for animal
models.

5.1.4 Administration timing and mode issue. Cardiac
remodeling following myocardial infarction is a multifaceted
pathophysiological process. It comprises four main phases:
inflammation, proliferation, maturation, and remodeling
(Fig. 1). During the inflammatory and proliferative phases,
cardiac fibroblasts secrete extracellular matrix, resulting in scar
tissue development. In the early stages of MI, a certain degree
of cardiac fibrosis protects the heart by maintaining the struc-
tural integrity of cardiac tissue and preventing cardiac rupture.
Continuous inflammatory stimulation, on the other hand,
aggravates the cardiac fibrosis process during the maturation
and remodeling phases, resulting in systolic-diastolic dysfunc-
tion and, eventually, heart failure. Different cells or cell-derived
vesicles may have a dual function in early inflammation and
late scar tissue formation in MIL'®” As a result, while adminis-
tering cell or cell-inspired preparations, the antifibrotic or
profibrotic effects must be considered. Furthermore, the feasi-
bility of the mode of administration requires further investiga-
tion. Cell or cell-derived agents are usually administered by
intracoronary injection, which is less invasive. However, it
might cause vascular obstruction, especially when injecting
hydrogels. Instead, hydrogels are administered via intramyo-
cardial (IM) injection in animal study, but this route of admin-
istration requires thoracic surgery, leading to a higher surgical
risk."®® According to recent preclinical and clinical studies,
trans-endocardial intramyocardial injection via catheter is a
minimally invasive approach to deliver potential therapeutic
agents directly into the myocardium without the requirement
of open chest surgeries."*®

5.2 Prospective future of MI therapy using cell-derived
nanoparticles

Plenty of biomimetic targeted drug delivery systems have been
developed via cell membrane-camouflaged technology.>*°
Numerous studies have shown that encapsulating cell mem-
branes onto inner cores can endow nanoparticles with multiple
biological functions. For example, erythrocyte membrane-
camouflaged nanoparticles have a prolonged in vivo half-life
due to the high expression of CD47 signaling molecules on the
membrane surface.”® Neutrophil membrane-camouflaged
nanoparticles accumulate at MI inflammation sites due to
inflammatory chemotactic effects of vascular endothelial adhe-
sion molecules (e.g., P-selectin and chemokine receptors).>*>
Compared with cell therapy, cell membrane-camouflaged bio-
mimetic nanoparticles have following several advantages.
(1) Multiple adhesion molecules expressed on the cell
membrane endow the inner core with prolonged circulation
time and infarct/inflammation targetablity.”** As a result, cell
membrane-camouflaged nanoparticles exhibited a lower demand
for hydrogel delivery compared to cell therapy. Few studies used
hydrogel to deliver cell membrane-camouflaged nanoparticles for
MI therapy. (2) Cell membrane-camouflaged nanoparticles do not
have survival issues, which is unique to cell therapy. Besides, cell
membrane-coated camouflaged nanoparticle formulation is more
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stable during storage. (3) Cell membrane-camouflaged nano-
particles are commonly nanometer in size. As a result, they can
efficiently cross the tissue and cell barrier and penetrate
deeper.?®* (4) Cell membrane-camouflaged nanoparticles show
lower T-cell immune response levels than cell preparations.*’®
Additionally, in contrast to cell-derived EVs, cell membrane-
camouflaged nanoparticles have the advantages of various inner
core selections, superior drug loading capacity, and high prepara-
tion efficiency.

The preparation of cell membrane-camouflaged nano-
particles is primarily divided into four steps.”’® (1) Cell
membrane extraction and separation. Freezing or hypotonic
are usually employed to lyse cells. Differential centrifugation is
used to separate the cell membrane from the rest of the cell
contents. (2) Cell membrane vesicle preparation. The lipid co-
extrusion method is used to generate nanometer-sized cell
membrane vesicles. (3) Inner core preparation. PLGA is the
most commonly used core material, prepared using a solvent
substitution method. (4) Cell membrane-camouflaged nano-
particles preparation. Lipid co-extrusion, microfluidics, or
ultrasonication are commonly used to wrap the cell membrane
onto the inner core to fabricate core-shell nanoparticles.
Although the preparation process is time-consuming, it has a
higher yield than that of cell-derived EVs.

Stem cell membranes express and attach with pro-cardiac or
vascular regenerative cytokines.>*” Neutrophil membranes bind
inflammatory factors at the site of infarction, reducing inflam-
mation. However, the therapeutic effect of cell membrane-
coated nanoparticles for MI is extremely limited due to the
lack of paracrine effect and release of endogenous active
substances. To compensate for the diminished MI therapeutic
activity of cell membrane-camouflaged nanoparticles, researchers
usually load drugs in the inner core nanoparticles, including
small molecule drugs (e.g, cyclosporine A and celecoxib) and
active biomacromolecules (e.g.,, pro-angiogenic factors and
miRNAs).2%2%°  Although cell membrane-camouflaged nano-
particles are not in high demand for hydrogel delivery as an
emerging cell-derived MI therapeutic strategy, we still summarize
the relevant studies in this section due to their potential MI
therapeutic effect and intimate connection with cell therapy
(Fig. 4).

5.2.1 Blood cell membrane-camouflaged nanoparticles.
The blood cells discussed in this paper mainly refer to red
blood cells and platelets. The general advantage of using blood
cell membranes for encapsulation is to confer the immune
escape ability to nanoparticles.?'® Particularly, erythrocytes can
circulate in the bloodstream for 120 days.*'* Encapsulation of
erythrocyte membranes effectively prevents nanoparticles from
being eliminated by the mononuclear phagocytic system during
circulation. CD47 is highly expressed on the erythrocyte
membrane. Furthermore, as the most numerous blood cells,
abundant and easily accessible erythrocytes are an ideal cell
membrane type source. As a result, erythrocyte-based drug
delivery systems have clinical potential in several disease treat-
ments. In recent years, red blood cell formulations for treating
triple-negative breast cancer have entered clinical phase III,

This journal is © The Royal Society of Chemistry 2023
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which can provide certain guidance for quality control assess-
ment of cell/cell membrane formulations.>'> Zhang et al. con-
structed a biomimetic drug delivery system with erythrocyte/
platelet cell membrane encapsulation. The erythrocyte/platelet
membrane wrapping primarily provided extended in vivo circu-
lation capability. They could aggregate in the infarct region and
responsively form a hydrogel-like structure. Then, encapsulated
MSC-EVs released multiple endogenous cytokines. This delivery
system showed superior targetability to ischemic tissues and
promoted vascular regeneration in acute hindlimb ischemia
and myocardial infarction models.*"* Erythrocyte membrane-
camouflaged nanoparticles constructed by Huang et al. had
long circulation and extended drug-release profiles for sus-
tained ischemic myocardium protection.>'* Li et al applied
this system to sepsis-induced cardiac injury and achieved
similar therapeutic results.>'®> Lu et al. encapsulated miRNA-
208a inhibitors (with a nucleic acid sequence complementary
to miRNA 208a complementary nucleic acid sequence) into
erythrocyte membrane-camouflaged nanoparticles. The miRNA-
208a inhibitors promoted the recovery of cardiac function by
silencing miRNA-208a.%'°

Platelets inhibit cardiovascular bleeding injury by forming clots
through aggregation.”"” Platelets have a variety of membrane-
bound molecules on their membranes, such as GPIIb/IIIa,
CD62P, immunomodulatory proteins, CD47, and CD55."®* Dur-
ing the inflammatory phase of infarction, CD62P on the platelet
surface binds to P-selectin glycoprotein ligand-1 (PSGL-1) on
monocytes, forming monocyte-platelet aggregates (MPA).>'®
Thus, platelet membrane-camouflaged nanoparticles can target
the ischemic and inflammatory milieu after MI. On the one
hand, the damage factors released early in MI recruit platelets/
platelet-derived nanoparticles. On the other hand, platelet
membrane-camouflaged nanoparticles can bind to monocytes
in blood circulation. Monocytes are further recruited to the site
of MI inflammation induced by chemokines. These processes
enhance the post-MI cardiac targeting ability of platelet-derived
nanoparticles. Zhang et al. reported a platelet membrane-
camouflaged silica nanoparticle to deliver H-p-Arg-Dmt-Ly-
Phe-NH2 (SS31) peptide with antioxidant capacity. This strategy
effectively delivered SS31 peptide to the damaged heart site to
exert antioxidant function.*'® In addition, researchers have
delivered non-selective B-blockers (Carvedilol), tissue fibrino-
gen activator (tPA), and CSCs-derived secretome by platelet
membrane-coated nanoparticles for treating MI.>*°

5.2.2 Stem/progenitor cell membrane-camouflaged nano-
particles. Similar to blood cells, stem cells show certain immune
escape ability.>?" The encapsulation of stem cell membranes
reduces the phagocytosis of nanoparticles by the immune system
and increases the blood half-life of nanoparticles.”*> Notably, the
stem cell membrane itself also has MI therapeutic activity.'*®
Stem cell-cell membranes contact the injected stem cells, trig-
gering intracellular protective/regenerative signal pathways in
the host cells.

Tang et al. demonstrated the safety and efficacy of CSCs cell
membrane-camouflaged nanoparticles (CMMPs), which carry
secreted and membrane proteins similar to those of CSCs.
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In a mouse model of myocardial infarction, CMMPs enhanced
cardiac function without causing infiltration of T cells in
mice."® Yao et al. used this drug delivery system for the cardiac
delivery of miRNAs. The nanoparticles effectively encapsulated
miRNAs and protected them from in vivo protease degradation.
miRNAs delivered to the site of ischemic injury inhibited the
translation of apoptosis-related proteins, effectively improving
cardiac function in MI model mice.”*?

5.2.3 Immune cell membrane-camouflaged nanoparticles.
Immune cells play a crucial role in developing inflammation
and cardiac remodeling after myocardial infarction. This sec-
tion mainly focuses on monocytes/macrophages, neutrophils,
and regulatory T lymphocyte cell membrane-camouflaged
nano-delivery systems for MI therapy.

Monocytes/macrophages mediate the innate immune
response in vivo. After MI occurs, monocytes are recruited to
the infarct site and differentiate into macrophages.** Together
with the cardiac resident macrophages, the recruited macro-
phages regulate the inflammatory balance at all phases of MI.

9880 | J Mater. Chem. B, 2023, 11, 9867-9888

They are able to bind to vascular cell adhesion molecule-1
(VCAM-1) on chemically injured vascular endothelial cells.*®
By inheriting the inherent targeting and migration ability of
macrophages, the nanoparticle delivery system was able to
deliver polydopamine with antioxidant capacity to the infarcted
myocardium. It has shown great potential in myocardial ische-
mia/reperfusion injury (MI/RI) therapy.>*® Based on this, Zhou
et al. used macrophage cell membrane-camouflaged nano-
particles to deliver Savl siRNA. By down-regulating Sav1 expres-
sion levels in injured myocardium, the nano complex
significantly inhibited cardiomyocyte apoptosis and restored
cardiac function.?*’

Neutrophils infiltrate the inflammatory regions of myocar-
dial infarction through the interaction of surface adhesion
molecules with endothelial cells. Based on this, Han et al. used
neutrophil membrane-camouflaged nanoparticles to alleviate
ischemic myocardial injury-mediated inflammation and promote
angiogenesis. The mechanism involved the pro-angiogenic effect
of IL-5 and the inflammatory factor absorption effect of the
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neutrophil membrane."®® During the inflammatory and prolifera-
tive phases of MI, neutrophils apoptosis and are phagocytosed
by macrophages.””® This leads to a polarization of macro-
phages from pro-inflammatory M1-phenotype macrophages to
anti-inflammatory M2-phenotype. This process mediates the

Cell therapy

Cell-derived EVs

View Article Online

Review

transition of MI from the inflammatory phase to the proliferative
phase. Administration of neutrophil-derived apoptotic vesicles
early in MI to suppress the inflammatory microenvironment in
the infarcted region may be an effective strategy for MI treatment.
In addition, neutrophils are recruited to the infarcted region

Biomimetic nanoparticles
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exhibited lower demand for hydrogel delivery, which are commonly administrated by intravenous injection. Notably, three clinical trials of cell-loaded

hydrogel for Ml therapy are also summarized.14143153
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Table 3 Summary of advantages and disadvantages of cell or cell derivative-laden hydrogels for Ml therapy

Cell sources Advantages

Disadvantages

Cell therapy e Mesenchymal stem cells
activity

e Endothelial progenitor cells

e Monocytes

e Cardiac-derived stem cells

o Skeletal myoblasts

e Cardiomyocytes

Cell-derived EVs e Stem/progenitor cells

(CPCs, EPCs, MSCs)

o Dendritic cells

e Regulatory T cells

e High differentiation and proliferation

e Paracrine effect

o No viability issues

o Relatively stable formulation storage
e High tissue penetration ability

e Low cell viability

e Poor formulation storage stability
e Fast clearance
e Activates local T-cell response

e Low yield

e Fast clearance, poor targeting
¢ No differentiation and
proliferation ability

e Can release active substances
e Weak local T-cell response

during the inflammatory phase. Thus, intravenous infusion of
neutrophil-derived apoptotic vesicles is able to target the site of
ischemic inflammation in the heart, which greatly reduces the
need for hydrogel delivery. Bao et al. used neutrophil apoptotic
vesicle membranes wrapped in silica nanoparticles to mimic
neutrophil apoptosis in the MI state. The functionalized neutro-
phil apoptotic vesicles had excellent inflammatory targeting
ability and enhanced macrophage efferocytosis and reprogram-
ming for inflammation resolution. This strategy could promote
cardiac tissue regeneration after M1.%*°

Regulatory T lymphocytes express the Forkhead box P3
(Foxp3) transcription factor, which plays an important role in
maintaining immune system homeostasis and suppressing the
pro-inflammatory immune responses.>*° Saxena et al. reported
that Treg depletion increased inflammatory response and
dilated left ventricular in mice after myocardial infarction.*!
Another study reported similar results. The adoptive transfer of
Tregs attenuated the post-infarction inflammatory response
with poor cardiac remodeling.>** Inspired by this, Li et al.
prepared Treg biomimetic nanoparticles that mimic Treg to
perform various functions, such as targeting ischemic myo-
cardium, anti-inflammation, anti-apoptosis, and scavenging
reactive oxygen species. This strategy significantly alleviated
left ventricular remodeling and enhanced cardiac function and
has the potential to treat MI/RL>*?

6. Conclusion

In conclusion, from the perspective of cell types, we introduced
cell or cell derivative-laden hydrogels for MI therapy and the
prospective future by using cell-derived nanoparticles (Fig. 5).
These therapies have been developed to address the limitations
of traditional cell therapy and to move towards engineered cell
therapy. However, each therapy modality has its own advan-
tages and disadvantages (Table 3). Cell or cell-inspired MI
therapy requires hydrogel delivery, especially cell therapy and
cell-derived EVs, as they are rapidly eliminated after in vivo
infusion and are unable to remain in the ischemic region for
long periods of time.>** Currently, several stem cell intracardiac
infusions are in clinical phase III trials for MI treatment.">

9882 | J Mater. Chem. B, 2023, 11, 9867-9888

However, there have been limited clinical trials on the use of
cell-derived EVs for MI treatment. A single study on the use of
EVs derived from cardiovascular progenitor cells has entered
clinical trials for non-ischemic myocardiopathy therapy.'”” The
challenges associated with traditional drug delivery systems
include low yield, difficulty in targeting specific areas in vivo,
and challenges in quality assessment. However, cell membrane-
camouflaged biomimetic drug delivery systems, such as those
utilizing red blood cells or immune cell membrane-camouflaged
nanoparticles, offer potential advantages such as long-term
circulation and targeted delivery to inflammatory areas. As a
result, cell membrane-camouflaged nanoparticles have a lower
demand for hydrogel administration when compared to cell
treatment. However, researchers need to address several issues
(e.g., stability, large-scale production, animal model selection,
and administration timing) before the commercialization of cell
or cell derivative-laden hydrogels for MI treatment.

Despite the hurdles and concerns, cell or cell derivative-
laden hydrogel formulations for MI are expected to be available
soon, owing to the significant potential of cell or cell-inspired
techniques in MI therapy, as well as the rapid progress of
injectable hydrogels in clinical trials.
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