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ABSTRACT: Biomaterials have potential applications in the
treatment of myocardial infarction (MI). These biomaterials
have the ability to mechanically support the ventricular wall and
to modulate the inflammatory, metabolic, and local electro-
physiological microenvironment. In addition, they can play an
equally important role in promoting angiogenesis, which is the
primary prerequisite for the treatment of MI. A variety of
biomaterials are known to exert pro-angiogenic effects, but the
pro-angiogenic mechanisms and functions of different biomaterials
are complex and diverse, and have not yet been systematically
described. This review will focus on the pro-angiogenesis of
biomaterials and systematically describe the mechanisms and
functions of different biomaterials in promoting angiogenesis in MI.

1. INTRODUCE
Myocardial infarction (MI), also known as a heart attack, occurs
when the blood supply to the heart muscle is severely and
persistently restricted, causing irreparable harm.1 Typically, the
degradation of the coronary endothelium or the rupture of weak
atherosclerotic plaques is the primary cause of MI. Thrombo-
genic chemicals are released upon plaque rupture, which leads to
platelet activation, a series of coagulation processes, and the
development of a thrombus that attaches to the artery wall. This
may lead to the embolization of downstream atherosclerotic
fragments. Additionally, this hypercoagulable state has the
potential to rupture other weak fibroatheromas, which can result
in myocardial cell necrosis.2 Also, coronary artery spasm, which
can restrict blood flow or even completely block it, leading to
myocardial ischemia and necrosis, thus causing MI. MI can also
be exacerbated by underlying diseases such as myocarditis,
hypertension, diabetes, high cholesterol, and smoking.3

MI, a common cardiovascular disease, affects millions of
people every year. MI is considerably common in developed
countries and increasingly dangerous for emerging countries.4

MI occurs in people over the age of 40, and is especially common
in people over the age of 50.5 Men are more likely to have MIs,
although women are also at higher risk after menopause.6 A
family history of MI has been linked to an increased risk of the
condition in individuals, according to substantial research on
genetic variables. Additionally, lifestyle decisions are quite
important. Smoking, high cholesterol, hypertension, diabetes,
sedentary lifestyle, and obesity are risk factors linked to an
increased risk of MI.7 Diet is also a significant contributing
factor.8 Cardiovascular health is promoted by a diet high in fiber,

low in fat and sodium, and lots of fruits and vegetables.9

Symptoms that appear after aMI include pain in the chest, upper
arms, lower jaw, or upper abdomen during physical activity or at
rest. Other ischemia symptoms, such as dyspnea or fatigue, are
possible. MI may be accompanied by atypical symptoms, such as
palpitations or cardiac arrest, and in some cases without
symptoms, known as a “silent heart attack”.10

MI occurs when one or more blood vessels that supply the
heart muscle are blocked, resulting in a shortage of blood flow
and subsequent ischemia. This condition may lead to severe
necrosis of cardiac muscle cells, known as myocardial cells, and
may result in cardiac dysfunction or heart failure.11 The current
effective strategy to save ischemic myocardium in the treatment
of myocardial infarction is timely reperfusion to save the dying
myocardium, reduce the infarct size, and improve cardiac
function. Traditional treatments include thrombolytic ther-
apy,12 surgical treatments13 (such as percutaneous coronary
intervention and coronary artery bypass grafting), medication-
based therapies,14 and heart transplantation. Surgical or
thrombolytic interventions aim to restore effective blood flow
to the infarcted area as soon as possible, while pharmacological
treatment or combined surgery or thrombolytic therapy can
effectively improve the prognosis and clinical outcome of MI.
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Although these treatments have greatly lowered mortality rates,
they have drawbacks such as dependence on external equip-
ment, drug toxicity issues, limited donor organ availability,
inherent invasiveness, and other associated harm.15 Further-
more, the process of reperfusion might cause further myocardial
cell death.16 As a result, finding novel and more effective ways to
retain myocardial function and develop new tactics for treating
MI is an important topic in cardiovascular disease research.
Various prospective therapeutic techniques are currently

being researched to treat MI and restore heart function, with
some showing promising results. Cell transplantation,17,18

exosomes,19 nucleic acids,20 and myocardial patches21 are
examples. Luo et al.22 used poly(lactic coglycolic acid) (PLGA)
particles to encapsulate secretory factors from human bone
marrowMSCs, which were subsequently wrappedwith theMSC
membrane to form “Synthetic MSC” (or synMSC). This novel
method addressed the issues of stem cell stability and exosome
metabolism. Direct injection of synMSC increased angiogenesis,
reduced left ventricular remodeling, and had a synergistic effect
in lowering infarct area via anti-inflammatory and angiogenic
activities in a rat model of acute MI. Another study23 used
monodisperse silica to produce a Gel@MSN/miR-21−5p
delivery system that significantly suppressed inflammatory
reactions by reducing M1 macrophage polarization in the
infarctedmyocardium. This approach also deliveredmicroRNA-
21−5p to endothelial cells (ECs), greatly increasing local
neovascularization and preserving high-risk cardiac cells. As an
excellent target molecule, matrix metalloproteinase (MMP) can
enhance angiogenesis by targeting MMP-2/9 up-regulation
following MI.24 Chen et al.25 created a responsive hydrogel
based on MMP-2/9 and loaded with a composite gene
nanocarrier (CTL4) to achieve two goals: MMP clearance and
macrophage function regulation. This method successfully
reduced the early inflammatory response of MI while also
promoting angiogenesis. Tissue engineering and regenerative
medicine techniques have shown promising results in repairing
and replacing injured myocardial tissue, and biomaterials may
have applications in the treatment of MI. This review aims to
summarize therapeutic approaches that promote angiogenesis,
with a particular emphasis on the application of biomaterial
strategies in the treatment ofMI. These strategies enhance blood
supply to the ischemic myocardium, thereby preserving and
restoring damaged cardiac function.

2. BIOMATERIAL APPLICATION IN MI
Various biomaterials have recently emerged as effective new
solutions for cardiac tissue regeneration, prevention of
ventricular remodeling and scar tissue formation, and reduction
of heart failure. Biomaterial-based cardiac tissue engineering has
long been considered a promising therapy option for MI. These
biomaterials are designed to address specific challenges
associated with MI, such as the acidic microenvironment,26

cardiac biomechanical alterations,27 excessive production of
reactive oxygen species (ROS),28 sustained overexpression of
matrix metalloproteinases (MMPs),29 monocyte-regulated
microenvironment,30 and inadequate angiogenesis.31 The
following are the primary functions of biomaterials in this
context:
2.1. Supporting. Following MI, the ischemia and hypoxic

circumstances cause necrosis and apoptosis of myocardial cells,
resulting in decreased cell density and extracellular matrix
(ECM) composition. This process is followed by increased
production of matrix metalloproteinases (MMPs), which

accelerates ECM degradation and causes progressive ventricular
wall weakening and enlargement in the infarcted area.31 These
changes contribute to heart function impairment.32 Therefore,
optimizing the postinfarction biomechanical environment is
critical for MI treatment. The Young’s modulus of normal
myocardium ranges from 20 to 500 kPa, while its shear modulus
is approximately 6 kPa.33,34 In material design for myocardial
applications, it is essential that the mechanical properties of the
materials closely match those of the myocardium. Discrepancies
in mechanical properties can lead to several complications.
Specifically, if the elastic modulus andmechanical strength of the
material do not correspond with those of cardiac tissue, it can
adversely affect the integration of the material with the
surrounding myocardium. Such a mismatch may result in stress
concentrations at the interface between the implanted material
and the myocardium, potentially leading to inflammation or
tissue damage at the implantation site. Moreover, inappropriate
mechanical properties may compromise the material’s func-
tional performance, as they can hinder cell survival and
proliferation within the material, thus impairing myocardial
tissue repair and regeneration. Researches indicates that a
mechanically suitable environment enhances cardiac cell
function and facilitates cardiac tissue repair.35 Materials that
are excessively stiff or too soft may fail to replicate the natural
mechanical properties of cardiac tissue, thereby affecting the
heart’s overall function. This could result in the repaired
myocardium being unable to synchronize effectively, thereby
diminishing the heart’s pumping efficiency.36 Consequently,
ensuring that hydrogels or biomaterials used in myocardial
infarction treatment possess mechanical properties aligned with
those of myocardial tissue is critical for treatment efficacy and
patient safety.
Hydrogels, which are known for their biocompatibility,

biodegradability, contractility, and elasticity, providemechanical
support to the damaged myocardium, limit pathological
remodeling, and aid in the maintenance of contractile function.
As a result, they are widely used in the treatment of MI.15

McLaughlin et al.37 used recombinant human collagen type I
(rHCI) and type III (rHCIII), which are ECM components
found in the healthy heart, to improve cardiac function after MI
in a mouse model during the proliferative stage of the infarction.
The findings showed that the clinical-grade rHCI matrix
reduced longitudinal endocardial strain, prevented unfavorable
cardiac remodeling, and improved cardiac function during the
later stages of proliferation. Alginate, an anionic polysaccharide
derived from sea algae, is nonthrombotic and has a structure
similar to the injured ECM in MI. It can temporarily replace
damaged ECM and reverse left ventricular remodeling following
a heart attack. Studies on its application in post-MI heart
treatment have revealed that it enhances scar thickness, inhibits
unfavorable cardiac remodeling, and reduces dysfunction in
both recent and chronic MIs.38 Hydrogels produced from
acellular tissue or ECM have been studied for MI treatment in
order to better imitate the natural cellular milieu. Injectable
hydrogels generated from swine cardiac ECM have shown
favorable biocompatibility and blood compatibility, suggesting
that they offer significant promise for heart repair following
MI.39

2.2. Inflammatory Regulation. Following MI, necrotic
cardiomyocytes release damage-associated molecular patterns
(DAMPs), which trigger an innate immune response and initiate
the cardiac repair process.40 This repair process can be roughly
divided into three stages: the inflammatory phase, the
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proliferative phase, and the maturation phase.41 In the early
stages of MI, a rapid inflammatory response is crucial for the
removal of necrotic cardiomyocytes and tissue debris in the
infarcted area. This response involves the recruitment of
neutrophils through chemokines and the migration of a large
number of macrophages from the bone marrow/spleen. These
immune cells, which accumulate in the damaged cardiac tissue,
contribute to local clearance by phagocytosing necrotic tissue
and releasing pro-inflammatory cytokines, thereby activating
further inflammatory responses. Although this stage of the
inflammatory response is necessary for subsequent tissue repair,
excessive inflammatory activity may exacerbate cardiac damage
by increasing injury to surviving cardiomyocytes at the periphery
and promoting protease activity.42 Meanwhile, resident cardiac
macrophages that survive partially counteract the inflammation
mediated by recruited macrophages.43 The transition to the
proliferative phase occurs around days 3−7 postinfarction,
during which inflammatory cells begin to express anti-
inflammatory and repair-related factors. For example, macro-
phages undergo metabolic reprogramming, leading to enhanced
expression of anti-inflammatory cytokines and tissue repair
factors, thereby promoting the proliferation and activation of
myofibroblasts within the infarcted area. This process facilitates
collagen deposition, extracellular matrix remodeling, and scar
formation.44,45 The apoptosis of the majority of repair cells
signifies the end of the proliferative phase. During the
maturation phase, newly synthesized matrix gradually cross-
links and reorganizes into more stable and structured scar tissue,
contributing to the long-term stability and mechanical strength
of the cardiac tissue.46 The success of cardiac remodeling
followingmyocardial infarction hinges on effective inflammation
control, appropriate extracellular matrix construction, and
timely reduction of cellular activity. These factors are crucial
to ensuring optimal recovery of the heart postmyocardial
infarction.45

In order to mitigate the postinfarct inflammatory response, a
common strategy is to modulate the macrophage phenotype.
Changing the phenotype of macrophages to increase M2
polarization may facilitate cardiac tissue healing.47 Neutrophil
release via neutrophil gelatinase-related lipoproteins can
influence macrophage polarization toward a “repair” phenotype,
thereby improving heart healing results.48 Graphene oxide, a
natural antioxidant, has been shown to reduce inflammatory
polarization of M1 macrophages by lowering reactive oxygen
species (ROS) levels, and it can also act as a gene carrier to
further polarize M1 macrophages toward the M2 phenotype,
addressing inflammation and treating MI synergistically.49

Bayuan Viscous Ionic Hydrogel has antioxidant and ROS
scavenging characteristics and can respond to ROS abundant in
the infarcted heart. It modulates macrophage polarization levels
and facilitates MI healing.50 Excessive inflammatory response
and early intervention can cause long-term tissue damage,
increased scar tissue, and increased cell loss, resulting in infarct
expansion and poor remodeling.51 For the treatment of MI in
rats, composite hydrogels containing V1-Cal and Nap-Phe-Phe-
Tyr (NapFFY) have been created. In vivo studies have shown
that continuous release of V1-Cal efficiently lowers TRPV1
expression and activation in a rat model of MI, reducing cell
death and the release of inflammatory cytokines.52 To achieve
long-term improvement in heart function after MI, inflamma-
tion must be appropriately and properly regulated to create a
physiological balance between inflammatory promotion and
repair, ultimately maximizing myocardial repair outcomes.

2.3. Metabolic Regulation. Extensive studies have
indicated that mitochondria play an important role in ventricular
remodeling after a heart attack. Maintaining mitochondrial
activity and homeostasis can improve myocardial metabolic
function, minimize the severity of MI, and limit ventricular
remodeling. Endogenous miR-210, for example, targets
mitochondrial energy metabolism to preserve myocardial cells
and improve cardiac performance.53 As the principal cause of
oxidative stress, mitochondrial reactive oxygen species (ROS)
cause irreparable damage to cardiac and vascular cells. The
removal of ROS is critical for boosting myocardial cell healing.
Melanin, a widely distributed biopolymer, is biocompatible,
biodegradable, and has powerful free radical scavenging and
chelating properties. Jin Zhou and colleagues isolated melanin
nanoparticles (MNPs) from cuttlefish ink sac and mixed them
with alginate to generate an MNPs/alginate (MNPs/Alg)
hydrogel. In vitro investigations revealed that the capacity of
MNPs/Alg hydrogel to scavenge hydroxyl radicals (OH) and 1′-
diphenyl-2-picrylhydraryl radicals (DPPH) varied with MNP
concentration. When compared to the pure Alg hydrogel group,
rats treated with MNPs/Alg hydrogel had considerably lower
DHE fluorescence, showing that MNPs play a key role in
regulating the ROS microenvironment. This leads to increased
cardiac cell survival and remodeling of the local microenviron-
ment.54 Fullerene alcohol, a carbon nanomaterial with high
water solubility and minimal cytotoxicity, has found widespread
use in tissue engineering. More interestingly, ROS rapidly attach
to electron-deficient locations on the surface of fullerene alcohol
nanoparticles, analogous to the quenching of superoxide
dismutase. ROS in nearby electron-deficient spots may transfer
electrons to fullerene alcohol cages, resulting in ROS removal.
As a result, fullerene derivatives effectively prevent ROS-induced
oxidative stress-induced cellular damage. Wang’s research team
created a fullerenol/alginate hydrogel injectable with high
antioxidant activity. In comparison to the control group and
pure alginate hydrogel, fullerenol effectively removes ROS post-
MI, protects brown adipose-derived stem cells (BadSCs) from
oxidative stress damage, and increases their viability in the MI
area.55

2.4. Local Microenvironment Regulation. Researchers
have focused on the electrophysiological milieu when creating
biomaterials to improve heart repair after MI, in addition to the
pathological microenvironment caused by ROS injury. The
myocardium is a tissue that contracts and relaxes in response to
electrical impulses. The electrical conductivity of normal
myocardium is 0.16 S/cm.56 The creation of fibrous scar tissue
in the infarcted region, however, impedes electrical transmission
in the heart by disrupting synchronous contraction between
healthy myocardial tissue and scar tissue, eventually leading to
ventricular dysfunction.57 A critical goal in heart regeneration is
to rebuild the conductive milieu in the infarcted myocardial to
facilitate electrical conduction and integration. Mihic Anton et
al.58 were the first to use conductive biomaterials in heart
treatment, with the goal of improving electrical transmission
between infarcted areas. They created a conductive hydrogel by
combining the conductive biomaterial Polypyrrole (PPy) with
the chitosan side chain, resulting in the PPy-chitosan hydrogel.
The PPy-chitosan-treated group displayed longer QRS duration
and enhanced cardiac function in a rat MI model. The lateral
conduction velocity of the heart treated with PPy-chitosan was
quicker along the epicardial surface, according to optical
mapping. This conductive polymer increased the conductive
milieu in the infarcted myocardium, offering a unique strategy
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for the treatment ofMI. Similarly, due to their excellent electrical
conductivity and mechanical rigidity, materials such as gold
nanorods (GNRs),59 reduced graphene oxide (rGO),60 poly-
(vinyl alcohol) (PVA),61 polyaniline (PANI),62 and carbon
fibers (CFs)63 have been widely used to promote tissue
regeneration after MI. Strong conductivity has also been
reported for the TA-PEG/HA-SH/ADSCs/gene hydrogel-
based holographic system (TA-PEG).64 Wang’s research team
created Au@Pt nanoparticles/Alginate (Au@Pt/Alg) hydrogels
by combining conductive gold nanoparticles (AuNPs) with Pt
nanoparticles with catalytic and antioxidant capabilities. These
bimetallic nanoparticles were used to increase electrical
conduction velocity in the MI area, hence promoting heart
healing and managing the ROS microenvironment.65

2.5. Promote Angiogenesis. Blood arteries are important
in disease situations because they serve as conduits for gas
exchange, nutrient diffusion, and waste elimination. They not
only meet the high metabolic needs of inflammatory areas, but
they also aid in the prevention of cellular malfunction and death.

In the field of heart tissue engineering and regeneration, timely
and effective angiogenesis is critical for implant survival and
healing. Endogenous angiogenesis after a MI has been shown in
animal experiments to minimize scar formation and improve left
ventricular remodeling. Increased neovascularization in the
infarcted region expands clinical therapy options.66 Therapeutic
angiogenesis, which includes controlling new blood vessel
activities to treat diseases, was first postulated by JM Inser.67

Numerous studies have since used this method to treat ischemia
diseases.68 Various initiatives have been made in recent years to
increase angiogenesis and boost microvascular system healing.
Exosomes, a powerful tool for MSCs therapy, have demon-
strated encouraging results in stimulating angiogenesis in a
variety of animal models. Exosomes derived from MSCs, for
example, have been shown to modify the milieu of the infarcted
myocardium by boosting angiogenesis and suppressing
inflammatory responses.69 Extracellular vesicles (EVs) derived
from MSCs have also been found to induce angiogenesis via
miR-210, resulting in better function in the infarcted heart.70 A

Figure 1. Roles of different biomaterials in the treatment of myocardial infarction. Stem cells, growth factors, exosomes, polyethylene glycol, metal
nanoparticles, hydrogen sulfide, chitosan, and collagen are among the biomaterials available for the therapy of myocardial infarction. In the context of a
myocardial infarction, these biomaterials serve several purposes. They promote the repair and regeneration of cardiac tissue by providing structural
support via their scaffolding characteristics. Furthermore, they have anti-inflammatory properties, lowering inflammatory reactions and suppressing
inflammatory cell infiltration as well as inflammatory factor release. Furthermore, biomaterials can regulate metabolism, changing the metabolic
processes of cardiac cells to improve energy supply and boost cellular function recovery. They can also improve the electrical conductivity of cardiac
tissue by modulating the local microenvironment. Importantly, biomaterials promote angiogenesis by increasing vascular density and improving
cardiac perfusion, so supplying the blood supply required for myocardial regeneration. The images in Figure 1 are original and created by the authors,
free from third-party copyright restrictions.
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gas transmitter, hydrogen sulfide (H2S), rapidly diffuses
through cell membranes and promotes intercellular signal
transmission to trigger angiogenesis. It has been used in the
treatment of cardiovascular disorders. Liang et al. created a
composite hydrogel based on 2-aminopyridine-5-thiocarbox-
amide, a small molecule H2S donor, to address the issue of
H2S’s short half-life and inefficient release. The hydrogel
released sulfide after cardiac injection, resulting in elevated
quantities of heart-related mRNA (Cx43, α-SMA, and cTnT)
and angiogenic factors (VEGFA and Ang-1). This indicated that
the H2S-releasing hydrogel effectively promoted cardiovascular
development.71 The following chapter will go into greater detail
on biomaterials that induce angiogenesis.
In the preceding paragraph, we have explored the therapeutic

potential of several biomaterials in myocardial infarction,
including stem cells, growth factors, exosomes, PEG, metal
nanoparticles, hydrogen sulfide, chitosan, and collagen. Each of
these materials offers unique benefits and mechanisms for
improvingmyocardial repair and regeneration. For an integrated
overview of these biomaterials and their contributions to
myocardial infarction therapy, please refer to Figure 1.
Biomaterials have multifunctional qualities that make them a
promising tool for encouraging tissue regeneration and repair,
notably in the setting ofMI heart repair. The reduced blood flow
to the affected area, which can result in tissue damage and
compromised cardiac function, is a key challenge in MI.
Promoting angiogenesis, or the development of new blood
vessels, is thus an important first step in restoring blood flow to
the injured region of the heart and enabling tissue repair. The
primary focus of this section will be on the angiogenic properties
of biomaterials.

3. ANGIOGENESIS-PROMOTING BIOLOGICAL
MATERIALS IMPROVE MI REGENERATION AND
REPAIR

As the earliest functioning organ to develop in the embryo, the
vascular system is crucial in the transfer of nutrients and oxygen
throughout the body. Angiogenesis is the formation of new
blood vessels via vascular sprouting or intussusception. Vascular
sprouting is a multistage, highly regulated process. ECs respond
to signals such as vascular endothelial growth factor (VEGF)
and fibroblast growth factor (FGF) throughout this process. To
degrade the ECM, MMPs are involved. Endothelial tip cells
direct the growth of newly generated vascular sprouts in
response to a gradient of growth stimuli. This migration is
facilitated by the signaling of ECs surface proteins such as Notch
and VEGF receptors. Stalk cells are ECs that are located behind
the leading tip cells. They divide to lengthen the nascent blood
vessels and form lumens. Smooth muscle cells and/or pericytes
respond to signals such as transforming growth factor beta
(TGF-β) and platelet-derived growth factor B (PDGF-B) after
new and immature blood vessels are created. These signals aid in
the stabilization of ECs and the development of new and mature
blood vessels.72

Angiogenesis is an important process in both physiological
and pathological circumstances, and it has received a lot of
interest in the medical world. Promoting angiogenesis has
emerged as a frequent technique for treating ischemia disorders
in recent years.73 When tissues are subjected to ischemia and
hypoxia, the body responds with a stress response aimed at
alleviating ischemia by boosting angiogenesis and generating
collateral circulation. In ischemic myocardium, for example, the
expression of hypoxia-inducible factor (HIF-1) increases,

stimulating the expression of VEGF, FGF, and their
corresponding receptors. This enhances angiogenesis in
ischemic areas, increases capillary density, and establishes
effective collateral circulation, alleviating the effects of ischemia
to some extent.74 This physiological compensatory action,
however, is insufficient in severely ischemic tissues. Therapeutic
angiogenesis has been acknowledged as a viable technique for
improving MI based on this pathological development.
Exogenous vascular growth factors can be delivered to ischemic
tissue to generate collateral blood flow, thereby circumventing
damaged blood vessels, boosting blood perfusion in the ischemic
myocardium, and ultimately achieving therapeutic goals.66 It is
critical to understand that angiogenesis is a complex
physiological process involving numerous cells and chemicals.
It includes the destruction of the vascular endothelium matrix,
EC migration and proliferation, the creation of vascular sprouts,
and the establishment of new basement membranes by EC
tubes.75 Angiogenesis is tightly controlled in healthy tissues by a
fine balance of stimulating and inhibiting signals. Any
disturbance in this balance might result in aberrant blood vessel
growth and, as a result, imbalance. As a result, the creation of
biomaterials that stimulate angiogenesis has emerged as an
important research avenue way to promote MI regeneration and
repair.With ongoing biomaterials breakthroughs, it is possible to
achieve balanced management of neovascularization and
improve treatment outcomes.
3.1. Biomaterials that Promote Angiogenesis. Angio-

genesis is important in several physiological processes, such as
bone regeneration, wound healing, and tissue repair.76 Tissue
engineering procedures for fostering the formation and growth
of new blood vessels rely on three critical components:
biological scaffold materials, stimulating agents, and bioreactors.
Scaffold materials not only enable cell attachment and growth,
but they also provide structural support for the generation of
new blood vessels. Cells, growth factors,77 EVs,78 noncoding
RNA,79 peptides,80 and other biological materials that affect the
in vivo repair/regeneration milieu to promote angiogenesis are
examples of stimulating factors. Bioreactors produce stable
conditions and deliver nutrients to help new blood vessels form
and grow. When treating a MI, equal emphasis should be placed
on controlling ischemia remodeling and boosting myocardial
regeneration. As a result, future research in this area should
concentrate on rebuilding the ischemic core while maintaining
the functional integrity of the border zone.81 Finally, research on
biomaterials that stimulate angiogenesis is critical for restoring
cardiac function and enhancing patient quality of life.
3.1.1. Materials for Biological Scaffolds. Emerging research

suggests that cell-free scaffold materials may facilitate in vivo
blood supply restoration. Reduced graphene oxide, a new
nanobiomaterial, has been found to induce angiogenesis by
encouraging bone marrow MSCs differentiation via ROS
activation.82 Macrophages secrete cytokines and chemical
mediators that attract other cells such as ECs and fibroblasts
while also degrading scaffold materials, encouraging angio-
genesis. Furthermore, the pore size of the scaffold materials
influences the development and perfusion of vascular cavities.
The application of stents with bigger holes (90−160 μm) may
result in increased fibrosis and decreased angiogenesis. Implants
with hole diameters of 30−40 μm, however, can enhance
vascularization while minimizing fibrous encapsulation.83

Although EVs have shown potential in stimulating angiogenesis,
direct injection at the target site may result in rapid clearance.
The addition of clinical-grade hyaluronic acid (HA) can allow
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for continuous release, preserving EV biological activity and
increasing angiogenesis while decreasing apoptosis and
fibrosis.84 Similarly, recombinant humanized type III collagen
(rhCol III) has been studied in the treatment of MI for its role in
stimulating cell proliferation, migration, and angiogenesis.85

Biological scaffold materials are critical in tissue engineering
procedures aimed at promoting angiogenesis. As a result,
investigating the biological properties of various scaffold
materials and their applications in stimulating angiogenesis is
critical in the field.
3.1.1.1. SingleMaterial.Collagen, themost prevalent protein

in the ECM, is an important component of connective tissues
such as skin, bone, muscle, ligament, tendon, and the heart.86

Collagen not only contributes to the stability and structural
integrity of tissues and organs in living creatures, but it also plays
an important role in the cellular milieu, assisting in the storage
and release of cell mediators such as growth factors.87

Furthermore, because of its innate biocompatibility and
biodegradability, collagen is regarded as an ideal biological
scaffoldmaterial, providing necessary support and signals for cell
attachment and proliferation.88 In the process of articular
cartilage regeneration, for example, collagen, which has tissue-
forming properties and promotes cell proliferation, is widely
used as a scaffold material, particularly type II collagen, which is
abundant in chondrocytes. Type II collagen scaffolds are used to
aid in cartilage healing and regeneration.89

Collagen scaffolds are important in the process of vascular
regeneration because they promote cell migration and adhesion.
Type IV collagen is mostly found in ECs, which line the
basementmembrane of blood vessels. Bonanno et al.90 used a rat
aorta model to explore the effect of type IV collagen on
angiogenesis. They discovered that high concentrations of type
IV collagen (300 ug/mL) increased microvascular length by
119% when compared to untreated type I collagen cultures.
Type IV collagen activates heart vascular cells in a dose-
dependent manner, enhancing angiogenesis elongation and
survival. EC migration during angiogenesis is dependent on
collagen remodeling. ECs, interstitial cells, and inflammatory
cells have all been found to contribute to the production of
matrix proteases, which regulate the destruction of the collagen
scaffold and the synthesis of new ECM. This mechanism is
critical for the formation of new blood vessels. MMP-1, for
example, promotes type I collagen degradation, whereasMMP-2
exposes integrin binding sites on collagen and stimulates
signaling molecules such as TGF-β. Membrane-bound matrix
metalloproteinases (MT-MMPs) produced on tip cells may
provide an additional mechanism for collagen breakdown and
sprout elongation.91 Furthermore, physical characteristics of
scaffold materials, such as gaps and channels, can influence cell
movement. ECs interact more intimately with scaffold materials
when the pore size is less than 80 μm. Collagen scaffolds with
tunable pore diameters have increased angiogenic potential.92

Emerging evidence suggests that collagen breakdown
products play a role in regulating numerous activities during
heart repair and in steady-state settings. The breakdown product
p1158/p1159, which is produced from type I collagen and
promoted by MMP2 and MMP9, has been demonstrated to
enhance angiogenesis and minimize scar formation following a
MI. Canstatin, a byproduct of MMP2-mediated type IV collagen
degradation, controls voltage-dependent calcium channel
activity in rat cardiomyocytes and decreases hypoxia-induced
apoptosis in rat H9C2 cardiomyocytes. Tumstatin protects
cardiomyocytes from apoptosis caused by ROS, while endo-

statin promotes myofibroblast proliferation and migration.93

Collagen, with its rather stiff structure that interacts intimately
with other cellular and noncellular components of the
myocardium, also plays an important role in preserving the
shape, size, and function of the heart.94 However, collagen has a
procoagulant action, and there are potential risks associated with
its usage in the treatment of cardiovascular disease. Professor
Shulamit Levenberg’s team used tropoelastin to create a
composite porous scaffold with exceptional angiogenesis-
promoting properties. Confocal photographs of the implanta-
tion location in the experimental group after 14 days
demonstrated its extraordinary angiogenesis ability in a nude
mouse abdominal white line defect model.95 Marcy Zenobi-
Wong of the Swiss Federal Institute of Technology in Zurich
recently proposed a new collagen derivative comprising multiple
recognition peptides to improve vascular network creation.
Rapid formation of blood arteries, lymphatic vessels, and
mesoscale capillaries can be aided by modulating the gel
hardness and using Sortase A (SrtA)-mediated cross-linking.
Furthermore, the addition of the secondary cross-linking
enzyme factor XIII (FXIII) allows for the in situ coupling of
VEGF QK peptide to collagen, promoting blood vessel and
lymphatic vessel creation without the use of exogenous VEGF.96

This study shows that enzyme cross-linking methods can add
specific enzyme recognition peptides while keeping collagen
structural features, giving intriguing prospects for the treatment
of cardiovascular disorders. Collagen, despite being a high-
quality biomaterial, has limitations in its application. These
limitations include lowmechanical strength and stability, a rapid
rate of degradation, and difficulties in managing its quality. The
quality of collagen scaffolds is determined by the source of
collagen and themethods used to process it, posing difficulties in
attaining exact findings in research and clinical applications.97

Silk fibroin is produced from silk via a number of processing
procedures including degumming, dissolving, separation, and
drying. Noncytotoxicity, minimal immunogenicity, and great
biocompatibility are among the benefits of the extracted silk
fibroin.98 Furthermore, silk fibroin is a biomacromolecule
material with exceptional processability. Highly porous and
extensible micro/nano structures can be formed using processes
such as freeze-drying and ethanol treatment, making it suitable
as a scaffold material.99 Silk fibroin biomaterials have been
approved by the US Food and Drug Administration because of
their remarkable performance in clinical trials.100 Previous
research has shown that silk fibroin can have different
mechanical properties by controlling β-fold formation, influenc-
ing cellular activity and tissue regeneration.101 Its possible
mechanisms include stimulation of the mitogen-activated
protein kinase and PI3K signaling pathways, both of which
increase cell migration.102 Silk fibroin modulates the paracrine
signaling of MSCs, resulting in the release of anti-inflammatory
substances such as IGF-1, VEGF, and collagen. This, in turn,
promotes cell proliferation, angiogenesis, and the polarization of
macrophages toward an anti-inflammatory phenotype via
integrin/PI3K/Akt signaling. As a result, silk fibroin has an
effect on wound healing by altering the activity of resident cells
within the injured skin milieu.103 Kambe et al. explored the use
of silk fibroin hydrogels with varying rates of degradation in the
treatment of MI.104 Their findings demonstrated that a 12-week
injection of unmodified silk fibroin hydrogel resulted in a
moderate breakdown rate and could reduce left ventricular
hypertrophy. According to the researchers, this effect could be
related to the dense and random arrangement of collagen fibers
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within the silk fibroin hydrogel, which provides enhanced
resistance to left ventricular pressure while inhibiting ventricular
dilation. However, the mechanical strength and overall stability
of pure silk fibroin scaffolds limit their applicability, necessitating
modifications to increase their bioavailability.105

Chitosan offers a variety of benefits, including reduced
immunogenicity, allowing it to be used in medical implants and
devices. It also has good mechanical properties, antimicrobial
capabilities, and biodegradability, all of which are important
when constructing membrane or porous carrier scaffolds.106

According to research, chitosan’s breakdown products, D-Glu
and N-AC-Glu, can protect adipose-derived stem cells from
reactive oxygen species (ROS) damage. Chitosan can also
attract chemokines such as stromal cell-derived factor 1 (SDF-
1), which promotes the homing of stem cells to damaged tissues.
This procedure improves the microenvironment of MI by
increasing the recruitment of endothelial progenitor cells-
(EPCs) from the circulation.107 Furthermore, chitosan hydrogel
has been shown to boost type I collagen expression in BADSCs
(brown adipose-derived stem cells) and promote the develop-
ment of cardiac cells. BADSCs can also directly differentiate into
vascular cells, aiding in the production of new blood vessels.108

These findings imply that chitosan could be useful in cardiac
tissue engineering and regenerative medicine.109 Chitosan
biomaterials, however, create difficulties due to their insolubility
in water and other common solvents.110 Overcoming this barrier
may necessitate the employment of irritant chemicals and high
temperatures, which may raise toxicity issues. As a result, while
using chitosan to treat MI, these restrictions must be carefully
considered.
The glycosaminoglycan HA is present in cartilage, connective

tissue, the vascular system, and the ECM. It regulates a variety of
tissue remodeling activities, including embryonic development,
wound healing, angiogenesis, and cancer.111 HA is a linear
polysaccharide made up of alternating units of N-acetylglucos-
amine (GlcNAc) and glucuronic acid (GlcA). Previous research
has shown that the molecular weight of HA is related to its
function. HA is normally found in healthy tissues as a high
molecular weight polymer (>106 kDa), but low molecular
weight HA can cause inflammation and angiogenesis.112 HA
fragments conjugate with CD44 and activate CXCL1/GRO12,
inducing capillary EC sprouting.113 Furthermore, HA affects
vascular EC barrier function via the interaction of the CD44v10
subtype and the S1P receptor. The activation of the S1P receptor
and the transfer of the RhoA/Rac1 signal to the cytoskeleton of
ECs are involved in this process,114 emphasizing the critical role
of HA in tissue repair and regeneration. HA is found in the ECM
of the heart and plays an important function in maintaining
structural integrity and regulating cellular activity. In rat models,
HA hydrogel has shown promise in improving heart function
after a MI. HA promotes the production of growth factors and
cytokines involved in tissue repair and regeneration, such as
VEGF and bFGF, in addition to enhancing collagen deposition
and decreasing fibrosis.115 Surprisingly, degraded HA oligosac-
charides (o-HA) with less than 10 disaccharide units can
stimulate the production of the chemokines Ccl2 and Cxcl5.
This activation enhances M2-type macrophage polarization,
reduces neutrophil-induced inflammation, stimulates MAPK
and JAK/STAT signaling pathways, speeds myocardial function
reconstruction, and promotes compensatory cardiac func-
tion.116 These findings emphasize the role of HA in cardiac
tissue healing and its potential as a treatment for MI.

Gelatin scaffold materials have various advantages, including
minimal immunogenicity, cost-effectiveness, and the existence
of cell adhesion sites and matrix metalloproteinase hydrolysis
sites, which promote cell proliferation and migration.
Furthermore, gelatin has bioactive components such as cell-
binding motifs such as Arg-Gly-Asp (RGD) that provide
excellent biodegradability and water solubility, making it a
popular material for constructing biological scaffold materi-
als.117 However, the physiological temperature required for
most cell culture research is lower than the physical gelation
temperature of gelatin, necessitating the use of methacrylated
gelatin (GelMA).118 GelMA, which is made by methacrylating
gelatin with methacrylic anhydride (MA), is photosensitive and
can cross-link when exposed to UV or visible light. Three-
dimensional structures with mechanical qualities suited for cell
development and differentiation can be formed by altering the
MA/gelatin ratio, enabling adaptability in terms of physical and
chemical properties. Furthermore, GelMA can be built into
unique morphological forms utilizing various production
processes such as 3D printing and electrospinning to satisfy
specific application needs,119 such as angiogenesis stimulation.
Moderate bioelectrical stimulation has been shown to improve
signal transmission in myocardial cells, hasten maturation, and
aid in the repair or regeneration of more uniform and mature
myocardial microstructures. GelMA hydrogel is commonly used
as a scaffold for cardiac repair to stimulate tissue regeneration
since it is an effective vehicle of conductive components.
GelMA-based hydrogel systems, such as GelMA-O5/rGO, have
been shown to increase the expression of cardiac troponin I
(cTnI) and Cx43 in myocardial cells while decreasing caspase-3
expression levels, thereby improving damaged myocardial tissue
and restoring myocardial function.120 Furthermore, Tang et al.
used the photocuring properties of GelMA to encapsulate EVs
within the GelMA hydrogel via physical capture. This
photocuring approach lowers secondary tissue damage to the
heart, enhances EV delivery efficiency, and proposes a novel
strategy for MI repair and treatment.121

Alginate, a polysaccharide derived from seaweed, has
significant biological activity and is used widely in medicine
and the food industry.122 Notably, alginate is important in tissue
engineering and regeneration. Its nonthrombogenic nature and
moderate physical gelation processmake it easier to work with in
a variety of applications. Furthermore, alginate hydrogel
matrices have a texture and hardness that are similar to the
ECM, making them excellent for tissue growth and regener-
ation.123 The use of alginate scaffolds as biological grafts in MI
rat models has been found to reduce remodeling and
dysfunction. Alginate, a biocompatible natural polymer, has
been extensively used in combination with substances such as
VEGF and basic fibroblast growth factor 1 (bFGF 1) to
stimulate angiogenesis and endothelial differentiation.124 As a
result, alginate-based hydrogels can be used as scaffold materials
for transporting cells that have been transformed with the
RGDfK peptide, enhancing neovascularization and heart
function.125 Despite its numerous benefits, alginate has certain
drawbacks, including poor dimensional stability and low rip
strength. It may distort if not adequately supported, reducing its
usefulness as a scaffold material for tissue restoration. In
addition, it is crucial to ensure that the alginate is well mixed to
avoid air bubbles, which can compromise its potential to induce
tissue regeneration.126

As previously stated, natural biomaterials such as collagen,
gelatin, and chitosan have high cell compatibility. However, due

ACS Omega http://pubs.acs.org/journal/acsodf Review

https://doi.org/10.1021/acsomega.4c04682
ACS Omega 2024, 9, 37505−37529

37511

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c04682?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


to variations in raw materials, processing methods, and other
factors, replicating their consistent characteristics can be
challenging.. Furthermore, the mechanical properties of these
materials frequently fall short of the requirements of practical
applications. Table 1 provides a summary of the mechanical
properties, conductivity, degradation rate, and biocompatibility
of several monomer materials previously mentioned in this
paper. It can be seen that sodium alginate exhibits superior
mechanical properties, while gelatin displays greater conductiv-
ity. However, no single material can fulfill more than one of these
properties simultaneously. Synthetic polymer materials, how-
ever, are well-known for their regulated release rates and
excellent flexibility, making them preferred alternatives for tissue
engineering scaffold materials. Polyethylene glycol (PEG)
hydrogels, for example, have been shown to enhance angio-
genesis in vivo by upregulating the expression of angiogenic
factors such as VEGF and basic fibroblast growth factor
(bFGF).133 PEG hydrogels also promote the recruitment of
EPCs, aiding in the development of new blood vessels.134 By
providing growth factors such as VEGF, polylactic acid-glycolic
acid (PLGA) enhances tissue vascular regeneration.135 Sim-
ilarly, poly(ethylene oxide) (PEO) is a synthetic polymer that
has been used as a coating material to improve EC adhesion and
proliferation.136 Through interactions with numerous proteins,
heparin, a highly sulfated glycosaminoglycan (GAG), affects
various physiological and pathological processes, including
angiogenesis. However, its anticoagulant properties preclude
its use in stimulating angiogenesis. To address this issue, Liu et
al. created a heparin-like polysaccharide with a high affinity for
VEGF, semisynthetic chitosan sulfate (SCS). SCS generated an
abundance of blood vessels and arteries expressing CD31hi/
Emcnhi in a mouse model of hindlimb ischemia. Furthermore,
SCS affected macrophage polarization toward the M2
phenotype by increasing endogenous VEGF secretion, causing
angiogenesis in ischemic circumstances via the VEGF−
VEGFR2 signaling pathway.137

3.1.1.2. Composite Material. Collagen, silk fibroin, chitosan,
HA, gelatin, alginic acid, polyethylene glycol, and other
biodegradable and biocompatible polymer compounds have
received a lot of interest and use in tissue engineering. Scaffolds
made of a single material component, however, sometimes
exhibit limitations such as poor stability and low mechanical
qualities under physiological settings, restricting their future
practical application. Novel materials can be created by
combining two or more polymers and modifying key properties
of the tissue engineering scaffold to better mimic the natural
ECM. Shi et al., for example, created a cartilage regeneration
scaffold by combining silk fibroin and gelatin in a mass ratio of
1:2 (6.9% w/v).138 This combination strikes a balance between
mechanical capabilities and disintegration rate, yielding a
scaffold that closely resembles the attributes of newly created

cartilage. The results show that adding HA lowers the swelling
properties of the nanofunctionalized hydrogels while improving
their mechanical qualities. Although the mechanical qualities of
these systems may not exceed clinical application criteria,
differentiation results in better cell proliferation and greater gene
expression related to osteogenesis and angiogenesis, high-
lighting their potential as customizable constructions for tissue
regeneration. Furthermore, Zheng et al. discovered that
incorporating hydroxyapatite into nanofunctionalized hydrogels
improved their mechanical capabilities while decreasing swelling
qualities when compared to GelMA alone. Following differ-
entiation, the modified composite hydrogel demonstrated
favorable cell proliferation and enhanced gene expression
related with osteogenesis and angiogenesis. These findings
emphasize the potential for future tissue regeneration
applications of these customizable structures.139

Traditional material qualities such as mechanical strength are
insufficient in the field of MI healing. Electrical responsiveness is
also a crucial factor to consider. While chitosan can regulate cell
attachment, metabolism, and proliferation, it falls short of
meeting the needs of MI treatment. Because natural myocardial
tissue has specific anisotropy and mechanical strength, a
corresponding electrical response between materials and cardiac
tissue is required. To solve this issue, researchers used excimer
laser microarray techniques to create a chitosan-polyaniline
composite with a foldable honeycomb design.140 This
composite material not only improves electrical conductivity
but also has tunable mechanical properties, bringing up new
possibilities for cardiac biomaterial design. Similarly, the
polypyrrole-chitosan hydrogel reduces tissue resistance by
30%, improves fibrotic scar tissue conductivity by 33%, increases
field potential amplitude, and allows synchronous heart
contraction due to its low resistance.141 Composite biomaterials
provide many advantages, including improved mechanical and
biological properties, adjustable functionalities, and design
flexibility. However, presents several challenges. The inclusion
of numerous materials makes it difficult to adequately
characterize and anticipate the behavior of the materials.
Additionally, managing the distribution and orientation of
various components during the production process can be
challenging. Furthermore, separate components may degrade at
various rates, which complicates maintaining consistent material
properties over time. It is vital to highlight that the usage of
numerous materials and sophisticated production processes
frequently leads in higher composite biomaterial costs.
Determining the compatibility of various scaffold material
components with surrounding tissues is also crucial, as this can
result in adverse in vivo reactions. To summarize, careful
consideration of these factors is essential when designing and
selecting composite biomaterials.

Table 1. Comparison of Single Material Properties for MI Scaffold Requirements

name modulus conductivity biocompatibility degradation

collagen127 ≈5 kPa (elastic modulus) yes
gelatin128 ≈0.5 kPa (Young’s modulus) 0.6 × 10−5 S cm−1 yes
chitosan129 6.73 ± 1.14 MPa (Young’s modulus) 2.4 ± 0.9 × 10−2 S cm−1 (with phytic-acid-doped PANI) yes
silk fibroin130 ∼8 kPa (Young’s modulus) yes 3.1 ± 0.6 weeks
HA131 Young’s modulus low: ∼7 kPa

high: ∼35−40 kPa
yes ∼3 and 10 weeks

Alg132 29 kPa Young’s modulus/14 kPa
dynamic modulus

yes >40 days

normal myocardium Young’s modulus 20−500 kPa 0.16 S/m yes
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3.1.2. Angiogenesis Factors. 3.1.2.1. Stem Cell. Researchers
have been drawn to stem cells because of their unique ability to
self-renew, replicate, proliferate, and differentiate in multiple
directions. Over the last few decades, significant progress has
beenmade in both basic research and therapeutic applications of
stem cells. Notable achievements include elucidating the
epigenetic patterns of stem cells during asymmetric division,142

unraveling the fundamental molecular regulatory mechanisms
underlying cell differentiation,143 investigating novel mecha-
nisms of genome homeostasis in pluripotent stem cells,144 and
using stem cells to treat a variety of diseases such as heart
disease,145 Alzheimer’s disease,146 Parkinson’s syndrome,147 and
dialysis.148 Similarly, researchers have employed stem cells to
promote angiogenesis in ischemic disorders, aiming to improve
tissue function and/or increase blood perfusion.
Human bone marrow-derived mononuclear cells (BM-

MNCs), EPCs, and pluripotent stem cell-derived endothelial
cells (PSC-ECs) have all been researched extensively for their
ability to promote angiogenesis and wound healing.149 Because
they are widely available, safe, and efficacious, BM-MNCs are
frequently employed in experimental treatments for ischemia
disorders.150 The mechanism behind their angiogenic character-
istics remains a topic of debate, with some researchers
suggesting that the differentiation of BM-MNCs into endothelial
cells contributes to their angiogenic activities.151 Kikuchi-Taura
et al., however, propose that BM-MNCs connect with ECs via
gap junction-mediated signal transduction, hence increasing
angiogenesis and promoting the survival of wounded ECs during
ischemia.152 Certainly, the release of exosomes by cells and the
secretion of various angiogenic factors by BM-MNCs play
crucial roles in promoting angiogenesis. EPCs are hematopoietic
cells found in bone marrow that have the ability to develop into
ECs and contribute to angiogenesis.153 In the case of myocardial
ischemia, EPCs not only directly support the creation of a
vascular network required for the provision of nutrients to new
myocardial cells, but they also emit paracrine signals that
enhance myocardial cell survival.154 Pluripotent stem cells,
particularly induced pluripotent stem cells (iPSCs), have
received a lot of attention because of their abundance, lack of
immunological rejection, and lack of ethical problems. These
cells have been extensively utilized in research on vascular
regeneration.155 Kim found that iPSC-derived vascular cells
have greater angiogenic capacities when compared to primary
somatic cells in a comparative research.156 Lee et al.157 also
explored the ability of iPSC-derived lymphoECs to promote
angiogenesis. They implanted lymphoendothelial cells (lym-
phoECs) produced from iPSCs into skin lesions on the backs of
naked mice and observed their absorption into the lymphatic
network as well as the subsequent rise in lymphatic angiogenesis
and lymphangiogenesis. Furthermore, spheroids composed of
cardiomyocytes derived from human-induced pluripotent stem
cells are more prone to vascularization through the natural
circulatory system. Notably, 4 weeks after being implanted at the
site of a MI in rats, these spheroids demonstrated significant
vascularization.158 IPSCs have shown exceptional therapeutic
effects in cardiovascular disorders, including MI, making them a
promising cell type for increasing angiogenesis.159 Overall, these
findings indicate the ability of stem cells to promote angio-
genesis. However, different studies use different cell kinds,
application methods, cell numbers, patient characteristics,
research strategies, and objectives. Moreover, the use of foreign
cells poses inherent risks such as immunological rejection,
tumorigenicity, and transfusion-related toxicity, which limit

their clinical applicability.160 Furthermore, stem cell infusion
may result in transfusion-related acute lung injury (TRALI) or
transfusion-associated circulatory overload (TACO), which are
adverse events that must be meticulously managed and
prevented in the clinical setting. Additionally, large-scale
production of stem cells for clinical use faces significant
technical and economic challenges. Maintaining cell quality
and functionality requires sophisticated bioreactors and rigorous
monitoring, which are both costly and time-consuming. The
financial burden of cell isolation, culture, expansion, differ-
entiation, and quality control highlights the need for cost-
effective manufacturing processes. Furthermore, delivering
viable stem cells to clinical sites involves challenges such as
storage, transportation, and scheduling. Cryopreservation and
careful handling are essential to preserve therapeutic properties,
adding to logistical complexity. As a result, more extensive
research is needed to enhance our understanding of how to
effectively boost angiogenesis using stem cell-based techniques.
3.1.2.2. Extracellular Vesicle. Stem cells, as previously stated,

have the ability to stimulate angiogenesis. However, there are
several challenges associated with clinical therapies based on
stem cells. For example, the low survival rate of transplanted cells
within the ischemic environment of heart tissue restricts their
clinical efficacy. The paracrine effect of stem cells on the heart,
along with their ability to improve microvascular dysfunction,
are crucial components of stem cell therapy.161 EVs have
emerged as an important tool for intercellular communication in
the treatment of ischemia illnesses under both normal
physiological and pathological situations. These vesicles,
which include vesicles, exosomes, and apoptotic bodies, allow
information transfer between cells by transporting various
biomolecules and exerting biological effects.162 Notably, EVs
produced from stem cells have similar biological properties
while providing advantages such as reduced immunogenicity,
decreasing the potential hazards associated with allogeneic
implantation. Additionally, these EVs are not replicable and have
enhanced safety profiles.
While some cell therapies try to increase angiogenesis directly

through cell survival or differentiation, other cells can exert
impact via paracrine signaling. EVs produced from stem cells
have garnered significant attention in the context of ischemic
disorders. CDCs-EXO163 and CPCs-EXO164 are two examples.
EVs generated from induced pluripotent stem cells (iPSC-EVs)
have been found to be high in miRNA and proteins, which
promote angiogenesis, motility, and antiapoptotic properties in
mouse ECs. iPSC-EVs improve left ventricular function, induce
angiogenesis, inhibit apoptosis, and alleviate myocardial hyper-
trophy in animal models of myocardial infarction (MI) and
reperfusion. These findings suggest they may offer a safer
therapeutic option for patients with ischemic MI.165 EVs
generated by cardiovascular progenitor cells (CVPCs) devel-
oped from human pluripotent stem cells (hPSCs), according to
Wu et al., contain a long noncoding RNA known as Metastasis-
Associated Lung Adenocarcinoma Transcript 1 (MALAT1). By
targeting miR-497, these EVs reduce myocardial cell death and
enhance EC tube formation, highlighting the potential
application of hCVPC-EVs in supporting healing in infarcted
hearts.166 Similarly, cardiosphere-derived cells extracellular
vesicles (CDC-EVs) produced from cardiosphere-derived cells
(CDCs) can polarize M1 macrophages toward an angiogenic
phenotype in the early stages of ischemia cardiac damage by
upregulating arginase 1.167 Metal stents are commonly used to
prevent and treat MI. Professor Cheng Ke’s research group
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developed a novel approach to restore the biological function of
ischemia-injured tissues: creating exosome-eluting stents based
on the properties of exosomes released by mesenchymal stem
cells (MSCs), which stimulate EC repair and angiogenesis.
Exosome-eluting stents outperformed metal stents and drug-
eluting stents in animal tests using ApoE−/− mice, in terms of
promoting angiogenesis and muscle regeneration in ischemic
areas.168

While the therapeutic approach based on EVs offers great
potential, it is critical to recognize the current limitations.
Overcoming these obstacles is critical to ensuring the efficacy of
extracellular vesicle-based therapeutics. For example, concerns
such as the half-life of EVs in vivo, lack of targeting selectivity,
and potential off-target effects must be addressed. To address
these problems, researchers have been investigating the
development of formulations that replicate the properties of
stem cell-derived EVs, with the goal of achieving targeted
homing and, to some extent, increased repair capacities.169 The
clinical translation and large-scale production of exosomes for
pro-angiogenesis present a multitude of challenges. First, the
development of efficient isolation and purification techniques is
of paramount importance. The current methods are inadequate
and difficult to maintain consistency and high purity. Second,
the implementation of standardized sample characterization
methodologies is essential to guarantee that exosomes from
disparate batches exhibit identical biological properties and
therapeutic effects. It is imperative that rigorous clinical trials be
conducted to validate the safety and efficacy of these treatments,
a process that requires significant resources and time.
Furthermore, logistical and storage considerations must be
addressed, as exosomes frequently necessitate cryopreservation,
which introduces additional complexities pertaining to trans-
portation and storage.170 Addressing these roadblocks and
assuring the reproducibility and scalability of extracellular
vesicle-based therapeutics is critical for their successful clinical
translation. More research and development efforts are clearly
needed before the full potential of EVs can be realized in the
clinical context.
3.1.2.3. Growth Factor. The stimulation of exogenous

angiogenic factor has been shown in studies to efficiently
promote angiogenesis in ischemic peripheral tissues. This
procedure results in the creation of new compensatory collateral
circulation and an increase in blood flow to ischemic tissues.171

As a result, angiogenic factors are regarded as promising
therapeutic agents for the treatment of ischemic heart disease
and improving arterial endothelial protection. Extensive
research into growth factor-induced angiogenesis has indicated
that treatment of exogenous growth factors produces beneficial
results in animal trials. However, in clinical trials, virtually all
angiogenesis treatments based on growth factors have failed to
demonstrate significant improvements in functional angio-
genesis in patients. One explanation for these experimental
failures is that the human body may have suffered significant
damage throughout the course of disease, rendering the
compensatory systems insufficient to meet the demand.172

Despite this, researchers are nonetheless excited about the
prospective applications of growth factors.
FGF is a regulatory protein that promotes the growth of

epithelial and mesenchymal cells. FGF has been found to help to
myocardial preservation in the context of MI by increasing the
number of arterioles and capillaries in the infarcted area,
consequently lowering the extent of damage to the canine
myocardium.173 Hepatocyte growth factor (HGF) has strong

angiogenic and antiapoptotic capabilities, making it a promising
therapy option for ischemic heart failure. In one investigation,
Vasant Jayasankar et al. administered replication-deficient
recombinant adenovirus carrying the HGF gene directly into
the myocardium of rats with heart failure after MI. The findings
revealed a considerable increase in angiogenesis, underlining
HGF’s therapeutic potential.174 VEGF, a well-known vascular
development factor, is essential for angiogenesis. It increases
vascular permeability, promotes vascular ECmigration, modifies
the ECM, and promotes the development of new blood
vessels.175 Angiopoietin,176 platelet-derived growth factor-
BB,177 and TGF-β178 are all key players in angiogenesis. These
numerous growth factors all play a role in the intricate process of
vascular formation and hold great promise for increasing
angiogenesis and tissue repair.
The manner of administration for growth factors presents

challenges that limit their use. Traditional methods of drug
delivery include local injection and systemic drug delivery, but
both have several issues. Local injection of VEGF at the target
region, for example, may result in uneven drug distribution as
well as poor retention and penetration. Furthermore, because
VEGF has a limited half-life in circulation, it is ineffective when
injected systemically.179 Furthermore, when administered
systemically, growth factors may elicit nontargeted effects at
the systemic level, potentially leading to adverse reactions and
safety concerns. Additionally, growth factors may stimulate
aberrant angiogenesis, thereby elevating the risk of cancer and
other pathological conditions. As a result, increasing the efficacy
of growth factors has emerged as a key focus of contemporary
research. East China University of Science and Technology’s
research team has made strides in this area by using
semisynthetic chitosan sulfate (SCS) as a carrier to efficiently
deliver natural growth factors. They were able to enhance
angiogenesis, regulate anti-inflammatory macrophages, and
boost endogenous VEGF secretion by employing an extremely
low dose of exogenous VEGF. This technique stimulates
angiogenesis in ischemic conditions via the VEGF−VEGFR2
signaling pathway, achieving the goal of biomaterials designed to
improve themicroenvironment of local ischemia and promote in
situ angiogenesis.91 Ma et al. also created a shell−core fiber
scaffold material that incorporates VEGF and perfluorotributyl-
amine (PFTBA). PFTBA facilitates oxygen release, which
protects Schwann cells from hypoxia-induced cell death.
Exogenous VEGF promotes the formation of a new micro-
vascular network, thereby assuming responsibility for oxygen
transport. This technique enhanced angiogenesis during nerve
regeneration and encouraged axonal regrowth and nerve
function recovery in a rat model of long-segment nerve injury.180

Exogenous growth factors have been shown in numerous
investigations to promote angiogenesis. The clinical translation
and large-scale production of growth factors for pro-angio-
genesis present a multitude of challenges. First, the development
of efficient and stable delivery systems is required. The existing
methods are inefficient and difficult to maintain consistency and
high purity in large-scale production. The potential of
semisynthetic carriers and novel nanotechnologies to provide
solutions to this problem is evident; however, further research
and optimization are required. Second, the standardization of
sample characterization is essential to guarantee the consistency
of the biological properties and therapeutic effects of different
batches of growth factors. The technologies employed in large-
scale production are not yet sufficiently mature, and processes to
maintain the quality and functionality of growth factors must be
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developed. Moreover, rigorous clinical trials are necessary to
validate the safety and efficacy of these treatments, which require
significant resources and time. The limited scale of existing
studies makes it challenging to fully assess their potential.
Although the anticipated benefits of this therapy have yet to be
realized, it is critical to maintain these research efforts in order to
expand our understanding and optimize their clinical uses.
3.1.2.4. Noncoding RNA. Stem cell therapy works predom-

inantly through a paracrine mechanism, with exosome-carried
microRNAs (miRNAs) playing an important role in controlling
angiogenesis.181 As a result, the utilization of noncoding RNA
has piqued the interest of scientists. miRNAs and long
noncoding RNAs are examples of noncoding RNA. As tiny
noncoding regulatory RNAs, miRNAs provide a powerful
mechanism for influencing post-transcriptional gene expression.
They are required for cell survival, proliferation, apoptosis,
immune response, insulin secretion, neurotransmitter synthesis,
circadian rhythm, angiogenesis, viral replication, and other
functions.182 A growing body of evidence demonstrates that a
number of miRNAs regulate the onset, development, matura-
tion, and cardiovascular illnesses.183 MiRNAs have the ability to
modulate several gene expression levels at the same time as well
as induce the release of various endogenous molecules.
However, in vascular disorders, microRNA expression fre-
quently fluctuates, leading to harmful effects. This demonstrates
the potential role of miRNAs in cardiovascular healing, making
them attractive targets for angiogenesis therapy.
Ana Eulalio demonstrated the effectiveness of externally

delivering particular miRNAs in boosting myocardial cell
proliferation and enabling cardiac healing.184 Extensive screen-
ing investigations have revealed that miRNA-21 is highly
expressed in vascular ECs and has an important role in tissue
fibrosis.185 According to new research, miRNA-21 has the
highest expression level in cardiac macrophages and exerts
paracrine effects on cardiac fibroblasts. This modulation
includes the conversion of cardiac macrophages into pro-
inflammatory macrophages, which promotes fibrotic signal
transduction186 and stimulates angiogenesis to support tissue
regeneration.187 Similarly, miR-126, the most abundant and
specific miRNA in ECs, has the ability to inhibit SPRED1,
VCAM1, and PIK3R2. When miR-126 is inhibited, it increases
VEGF signaling, which is necessary for maintaining vascular
structure in vivo.188 Previous research has shown that miR-126
can be induced not just by ECs but also by EPCs, vascular
smooth muscle cells, and myocardial cells. MiR-126 generates
pro-survival and pro-angiogenesis signals in cardiomyocytes by
activating the PI3K/Akt pathway, inhibiting histone deacetylase
(HDACs), and stimulating myogenesis and proliferation
without changing VEGF-A levels.189 Furthermore, through
inhibiting HIF-1an, miR-31−5p improves EC function, and
exogenous administration of miR-31−5p dramatically stim-
ulates angiogenesis and improves vascular network formation in
diabetic mice.190

Long noncoding RNAs (lncRNAs) can control gene
expression at multiple levels, including chromatin, DNA,
transcription, and post-transcription. They accomplish this via
interfering with coding gene translation, limiting polymerase II
activity, encouraging post-transcriptional alterations, binding to
functional proteins, functioning as precursors for small
molecular RNAs, and attaching to chromosomes.191 As a result,
they have a significant impact the development and outcomes of
several diseases.192 Numerous research in recent years have
found that lncRNAs can act as endogenous sponges, influencing

the expression and function of miRNAs. For example, lnc-H19
acts as a molecular sponge for endogenous miR-106a, negatively
inhibiting Angpt1 expression. In turn, angiogenesis is induced in
a mouse model of metabolic osteoporosis (CBS) via the
lncRNAH19-Angpt1-Tie2/NO axis.193 MALAT1 upregulates
its expression and modifies the 15-LOX1/STAT3 signaling
pathway in hypoxic circumstances, boosting the proliferation
and migration of vascular endothelial cells (VECs). Chen et al.
found that Mfn1 overexpression successfully corrected micro-
vascular dysfunction and alleviated cardiac microvascular EC
injury by suppressing excessive mitochondrial fragmentation
and mitochondrial-dependent apoptosis. In contrast, MALAT1
knockdown exacerbated cardiac function inmice withMI via the
miR-26b-5p/Mfn1 pathway.194 MALAT1 produced by EVs
originating from M1 macrophages, however, competitively
binds to miR-25−3p, increasing the expression of CDC42 and
activating the MEK/ERK pathway in a MI model. This impedes
angiogenesis and myocardial regeneration after a heart attack,
but inhibiting MALAT1 can enhance angiogenesis.195 Cur-
rently, noncoding RNA research faces several obstacles. First,
target specificity and off-target effects are significant concerns,
potentially leading to unintended biological responses. Second,
delivery and stability issues hinder clinical application. ncRNAs
are prone to degradation, and developing protective delivery
vehicles like lipid nanoparticles or polymer-based systems can
enhance stability and targeted delivery. Additionally, immune
response may arise from exogenous ncRNAs, causing inflam-
matory reactions or reducing efficacy. Solutions include using
autologous ncRNAs or optimizing formulations to minimize
immunogenicity.196

Upscaling noncoding RNA therapies presents several hurdles.
Production scalability is a major issue, as producing ncRNAs in
large quantities with consistent quality is technically challenging
and costly. Ensuring quality control at scale is also critical, as
variability in RNA sequences and structures can impact
performance.
3.1.2.5. Polypeptide. Polypeptides, as particular hormones or

protein fragments. QHREDGS, generated from angiopoietin-1
that can bind to integrin, is one example of an angiogenic
peptide. It is a new angiogenic peptide with the ability to
enhance the overall number of blood vessels in wounds.197 Guan
et al.198 used 3D bioprinting and chemical coupling to create
hydrogel patches containing QHREDGS, with the goal of
increasing loading rate and slowing release. In vitro angiogenesis
investigations revealed a considerable increase in the creation of
tubular networks in the peptide-containing group, while animal
experiments validated QHREDGS’ critical involvement in
enhancing angiogenesis rates. Histin-1, a functional peptide
that promotes EC adhesion, motility, and angiogenesis, has been
used to treat diabetic ulcers. Cao et al.’s199 study demonstrated
that Histin-1 can stimulate angiogenesis in humanmicrovascular
endothelial cells (HMECs) and increase the total number of
blood vessels in wounds. Histin-1may stimulate the Ras and Rab
interacting factor 2/Rab 5/Rac1 signaling axis to enhance
angiogenesis in vascular ECs. According to research, the
osteogenic peptide KP and the angiogenic peptide QK work
together to improve the osteogenic differentiation ability of
bone marrow mesenchymal stem cells (BMSCs) and the
angiogenesis ability of human umbilical vein endothelial cells
(HUVECs), resulting in increased new bone formation in the rat
cranium.200 Furthermore, RADA16 D-peptide modified by
collagen hydrogel (AP)201 and RGD (Arg-Gly-Asp) self-
assembled peptide202 have been shown to induce angiogenesis.
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The clinical applications and large-scale production of
peptides for pro-angiogenic therapies face several challenges.
Clinically, peptides are unstable in vivo, prone to enzymatic
degradation, and may provoke immune responses, impacting
their safety and efficacy. Additionally, their effects can vary by
pathology and patient. For large-scale production, developing
stable and efficient delivery systems remains difficult, with
existing methods like nanoparticles and hydrogels needing
further refinement. Standardizing peptide characterization is
essential to ensure consistent quality and therapeutic effects.
Rigorous clinical trials are necessary but resource-intensive, with
current studies often too limited to fully evaluate potential.
Addressing these issues is crucial for successful clinical
translation and scalability of peptide therapies.
3.1.2.6. Others. Nutritional metal ions (such as Mn2+, Zn2+,

and Ca2+) have been revealed to have cytokine-like qualities in
immunemodulation in recent years.203 Zn2+, for example, can be
used to make Zn-based immunomodulatory adjuvants (Zn-
LDH), which successfully target in situ, distant, and metastatic
cancers. In addition, they significantly prevent recurrent tumor
development and metastasis.204 Furthermore, copper, magne-
sium, zinc, and strontium have been demonstrated to increase
angiogenesis by activating pathways like Wnt, PI3K/Akt,
MAPK, and hypoxia-inducible factor 1. Copper (Cu), a trace
metal element that is vital to the human body, is primarily
involved in catalytic metabolic activities. Cu is frequently used in
biomaterials for a variety of applications due to its powerful
antibacterial activities and low cytotoxicity.205 Cu interacts with
various angiogenic growth factors, including considerably raising
VEGF expression, modulating angiopoietin transcription, and
promoting matrix metalloproteinase activity.206 Romero-
Sańchez Lilian B et al., for example, found that 5% Cu-doped
mesoporous bioactive glass (MBG-5Cu) significantly increased
the number and thickness of blood vessels in the zebrafish
subintestinal venous plexus (SIVP) compared to Cu-free
MBG.207 Xiao et al. created copper-based metal−organic
frameworks (Cu-MOFs) that store Cu2+ ions in another
investigation. Folic acid was used as a stabilizer to regulate the
rate of Cu2+ release. Cu2+ efficiently encouraged the migration of
red blood cells and fibroblasts, as well as the development of new
blood vessels by upregulating VEGF.208 Pneg et al. created a
CuO-containing composite hydrogel that enhanced angio-
genesis and protected vascular ECs from high-level inflamma-
tion and oxidative. Mg was also observed to increase the amount
and speed of angiogenesis at the implantation site. Mg2+
activated HIF-1 by boosting the activity of the magnesium
transporter subtype 1 (MagT1), resulting in enhanced
production of VEGF transcription factors and better angio-
genesis.209 Furthermore, Si ions produced from biocompatible
and biodegradable materials have shown biological activity in
vitro in stimulating cell migration and angiogenesis gene
expression. Wu’s R&D team created a collaborative medication
loading and delivery platform using porous silicon particles that
electrostatically adsorbed VEGF. This method increased the
efficiency of angiogenesis and efficiently promoted angiogenesis
in vivo.210 However, more research is needed to discover the
appropriate metal ion concentration to stimulate angiogenesis.
NO is a multifunctional signal molecule that plays critical

functions in vasodilation, angiogenesis, signal transmission and
integration, infection elimination, and immunological modu-
lation, especially in angiogenesis and heart protection.211

Exogenous NO donors have shown potential in cardiovascular
disease studies as a treatment option. For example, Zhao et al.212

created a comb-shaped polymer (CS-NO) that can release NO
stably in the presence of glycosidase. By compensating for NO in
vivo, CS-NO increased the mobilization and angiogenesis of
EPCs in a mouse model of diabetic hind limb ischemia.
Champeau et al.213 found that releasing NO from a PAA:F127/
GSNO hydrogel for 5 days not only promoted angiogenesis but
also raised the expression of TGF-β, insulin-like growth factor-I,
SDF-1, and IL-10 genes in injured tissues. However, the
insecurity of NO donors and the lack of target specificity
continue to be issues. Yao et al. proposed adsorption of NO onto
Copper-Benzene-1,3,5-tricarboxylate (HKust-1) and encapsu-
lation with photothermal graphene oxide to allow regulated NO
delivery via near-infrared (NIR) radiation to address this. The
experimental results showed a considerable improvement in
vascular density in theNO-releasing group, reaching amaximum
of 2.9 ± 0.4%.214 Similarly, H2S stimulates angiogenesis.215

Exogenous H2S acts on ECs via KATP channels, activating the
MAPK pathway and causing the development of new blood
vessels.216 Sanchez-Aranguren et al.217 used liposomes to
encapsulate sodium thiosulfate (STS), developing a controlled
delivery nanoparticle system, to overcome the fast release and
clearance of H2S. The results demonstrated that liposome-
encapsulated STS improved VEGF mRNA and protein
expression, as well as capillary development. To summarize,
gas transmitters-induced therapeutic angiogenesis intelligent
materials have a lot of potential for the future.
3.1.3. Bioreactor. Bioreactors are important in tissue

engineering because they provide a regulated environment for
cell proliferation and tissue formation. By delivering physical and
biochemical cues to cells, they are vital for replicating in vivo
circumstances and encouraging cell differentiation and ECM
synthesis. Bioreactors are widely divided into two types: static
and dynamic. Static bioreactors maintain a motionless culture
environment, whereas dynamic bioreactors stimulate cells
mechanically via fluid flow and pressure gradients. Mechanical
stimulation promotes ECM deposition while simultaneously
modulating cell behavior, proliferation, and differentiation.
Traditional static cell culture procedures rely significantly on

diffusion to distribute nutrients and oxygen, as well as to remove
waste. However, when producing large-scale tissue engineering
grafts, the utilization of bioreactors provides a substantial
advantage in terms of increasing the supply of oxygen and
nutrients. Bioreactors have enormous potential for overcoming
diffusion constraints in this process. Jakob Schmid et al.218

created a perfusion microbial reactor system that allows for
oxygen-controlled development of 3D cell cultures on scaffolds.
This arrangement can assess the oxygen concentration (OC) in
the geometric center of the 3D cell culture and maintain it at a
preset level by independently adjusting the perfusion rate of
each bioreactor using an autonomous feedback system.
Additionally, automatic cell inoculation processes have been
established to aid in the formation of homogeneous tissues. The
bioreactor has several benefits such as bubble-free operation,
homogeneous flow distribution, and a variable manufacturing
method, making it a novel option for researching 3D cell cultures
on solid scaffolds. Nakazato et al. created the Rotating Wall
Container (RWV) bioreactor to enable the application of
mechanical stimulation in dynamic cultures. This bioreactor
maintains a steady glucose concentration around the cultured
tissue and effectively distributes nourishment and oxygen to cells
or tissues. Notably, the RWV system subjects cultured cells or
tissues to mild shear stress. The RWV group dramatically
enhances cell survival rate, contraction period, electrical
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characteristics of mature myocardial cells, and elevation of
mechanical stress-related mediators when compared to the
control group. This bioreactor provides an optimal growth
environment for human-induced pluripotent stem cell-derived
cardiac tissues (hiPSC-CTs) and a method for creating
functional myocardial tissue for treating heart failure caused
by myocardial cell loss.219 Bioreactors can also be modified to
match the specific requirements of different tissue types, making
them useful for scaling up tissue production for therapeutic
usage.220 Bioreactors are important in tissue engineering
because they provide a regulated and ideal environment for
cell proliferation and tissue formation. In this section, we have
summarized the role of various angiogenesis stimulatory agents,
such as stem cell types, extracellular vesicles, growth factors,
noncoding RNA, peptides, and other bioactive compounds.
Figure 2 offers a visual summary of these agents in promoting
angiogenesis, providing a comprehensive overview of their
contributions to blood vessel formation.
3.2. Mechanisms and Materials to Promote Angio-

genesis in MI Regeneration and Repair. Inadequate
angiogenesis post-MI leads to insufficient oxygen and nutrient
supply to the myocardium, potentially causing myocardial cell
hypertrophy and progressing to heart failure.209 Stimulating
angiogenesis is crucial for minimizing cell necrosis, promoting
tissue repair, and improving treatment outcomes. Thus,

enhancing angiogenesis to restore blood supply is a key
therapeutic strategy for rescuing ischemic myocardial cells.
Understanding the molecular pathways of angiogenesis is vital
for developing novel MI treatments. Angiogenesis, the
formation of new blood vessels from existing capillaries or
postcapillary venules, involves endothelial cell proliferation and
migration, vascular lumen formation, and vessel maturation.
Numerous cytokines and signaling molecules play a role in this
process, and the balance between stimulatory and inhibitory
factors is critical.210 Under normal conditions, angiogenic
factors maintain blood supply and tissue metabolism. However,
they also play significant roles in diseases like tumors,
inflammation, and psoriasis.211

The heart, a highly vascularized organ, requires steady blood
flow for proper function. MI damages blood vessels, disrupting
nutrient and oxygen supply to heart cells, thus affecting
myocardial viability and systolic performance. Promoting
angiogenesis and integrating with the host vascular system are
crucial for MI regeneration and repair.246 Current research
indicates that no single biomaterial can meet these requirements
effectively. Consequently, angiogenesis-based biomaterials for
MI treatment often involve multiple materials, potentially
enhancing postinfarction cardiac function, preventing heart
failure, and improving patient prognosis.

Figure 2. Angiogenesis stimulatory agents include stem cell types, extracellular vesicles, growth factors, noncoding RNA, peptides, and other bioactive
compounds. These factors are critical in the regulation of angiogenesis. Stem cells have the ability to develop into endothelial cells and hence contribute
directly to blood vessel creation. Extracellular vesicles influence signaling pathways involved in angiogenesis via their payload of functional molecules
such as miRNA and proteins. Growth factors promote the proliferation and migration of endothelial cells, resulting in the formation of blood vessels.
Noncoding RNA regulates gene expression and plays a role in the regulation of angiogenesis. Peptide molecules interact with cell surface receptors,
triggering angiogenesis-related signaling cascades. Furthermore, other bioactive compounds, such as extracellular matrix components and biomaterials,
have the ability to stimulate angiogenesis. The images are original and created by the authors, free from third-party copyright restrictions.
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MSCs have emerged as a possible therapy option for MI, with
the goal of promoting heart repair. To optimize their potential,
biomaterials that can keep donor cells on the heart surface and
manage their phenotypic must be developed. Gautrot et al.221

from the University of London proposed using poly(2-alkyl-2-
oxazoline) (POx) based on 2-ethyl-2-oxazoline and 2-butenyl-2-
oxazoline for this purpose. In vitro microfluidic tests have shown
that a partially degradable POx hydrogel can boost the
upregulation of angiogenic factors and improve angiogenesis.
The implantation of an epicardial membrane made of POx
hydrogel loaded with MSCs in a rat model of MI aided cardiac
function and structure recovery, as well as the production of new
blood vessels. Wu et al. described another strategy, which
involves the development of an injectable conductive alginate
gel containing polyaniline (PANI) and adeno-associated virus
(AAV9-VEGF) for the treatment of MI.222 This gel successfully
transduced cardiomyocytes, resulting in VEGF overexpression,
which increased HUVECs proliferation, migration, and tube
formation. Fan et al. created a microneedle patch made of
graphene oxide and poly(vinyl alcohol) to generate controlled
and sustained VEGF release.223 The microneedle patch
significantly encouraged new blood vessel development,
reduced myocardial fibrosis, and restored heart function,
demonstrating its potential in the treatment of MI.
The pro-angiogenic mechanism that is most frequently

associated with these materials is dependent on the presence
of VEGF,VEGF is an important positive regulator that promotes
EC proliferation and vascular development.224 VEGF functions
as a signal sensor in angiogenesis, influencing both healthy and
pathological angiogenesis.225 VEGF-A, VEGF-B, VEGF-C,
VEGF-D, VEGF-E, and PIGF are all members of the VEGF
family. VEGF-A has received particular attention due to its
critical role in controlling angiogenesis.226 According to
research, VEGF-A enhances vascular EC mitosis and perme-
ability by activating VEGFR1 and VEGFR2.227 VEGFR2 is the
major VEGF-A signaling receptor, with two tyrosine residues
exerting distinct effects on angiogenesis and vascular perme-
ability.228 Downstream signal transduction pathways of
VEGFR2 include the PI3K/AKT pathway,229 the ERK1/2
pathway,230 the SRC kinase pathway,231 the NF-kB pathway,232

the JAK/STAT pathway,233 and others. In angiogenesis,
VEGFR2 activation activates the PI3K signaling pathway,
which leads to AKT activation and promotes the proliferation
and survival of vascular ECs. The ERK1/2 signaling pathway
predominantly promotes vascular EC proliferation and migra-
tion, regulating blood vessel development and repair. VEGF-A
can also work with EGF and platelet-derived growth factor
(PDGF) to increase the release of nitric oxide (NO) from ECs
and surrounding cells. The NO have the ability to stimulate
angiogenesis has been proved, and administering exogenous NO
to the site of infarction has proven to be a successful therapeutic
method for MI. Hao et al.109 developed a method that used
locally created ROS following ischemia-reperfusion to stimulate
selective cleavage of borate groups, resulting in the release of
NO. This method not only eliminated ROS but also enhanced
the release of NO. The number of -SMA arterioles and CD31
capillaries in the border area of MI increased significantly in the
CS-B-NO group, indicating accelerated angiogenesis. The long-
term treatment increased heart repair and function. As a result,
VEGF-A is essential for angiogenesis and tissue healing.234

In addition to the previously mentioned VEGF, numerous
other mechanisms have been identified that can promote
neovascularization. Endothelial and smooth muscle cells are the

primary cell types that make up the vascular wall, and their
proliferation and differentiation are critical in angiogenesis. FGF
has been shown in studies to stimulate the proliferation and
differentiation of both ECs235 and smooth muscle cells.236 FGF
binds to high-affinity receptors on the surface of ECs, including
FGFR1, FGFR2, FGFR3, and FGFR4, activating signal
transduction pathways such as MAPK, PI3K/AKT, and JAK/
STAT. These mechanisms aid in EC proliferation, migration,
and lumen creation.237 The ECM, a complex molecular network
that forms the basement wall of blood arteries, regulates EC
migration and directed proliferation. FGF stimulates the
development and activity of MMP, which destroy the ECM,
allowing ECs and smooth muscle cells to facilitate angio-
genesis.238 FGF also interacts with VEGF to promote EC
proliferation and migration. FGFR regulates the MAPK
signaling pathway, which controls VEGF production, and
VEGF, in turn, modulates its own function by upregulating
FGF expression. Furthermore, FGF stimulates VEGFR2
expression via the ERK1/2 pathway.239 A significant influx of
inflammatory cells occurs during the tissue repair process after a
MI, and FGF can induce macrophages and T lymphocytes to
secrete inflammatory cytokines such as tumor necrosis factor
(TNF-α) and interleukin 1 (IL-1), thereby promoting the
proliferation, migration, and neovascularization of vascular ECs
and smooth muscle cells.240 Overall, FGF can induce angio-
genesis via a variety of pathways, highlighting its critical
biological role in this process. As a result, FGF has tremendous
therapeutic promise in vascular illnesses such as MI and
ischemic stroke.
A class of cell growth factors known as platelet-derived growth

factors (PDGFs) are released by platelets and other cells. They
are very important in controlling cell survival, differentiation,
and proliferation.241 PDGFs perform a variety of tasks, including
as encouraging EC growth, causing vascular smooth muscle cells
to migrate, and assisting in the gathering and differentiation of
perivascular cells to form a perivascular outer membrane. These
activities aid in the stability and effective operation of blood
vessels.242 Platelet-derived growth factor-BB (PDGF-BB) is a
crucial element in encouraging angiogenesis. In order to
promote angiogenesis and tissue regeneration, PDGF-BB
increases the migration of BMSCs and EPCs toward ischemic
or wounded tissue.177 It has been noted that mononuclear
preosteoblasts release a large amount of PDGF-BB in the
subchondral bone throughout the process of subchondral bone
angiogenesis. The development of new blood vessels is triggered
by this release, which increases the signal of the platelet-derived
growth factor receptor (PDGFR) in the surrounding cells.243

Additionally, it has been discovered that PDGF-BB regulates
VEGF-R2 signal transduction, which in turn inhibits the
proliferation of ECs. This control prevents aberrant angio-
genesis brought on by VEGF and restricts excessive blood vessel
formation. As a result, blood vessels can efficiently create a
functional capillary network.244 In conclusion, PDGF-BB is
essential for promoting the organization and differentiation of
vascular cells, which preserves the normal form and function of
blood arteries. Accurate PDGF control is critical for tissue
growth and repair because it supplies vital nutrients and oxygen.
By knowing and effectively controlling the effects of PDGFs, it
becomes possible to facilitate tissue healing and maintain
healthy vascular function.
The TGF-β signaling pathway is complex, and many factors

can alter the link between vascular inhibition and angiogenesis.
The angiogenesis pathway is activated by TGF β receptor-II

ACS Omega http://pubs.acs.org/journal/acsodf Review

https://doi.org/10.1021/acsomega.4c04682
ACS Omega 2024, 9, 37505−37529

37518

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c04682?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(TβRII), which attracts the TGF type I receptor, which is largely
present in ECs, and then activates ALK-1. ALK1 then activates
the transcription factors Smad 1, 5, and 8, resulting in the
formation of a pro-angiogenic phenotype.178 TGF-β may also
enhance EC migration by beginning cytoskeletal remodeling

and down-regulating and dismantling tight junctions. TGF-β
stimulation promotes TGF-β receptor type II translocation into
tight junctions, leading in their breakdown.245 Because TGFβ’s
role in angiogenesis is influenced by its interaction with
numerous other growth factors and signaling pathways such as

Figure 3.Mechanisms andmaterials to promote angiogenesis inMI regeneration and repair. Several materials used for repair and regeneration afterMI
are mentioned in the figure, with emphasis on their mechanisms in promoting angiogenesis. Vascular endothelial growth factor (VEGF), fibroblast
growth factor (FGF), transforming growth factor (TGF), and epidermal growth factor (EGF) are just a few of the growth factors that are essential to
the angiogenesis process. Through a number of signaling pathways, including MAPK, JAK/STAT, PI3K/AKT, and others, these growth factors
promote the proliferation, migration, and development of blood vessels in endothelial and smoothmuscle cells. Additionally, growth factors reduce the
impact of inflammatory elements, encouraging macrophage and T lymphocyte engagement in the development of new blood vessels. Furthermore,
they influence pericytes, endothelial progenitor cells, and bone marrow mesenchymal stem cells to increase angiogenesis. The images are original and
created by the authors, free from third-party copyright restrictions.
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VEGF, FGF, and Wnt, the interaction and regulation of these
factors and pathways with TGF-β, add to the complexity and
challenges associated with TGF-β’s role in angiogenesis.
Furthermore, TGF-β appears to have a paradoxical effect in
ECs, and this integrated effect is mostly dependent on the
interaction between TGF-β and the ALK1 and ALK5 receptors.
When TGF-β levels are low, it interacts with the ALK1 receptor,
causing MMP-2 and MMP-9 gene production to increase and
EC migration and invasion to enhance. TGF-β, however,
interacts with the ALK5 receptor and may block angiogenesis at
high concentrations.246 As a result, TGF-β regulation in
angiogenesis is a difficult task that necessitates careful evaluation
of its interactions and effects.
EGF is a polypeptide molecule found in mammalian tissues

that plays an important function in cell proliferation. EGF works
by binding to its receptor, which is known as the epidermal
growth factor receptor (EGFR) or ErbB receptor. The ErbB
receptor family starts multiple downstream signal transduction
pathways, including the Ras-Raf-MAP-kinase,247 PI3K/Akt,248

and stress-activated protein kinase.249 When the Ras pathway is
activated, a phosphorylation cascade occurs, which results in the
activation of MAPKs, notably ERK1 and ERK2. These proteins
play a role in the transcription of molecules related to cell
proliferation, survival, and transformation. Cell growth,
proliferation, survival, and motility are all regulated by the
PI3K/Akt pathway. Protein kinase pathways stimulated by
stress, such as protein kinase C and Jak/Stat, and transform these
signals into distinct transcription programs within the nucleus.
Cell division, survival, migration, invasion, adhesion, and repair
are all mediated by these processes.250 The tissue is subjected to
ischemia and hypoxia during ischemic disorders, resulting in the
production of EGF, which stimulates angiogenesis via numerous
processes. EGF, for example, works directly on ECs, boosting
proliferation and migration,251 increasing the number and
length of new blood vessels. EGF also enhances the develop-
ment of EPCs in bone marrow into ECs, providing precursor
cells for the construction of new blood vessels.252 EGF also
activates signaling pathways in ECs, promoting their prolifer-
ation, migration, and the creation of functional lumens.253

Furthermore, EGF stimulates the production and activity of
MMPs,254 which lowers matrix adherence and increases EC
movement and lumen creation.
Angiogenic genes and proteins are important substances that

encourage the creation of new blood vessels and play important
roles in a variety of biological processes. They include a wide
variety of chemicals, including as cytokines, growth factors, and
ECM components, each having unique structures and functions
that can influence cellular and tissue activity via multiple
signaling pathways. MMPs, for example, have an impact on the
formation and function of the vascular wall via a variety of ways.
MMPs can alter EC function, enhance vascular smooth muscle
cell migration and proliferation, and regulate smooth muscle cell
contraction within blood arteries.255 By dissolving the ECM,
MMPs can promote the release of VEGF, bFGF, and ECM.
VEGF and bFGF, in turn, can promote MMP production and
activity, resulting in amutual encouragement of the angiogenesis
process.256 Furthermore, MMPs can influence the angiogenesis
process by modulating the biological activities of VEGF and
bFGF. Angiogenic factors are involved in physiological and
pathological processes such as inflammation, immunological
responses, and cancer in addition to angiogenesis. They
influence a variety of biological processes, including cell
proliferation, differentiation, survival, migration, and trans-

formation, as well as other biological processes. Numerous
factors influence the role of angiogenic factors, including cell
surface receptors, signaling pathways, gene expression, and
environmental factors. These variables regulate angiogenic
factor synthesis, secretion, receptor binding, and signal trans-
duction, eventually influencing their biological effects. As a result
of their numerous kinds, extensive range of effects, and multiple
regulation mechanisms, angiogenic factors are complex. Under-
standing the complexities of angiogenic factors will help us
better understand their function in MI and provide useful
insights for therapy and prevention.
These researchers revealed that their multifunctional patch

had improved qualities when compared to patches that merely
providedmechanical support in a rat model ofMI. It successfully
decreased cell death, controlled local inflammatory responses,
reduced fibrosis, and promoted angiogenesis. Furthermore, the
patch was found to be effective in preserving cardiac function
and maintaining left ventricular architecture. These findings
highlight the benefits of comprehensive and coordinated
treatment methods for MI therapy.
And Figure 3 summarizes these mechanisms and materials,

offering a visual representation of their contributions to
myocardial repair and regeneration processes.

4. SUMMARY AND PROSPECT
Several hurdles must be overcome in order to improve
biomaterials that stimulate angiogenesis for the treatment of
MI and improve patient outcomes. These obstacles include the
necessity for quick vascularization, correct blood vessel
organization, long-term efficacy assessment, safety assurance,
and consistency. Rapid vascularization is critical, yet current
approaches frequently fail. To avoid difficulties, blood vessel
organization must follow the natural growth pattern. More
research is needed to determine the long-term efficacy of newly
formed blood vessels. Immune rejection, foreign body
responses, and cellular instability are all safety concerns.
Manufacturing process standardization and quality control are
also required to provide consistent performance. Addressing
these issues will help to promote biomaterial-based angiogenesis
stimulation, allowing for more effective treatments for MI and
better patient outcomes.
Future work should focus on optimization and improvement

to increase the therapeutic application value of biomaterials.
This includes standardizing the manufacturing process to ensure
stability and consistency, as well as undertaking long-term effects
and safety research. Furthermore, during MI treatment, the
combination of mechanical parameters, inflammatory response
control, and angiogenesis must be examined. Biomaterials can
be effectively integrated with various treatment modalities by
advancing research and innovation in creating an optimum
healing environment. Designing individualized, precise, and
diversified therapeutic techniques that enable accurate targeting,
regulated healing rates, coordinated timing, and quick and stable
vascularization is part of this. These advances not only boost
clinical translation and improve patient prognosis, but they also
help to ensure the long-term development of MI research.
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