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Abstract: Angiogenesis, or the formation of new blood vessels, is a natural defensive mechanism that aids in the restoration of oxygen and 
nutrition delivery to injured brain tissue after an ischemic stroke. Angiogenesis, by increasing vessel development, may maintain brain 
perfusion, enabling neuronal survival, brain plasticity, and neurologic recovery. Induction of angiogenesis and the formation of new vessels 
aid in neurorepair processes such as neurogenesis and synaptogenesis. Advanced nano drug delivery systems hold promise for treatment 
stroke by facilitating efficient transportation across the the blood-brain barrier and maintaining optimal drug concentrations. Nanoparticle 
has recently been shown to greatly boost angiogenesis and decrease vascular permeability, as well as improve neuroplasticity and 
neurological recovery after ischemic stroke. We describe current breakthroughs in the development of nanoparticle-based treatments for 
better angiogenesis therapy for ischemic stroke employing polymeric nanoparticles, liposomes, inorganic nanoparticles, and biomimetic 
nanoparticles in this study. We outline new nanoparticles in detail, review the hurdles and strategies for conveying nanoparticle to lesions, 
and demonstrate the most recent advances in nanoparticle in angiogenesis for stroke treatment. 
Keywords: angiogenesis, ischemic stroke, nanoparticles, blood brain barrier, neurogenesis, neuroprotection therapy

Introduction
Ischemic stroke is a neurological condition caused by cerebrovascular stenosis or occlusion. It is the world’s second-greatest 
cause of mortality and the major cause of long-term impairment in people.1,2 Furthermore, as the world population ages, the 
prevalence of ischemic stroke rises.3 Ischemia causes the irreversible creation of a damaged infarct core and the surrounding 
viable penumbra in the ischemic hemisphere. Early recanalization of occluded cerebral arteries by intravenous thrombolysis or 
mechanical thrombectomy to decrease infarcts while salvaging the penumbra is the gold standard of therapy. Unfortunately, 
the clinical treatment of ischemic stroke has several limitations and requires further development owing to the restricted 
temporal window of intravenous thrombolysis (within 3–4.5 h after start) and the absence of universal standardization of 
mechanical thrombectomy procedures.4,5 Although thrombolytic therapy is strictly time-limited, timely thrombolysis can be 
effective in relieving neurological damage.6 The recombinant fibrinogen activator tPA is the only effective thrombolytic agent 
approved by the US Food and Drug Administration (FDA) for clinical use in acute ischemic stroke.7 With the development of 
new thrombolytic agents and advanced imaging techniques that enable longer thrombolysis times based on advanced imaging, 
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the treatment time window has been extended to 6 h due to the short therapeutic window suitable for the majority of patients 
(≤4.5 h). t-PA is the only medication that is specifically indicated for the management of ischemic stroke. As a result, it is 
critical to develop pharmaceuticals that effectively address the requirements, facilitate appropriate treatment, and exhibit 
minimal to negligible adverse effects and robust potency. However, there are numerous pharmaceuticals that have the potential 
to slow down the pathological progression of ischemic stroke, and researchers are still exploring these to find an effective 
delivery system or method for cerebral transportation.

According to research, the ischemic border zone, also known as the ischemic penumbra, stays at 25–50% of 
preocclusion perfusion values for 6 h to several days following an acute cerebral infarction.8 Although the neuronal 
tissue in the ischemic penumbra is at risk, it has not yet perished. Previous research suggested that neurons might survive 
in the penumbra for days or weeks. Increased blood flow in the ischemic penumbra at the right moment may repair tissue 
damage and avoid neurological impairments.9,10 Furthermore, interventions to promote stroke recovery are critical in 
order to optimize patients’ functional independence and quality of life. Neurogenesis and angiogenesis are two 
neurorestorative activities. Angiogenesis is a fundamental characteristic of ischemic stroke recovery and neuronal post- 
stroke reorganization, according to emerging findings.11–14 Induction of angiogenesis and the formation of new vessels 
aid in neurorepair processes such as neurogenesis and synaptogenesis.14 Ischemic stroke is characterized by a sequence 
of alterations and vascular remodeling processes in the affected brain regions. Vascular regeneration is an essential 
component of ischemic disease management because it promotes the development of fresh capillaries from existing blood 
vessels.15 Angiogenesis, the multi-step, and highly regulated process by which new blood vessels are formed, is essential 
for the development, repair, and proliferation of tissues.16–18 Under normal physiological conditions, a complex interplay 
of proangiogenic and antiangiogenic factors closely regulates angiogenesis. This process is significantly influenced by 
a multitude of growth factors that aid in the preservation of capillary stability.19 The complex equilibrium between 
facilitating the expansion of nascent blood vessels and maintaining the integrity of the preexisting vasculature is 
regulated by these factors.20 These factors, in conjunction with additional pro-angiogenic cytokines, are present in the 
circulation in a delicate equilibrium. However, the presence of tissue hypoxia can disrupt this homeostatic equilibrium, 
leading to the promotion of angiogenesis and the upregulation of proangiogenic factor synthesis.21 Given the intrinsic 
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sluggishness of the spontaneous vascular regeneration response, it is imperative to investigate potential approaches that 
can accelerate this phenomenon. Interestingly, the coordinated actions of numerous angiogenic factors, rather than 
a single factor, influence the development of fresh blood vessels. To facilitate optimal angiogenesis, we must precisely 
coordinate pro-angiogenic factors spatiotemporally.22,23

Although certain mechanisms are efficient in controlling angiogenesis, medication delivery remains a barrier.24 

Because the BBB prevents most medications from accessing the brain, many agents must be delivered invasively. 
Even though BBB integrity may be reduced after ischemia shocks, the level of impairment to BBB integrity is often 
insufficient to fulfill appropriate drug enrichment for therapy.25 Furthermore, since many peptides and small-molecule 
medicines breakdown and are eliminated quickly during circulation, pharmacologically adequate concentrations and 
long-lasting effects cannot be ensured.8 Since well-designed nanoparticles offer several distinct benefits, many nano-
particles have been created to enhance the effectiveness and lessen the adverse effects of existing stroke therapy 
approaches. Furthermore, nanoparticles provide up new avenues for certain developing therapies, such as gene therapy, 
which is beneficial in the recovery from injury-stroke. Liposomes, polymeric nanoparticles, emerging cell membrane 
coated nanoparticles, and biomimetic nanoparticles are examples of nanoparticles that have been used in preclinical 
research to treat ischemic stroke (Figure 1). This study focuses primarily on recent breakthroughs in nanoparticle for the 
treatment of ischemic stroke via angiogenesis. On this premise, we expect to unveil the potentials and problems of 
nanoparticle in the area of ischemic stroke through angiogenesis, as well as present new ideas and perspectives for the 
creation of nanoparticles targeting cerebral ischemia regions for successful ischemic stroke therapy.

There are various difficulties in treating an ischemic stroke. Most treatments have a short blood circulation and are unable 
to efficiently pass the BBB to reach ischemic areas.26 Other intrinsic properties of nanoparticles that distinguish them from 
conventional medicines include the ability to modify physicochemical properties such as particle size, shape, surface charge, 
and hydrophobic index, which can significantly influence their internalization into the targeted cells or tissues.27 Furthermore, 
nanovehicle surfaces may be functionalized with different kinds of targeting ligands to define their targetability to target 
tissues, such as biodistribution to cerebral ischemia areas.28 Another achievement in nanoparticle design is the creation of 

Figure 1 A schematic summary of the use of nanoparticles for stroke treatment by angiogenesis. (A) PATRC, (B) MPO, (C) Alkyl-SPIO/siPHD2, (D) PLGA nanocapsule, (E) 
SAG@PHSRN-HES, (F) RA-NPs, (G) RGD-DMAPA-Amyp/HIF-1α-AA, (H) NBP-CeO2 NPs, (I) UCNPs, (J) Lipo@GB-DHA, (K) EVs, (L) RGD-PLT@PLGA-FE.
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stimuli-responsive nanocarriers that can modulate medication release inside particular ischemic tissues for stroke treatment 
with little off-target drug accumulation. Thus, nanoparticles are effective carriers for delivering treatments (drugs) and 
controlling their release in a variety of diseases.29–31 The existing hurdles in the treatment of ischemic stroke may be solved 
by nanoparticle-based medication delivery systems. As a result, a diverse spectrum of nanocarriers with varying sizes, surface 
features, and biopharmaceutical properties have been created utilizing various organic and inorganic polymers. To the best of 
our knowledge, numerous kinds of nanocarriers used for cerebral stroke therapy include polymeric nanoparticles, liposomes, 
inorganic nanoparticles, and biomimetic nanoparticles (Table 1). This review discusses several kinds of nanoparticles for the 
treatment of cerebral stroke through angiogenesis.

Polymeric Nanoparticles
Polymeric nanoparticles have been widely used in a variety of applications due to their outstanding properties, such as 
colloidal ranged size (1–500 nm),48 biodegradability, biocompatibility, controlled release characteristics,49–51 high 
encapsulation efficiency, prevention of premature degradation of labile drugs via encapsulation into polymeric matrix, 
efficient permeability across biological barriers, and flexibility of functionalization of surface.52 The characteristics of 
polymeric nanoparticles are determined by the nature/type of polymer used for engineering. Because they are nontoxic 
and biocompatible, as well as having a sustained-release property, biodegradable polymeric nanoparticles have been 
created as drug delivery carriers to treat neurological illnesses.53

Microvessels were hypoxic after an acute cerebral infarction, and apoptosis or necrosis ensued. Revascularization of blood 
arteries and restoration of blood flow in ischemic brain tissue may ameliorate the hypoxic status of the tissue. Neuron- 
protective and neurogenesis functions might be used to minimize cerebral vascular degeneration and increase microvessel 
formation. Ginsenoside Rg1 (Rg1) is a significant component of Panax notoginseng saponins.54 Many clinical reports and 
studies have shown that Rg1 has a therapy role for various central nervous system disorders such as anti-fatigue, anti-stress, 
anti-oxidation, anti-oedema, and the decrease of cerebral infarct volume.55 Rg1 decreased free radical damage to nerve cells, 
promoted nerve function reconstruction, improved angiogenesis function, increased blood flow to injured brain tissue, 
activated the neurotropic factor, and promoted nerve function recovery.56,57 One of the major reasons was that Rg1 could 
not effectively permeate the BBB and accumulate in brain regions. The BBB enabled just a few molecules to get through, 
limiting Rg1 ability to boost neuroprotection function in the cerebral ischemia region.55,58 The high expression of transferrin 
receptor (TfR) in cerebral cortex microvessels may help the nanoparticles traverse the BBB by endocytosis.59,60 c-Poly 
glutamic acid (PGA), the optimal drug carrier, was created by biological fermentation and was safe, nontoxic, degradable, and 
immunogenic. High drug wrapping rates and negligible side effects are achieved using PGA-based nano-drug carriers.61–63 

Shen and colleagues employed a maleimide-fixed chitosan-c-PGA complex to self-assemble the majority of Rg1 for cerebral 
infarction therapy. The researchers created a PGA-TfR-targeting nanocarrier (PATRC) that can traverse the BBB and cure 
cerebral infarction. A TfR-targeted peptide was coupled with the hydrophobic nanocarrier wrapping Rg1.32 PATRC used cell 
targeting on rat brain microvascular endothelial cells RBE4 in vitro, which was identified using immunofluorescence and flow 
cytometry techniques. When compared to the Rg1-threatened group, the PATRC demonstrated superior tube-forming capacity 
in vitro. Compared to the group that was given Rg1, PATRC was able to get through the BBB in vivo, as measured by HPLC. It 
also decreased the size of the brain injury, as measured by TTC staining, and boosted microvascular regeneration in the injury 
area, as measured by CD31 immunofluorescence. TfR-mediated endocytosis by PATRC increased capillary development in 
the cerebral infarction site in vivo.32

An appealing therapeutic approach to promoting angiogenesis following an ischemic event is the delivery of pro- 
angiogenic proteins. To obtain effective and non-invasive local angiogenic therapies, a number of methods are being 
researched.64 Encapsulating pro-angiogenic proteins into appropriate polymeric micro-65,66 or nano-carriers67,68 is one of 
the most popular methods because it may retain protein structure and enable local distribution with minimal off-target effects. 
One of the most researched pro-angiogenic growth factors is recombinant human vascular endothelial growth factor-165 
(VEGF165), which has been successfully encapsulated into poly (D,L-lactic-co-glycolic acid) (PLGA) microspheres and 
nanocapsules.15,66,67 In vivo studies indicate tissue revascularization and recovery in animal models of hind-limb ischemia, 
indicating that VEGF165 administration through PLGA carriers induces angiogenesis.69–71 The utilization of magnetic 
materials to aid in the on-site delivery of medicinal medicines with an external magnetic field has piqued the curiosity of 
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Table 1 Summary of Nanoparticles for Stroke Treatment by Angiogenesis

Nanoparticles Type Auxiliary Drugs Targets Route Mechanisms Outcomes Ref.

PGA-TfR targeting nanocarrier 
(PATRC)

Polymeric 
nanoparticles

Ginsenoside Rg1 Ischemic site IV Overexpression of TfR was observed in the 
BBB. For the treatment of cerebral 

infarction, PATRC will traverse the BBB, 

while Rg1 will promote angiogenesis and 
neuroprotection

PATRC decreased the size of the 
brain injury, and boosted 

microvascular regeneration in the 

injury area

[32]

Co-encapsulation of VEGF165 
and SPIO in the same 

formulation (PLGA 

nanocapsule)

Polymeric 
nanoparticles

VEGF165 Human 
microvascular 

brain 

endothelial 
cell

/ VEGF165 delivery via PLGA carriers 
stimulated angiogenesis, which was 

accompanied by cell revascularization

PLGA nanocapsule demonstrated 
magnetically retained protein release 

over time and in vitro pro-angiogenic 

activity

[33]

RGD peptides and bind to the 
designed nanocarrier (RGD- 

DMAPA-Amyp/HIF-1α-AA)

Polymeric 
nanoparticles

HIF-1α-AA Ischemic site IA HIF-1α has demonstrated angiogenic 
properties, whereas RGD peptides 

specifically attach to the engineered 

nanocarrier, targeting endothelial cells. The 
RGD-DMAPA-Amypis specifically targets 

and transports vascular endothelial cells to 
the peri-infarct area of the brain

RGD-DMAPA-Amyp/HIF-1α-AA in 
the treatment of cerebral ischemia 

significantly promoted the formation 

of new blood vessels

[34]

Amphiphilic low molecular 
weight polyethylenimine (Alkyl- 

PEI) encapsulated 

superparamagnetic iron oxide 
nanoparticles (SPIONS) (Alkyl- 

PEI/SPIO)

Polymeric 
nanoparticles

Hif-prolyl 
hydroxylase 2

Ischemic site Microinjection Suppressing PHD2 might boost the 
migratory and survival capabilities of EPCs, 

perhaps leading to improved therapeutic 

effectiveness for ischemic stroke

Alkyl-SPIO/siPHD2 increased 
angiogenesis, neurogenesis, white 

matter recovery and functional 

recovery after ischemic stroke

[35]

Meg3 ShRNA plasmid and 

conjugated with OX26 antibody 

(MPO)

Polymeric 

nanoparticles

lncRNA 

maternally 

expressed gene 3

Ischemic site IV Meg3 exhibited increased expression in the 

region affected by cerebral infarction, 

whereas the suppression of Meg3 enhanced 
the formation of new blood vessels and 

enhanced neuronal function. The MPO is to 

achieve precise targeting of the brain for the 
purpose of treating cerebral infarction

MPO reduced the volume of 

cerebral infarction, increased 

capillary density and increased 
cerebral cortex microvessel

[36]

(Continued)
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Table 1 (Continued). 

Nanoparticles Type Auxiliary Drugs Targets Route Mechanisms Outcomes Ref.

Retinoic acid loaded 

nanoparticles (RA-NP)

Polymeric 

nanoparticles

Vitamin A Human 

endothelial 
progenitor 

cell

/ Through the creation of a favourable pro- 

angiogenic environment that promotes 
neurogenesis and neuronal restitution, RA- 

NP can effectively and safely alleviate the 

damaged brain

RA-NP protected endothelial cells 

from ischemic death and stimulated 
the release of prosurvival, 

proliferation stimulating factors and 

differentiation cues for NSC

[37]

pH-responsive dual targeted 

nanoparticles (SAG@PSHRN- 
HES)

Polymeric 

nanoparticles

Smoothened 

agonist

Ischemic site IV SAG functions as an activator of sonic 

hedgehog signalling, which is linked to 
PHSRN-HES by pH-dependent electrostatic 

adsorption. The SAG@PHSRN-HES 

nanoparticles exhibit a high sensitivity in 
releasing a greater amount of SAG 

specifically in the acidic environment of 

ischemia brain tissue

SAG@PSHRN-HES significantly 

promoted angiogenesis and reduced 
vascular permeability

[8]

Antioxidant enzymes catalase 

(CAT) and SOD loaded into 
nanoparticles (termed nano- 

CAT/SOD)

Polymeric 

nanoparticles

CAT and SOD Ischemic site IA Antioxidant enzymes CAT and SOD 

encapsulated into nanoparticles (nano-CAT 
/SOD) would target the initial excess of ROS 

production and inhibit the ROS-mediated 

chain reaction of inflammatory and 
degenerative processes

tPA+nano-CAT/SOD inhibited of 

hippocampal swelling and edema 
formation by protecting the BBB 

from ROS-mediated reperfusion 

injury

[38]

Resveratrol encapsulated into 
polymeric nanoparticles (RES- 

NPs)

Polymeric 
nanoparticles

Resveratrol Ischemic site IA In addition to promoting neurogenesis, RES 
may mitigate ROS-induced damage and cell 

death. In comparison to free RES, RES-NPs 

demonstrated greater protection for 
cultured neurons throughout both short and 

extended treatment durations via improved 

uptake, ROS clearance, and anti-apoptosis 
action

RES-NPs attenuated oxidative stress, 
prevented brain edema and 

contributed to neurogenesis

[39]

NBP-loaded cerium oxide 
nanoparticles (NBP-CeO2 NPs)

Inorganic 
nanoparticles

Dl- 
3-n-butylphthalide

Ischemic site IV Cerium oxide nanoparticles have powerful 
free radical scavenging abilities. NBP-CeO2 

NPs could eliminate reactive ROS and also 

save mitochondrial membrane potential and 
morphology, alleviating BBB disruption and 

neuronal apoptosis

NBP-CeO2 NPs promoted 
angiogenesis and significantly repairs 

nerve function defects after ischemic 

stroke in mice

[40]
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S.elongatus combined 
upconversion nanoparticles 

(NPT)

Inorganic 
nanoparticles

S.elongatus Ischemic site IV Nanoparticles made of cerium oxide are 
highly effective in scavenging free radicals. To 

alleviate BBB disruption and neuronal death, 

NBP-CeO2 NPs may remove reactive ROS 
while simultaneously preserving 

mitochondrial membrane potential and 

shape

This nanophotosynthesis therapy 
improved oxygenation of infarcted 

tissues, promoted neuron survival, 

reduced infarct volumes, and 
enhanced the angiogenesis

[41]

GB-DHA-loaded liposomes 

(Lipo@GB-DHA)

Liposomes Ginkgolide B Ischemic site IV It has been demonstrated that GB controls 

metabolic, oxidative, and inflammatory 
symptoms. The pharmacological activity of 

GB can be enhanced and the compound can 

be securely encapsulated in liposomes by 
conjugating it with the highly lipophilic DHA 

to form a covalent complex GB-DHA

Lipo@GB-DHA stimulated neuronal 

growth and angiogenesis

[42]

Small extracellular vesicles 

secreted by mesenchymal stem 

cells (MSC) derived from human 
iPSC (iMSC-sEV)

Biomimetic 

nanoparticles

iMSC-sEV Ischemic site IV Angiogenesis is a major obstacle to full 

recovery after a stroke, and iMSC-sEV, or 

small extracellular vesicles, released by 
MSCs generated from human iPSC, show 

tremendous promise in this regard. 

Treatment with iMSC-sEV prevented 
ischemia damage and increased angiogenesis, 

likely by preventing autophagy 

After administration of iMSC-sEV, 

the number of CD31+ cells in the 

infarcted brain area further 
increased, which could promote 

angiogenesis

[43]

Small extracellular vesicles 

(sEVs) prepared from 

mesenchymal stromal cell (MSC- 
sEVs)

Biomimetic 

nanoparticles

MSC-sEVs Ischemic site IV Restorative stroke therapies can be achieved 

by using small extracellular vesicles (sEVs) 

derived from mesenchymal stromal cells 
(MSCs). The administration of MSC-derived 

sEVs in vivo resulted in improved neuronal 

plasticity and neurological recovery

sEVs obtained from hypoxic MSCs 

induce angiogenesis in vitro and 

promote microvascular network 
generation in vivo

[44]

Small extracellular vesicles 

(sEVs) released from endothelial 
cells facilitated by ASM 

inhibitors

Biomimetic 

nanoparticles

sEVs Ischemic site IV Cerebral microvascular endothelial cells 

were stimulated to produce and release 
small extracellular vesicles (sEVs) by the 

suppression of ASM, which subsequently 

facilitated angiogenesis

Increased angiogenesis by sEVs 

released from endothelial cells 
facilitated by ASM inhibitors as 

accompanied by brain remodeling 

response with increased BBB 
integrity

[45]

(Continued)
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Table 1 (Continued). 

Nanoparticles Type Auxiliary Drugs Targets Route Mechanisms Outcomes Ref.

Extracellular vesicles from 
hypoxia preconditioned 

microglia (si-EVs)

Biomimetic 
nanoparticles

si-EVs Ischemic site IV It is possible that the control of an early 
inflammatory response in the postischemic 

hemispheres is influenced by the M2 

polarisation of resident microglia in the 
ischemic cerebral environment, which was 

driven by the enhanced TGF-β1 in 

extracellular vesicles released by OGD- 
Preconditioned microglia.

si-EVs preconditioned TGF-β1 
knockout microglia promotes 

neuroprotection and neurological 

recovery

[46]

PLTs membrane-cloaked PLGA 
nanoparticle loaded with FE and 

conjugated with RGD peptide 

(RGD-PLT@PLGA-FE)

Biomimetic 
nanoparticles

RGD-PLT 
@PLGA-FE

Ischemic site IV RGD peptides specifically adhere to 
angiogenic blood vessels, while PLTs have the 

ability to target the location affected by 

a stroke. Collectively, they form RGD-PLT 
@PLGA-FE. The RGD-PLT@PLGA-FE 

exhibited dual targeting capabilities, namely 

towards both injured and inflamed blood 
vessels, while also demonstrating fast 

accumulation in the ischemic brain lesion 

region

The injection of RGD-PLT@PLGA- 
FE increased angiogenesis and 

neurogenesis in stroke mice

[47]

Abbreviations: Alkyl-PEI, amphiphilic low molecular weight polyethylenimine; Alkyl-PEI/SPIO, Alkyl-PEI encapsulated superparamagnetic iron oxide nanoparticles; ASM, acid sphingomyelinase; BBB, blood-brain barrier; CAT, catalase; 
CeO2, cerium oxide; DMAPA-Amyp, 3-(dimethylamino) −1-propylamine; DHA, docosahexaenoic acid; EPCs, endothelial progenitor cells; EVs, Extracellular vesicles; FE, fat extract; GB, Ginkgolide B; HES, Hydroxyethyl starch; HIF-1α, 
Hypoxia-inducible factor 1-α; HIF-1α-AA, HIF-1α mutant variant; IA, intraarterial; iMSC, mesenchymal stem cells derived from human iPSC; iPSCs, induced pluripotent stem cells; IV=intravenous; Lipo, liposomes; Meg3, lncRNA 
maternally expressed gene 3; MSC, mesenchymal stromal cell; NBP, Dl-3-n-butylphthalide; NIR, near-infrared light; NPs, nanoparticles; NPT, nanophotosynthesis treatment, NSC, neural stem cell; PATRC, PGA-TfR targeting nanocarrier; 
PGA, c-Poly glutamic acid; PHD2, Hif-prolyl hydroxylase 2; PHSRN, Pro-His-Ser-Arg-Asn; PLGA, poly-D,L-lactic-co-glycolic acid; PLTs, platelet-like particles; RA, Retinoic acid; RES, Resveratrol; RGD-PLT@PLGA-FE, PLTs membrane- 
cloaked PLGA nanoparticle loaded with FE and conjugated with RGD peptide; ROS, reactive oxygen species; sEVs, small extracellular vesicles; SAG, smoothened agonist; SOD; superoxide dismutase; SPIONs, superparamagnetic iron 
oxide nanoparticles; TfR, transferrin receptor; TGF-β, transforming growth factor-β; tPA, tissue-type plasminogen activator; VEGF165, vascular endothelial growth factor-165.
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many researchers. Several studies have been conducted on the encapsulation of superparamagnetic iron oxide nanoparticles 
(SPIONS) into PLGA particles together with pharmaceuticals for targeted drug administration and non-invasive imaging of 
tissues (through magnetic resonance imaging, MRI).72,73 Researchers created PLGA nanocapsules with human recombinant 
VEGF165 in their inner particle core and SPIONS implanted in their polymeric coating using a double-emulsion-solvent- 
evaporation approach.33 The nanocapsules were spherical and extremely monodisperse, with a hydrodynamic diameter of 
roughly 220 nm and excellent encapsulation efficiencies of both VEGF165 and SPIONS. Importantly, co-encapsulation of 
VEGF165 and SPIONS in the same formulation (PLGA nanocapsule) demonstrated magnetically retained protein release over 
time and in vitro pro-angiogenic activity by inducing human microvascular brain endothelial cell proliferation.33

Hypoxia-inducible factor 1-α (HIF-1α) is a crucial component of the transcription factor HIF-1 and functions as a sensor 
for hypoxia. It governs the transcriptional activity of HIF-1 and plays a critical role in regulating angiogenesis in the context of 
cerebral ischemia.74,75 In previous research, an HIF-1α mutant variant (referred to as HIF-1α-AA) was documented to exhibit 
enhanced stability. This mutant form was subsequently introduced into mesenchymal stem cells, resulting in the manifestation 
of neuroprotective properties against ischemic stroke.76 Researchers have shown considerable interest in the safety of nonviral 
gene vectors. Polymeric nanoparticles, including synthetic hyperbranched cationic polymers, have gained significant popu-
larity as nanocarriers for the treatment of neurological disorders due to their ability to effectively transport diverse therapeutic 
compounds across the BBB.77 Deng et al developed a novel nonviral gene vector, specifically a hyperbranched cationic 
amylopectin derivative conjugated with 3-(dimethylamino) −1-propylamine (DMAPA-Amyp) nanocarrier, to encapsulate the 
HIF-1α-AA plasmid DNA. Furthermore, a targeting technique was implemented to specifically choose RGD peptides that 
would attach to the engineered nanocarrier (RGD-DMAPA-Amyp) with the purpose of targeting endothelial cells. With the 
help of a targeting method, nanocarriers can be sent directly to the vascular endothelial cells in the peri-infarct area of the brain. 
They place significant emphasis on the targeting capability of the nanocarrier and its therapeutic efficacy in the context of 
cerebral ischemia. The findings of the study indicate that RGD-DMAPA-Amyp exhibits favorable biocompatibility and 
a notable rate of cellular uptake. These results suggest that RGD-DMAPA-Amyp possesses the characteristics of a stable 
nonviral gene vector capable of being internalized by human cells. In the context of rat models of stroke caused by ischemic 
events, it was observed that the group treated with RGD-DMAPA-Amyp nanoparticles had a higher degree of aggregation in 
vascular endothelial cells inside the peri-infarct area as compared to the group treated with non-targeted nanocarriers. 
Furthermore, this targeted nanoparticle treatment led to a considerable enhancement in the recovery of neurological functions. 
The data suggests that the nanomedicine treated with RGD has enhanced efficacy in promoting the restoration of nerve 
function. Additional investigation into the mechanism of RGD-DMAPA-Amyp/HIF-1α-AA in the management of cerebral 
ischemia has demonstrated promising results in enhancing angiogenesis in vivo.34

The independent silencing of Hif-prolyl hydroxylase 2 (PHD2) was shown to effectively stabilise HIF-1a under normoxic 
conditions.78–80 The suppression of PHD2 may potentially augment the viability of endothelial progenitor cells (EPCs) in an 
ischemia setting through a route that is reliant on hypoxia-inducible factor 1-alpha (HIF-1α). Despite the considerable research 
attention devoted to siRNA therapy in many pathological conditions, several barriers have been identified that hinder the 
widespread implementation of siRNA. These barriers encompass the quick enzymatic degradation of siRNA and its limited 
cellular absorption.81 In order to address these constraints, it is imperative to devise efficacious siRNA delivery platforms 
capable of proficiently transporting siRNA molecules into specific cellular targets.82

Several recent studies have documented a range of vectors that may effectively transport siRNA molecules into cells. 
Notably, magnetic nanoparticles have emerged as particularly potent vectors due to their ability to both facilitate siRNA 
administration and enable imaging of the process.82 In prior studies, researchers successfully developed amphiphilic low 
molecular weight polyethylenimine (Alkyl-PEI) encapsulated superparamagnetic iron oxide nanoparticles (SPIONS) (Alkyl- 
PEI/SPIO) for the purpose of delivering siRNA and facilitating imaging.83,84 In their study, Wang et al conducted optimisation 
of nanoparticle-mediated siRNA administration to enhance its efficacy in EPCs. Furthermore, they successfully integrated the 
delivery of siRNA with the tracking of EPCs in vivo using Alkyl-SPIO/siPHD2 nanoparticles.35 The researchers effectively 
devised a robust siRNA delivery method that integrates siRNA delivery and the tracking of EPCs using MRI. In addition, in 
order to address the limitations of MRI and BLI, the researchers employed a combined approach, integrating MRI with BLI. 
This novel combination allowed for the non-invasive and sequential assessment of the homing/migration and survival of EPCs 
over a period of time. In addition, the researchers showcased that the inhibition of PHD2 resulted in a notable improvement in 
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the effectiveness of EPCs as a therapeutic intervention for ischemic stroke. This enhancement was attributed to the heightened 
migratory and survival capabilities of the EPCs. The researchers provided evidence that mice treated with siPHD2-EPCs 
exhibited a notable decrease in infarct volume, along with enhanced angiogenesis, neurogenesis, white matter repair, and 
functional recovery following ischemic stroke (Figure 2).35

Figure 2 The administration of siPHD2-EPCs has been shown to enhance the processes of angiogenesis and neurogenesis following an ischemic stroke. (A) This study 
presents an illustration of the delivery of Alkyl-SPIO/siPHD2 nanocomplexes into endothelial progenitor cells (EPCs) for the purpose of silencing PHD2. (B) NeuN 
immunofluorescence staining in the area around the infarct 14 days after EPC transplanting, as well as quantitative data. Scale bar = 20 μm. (C) Representative CD31 
immunohistochemical staining in the area around the infarct 7 days after EPC transplanting and quantitative data. Scale bar = 50 μm. *p< 0.05, **p < 0.01, ***p< 0.001. 
Reprinted from Biomaterials. Volume: 197, Wang C, Lin G, Luan Y, et al. HIF-prolyl hydroxylase 2 silencing using siRNA delivered by MRI-visible nanoparticles improves 
therapy efficacy of transplanted EPCs for ischemic stroke. 229–243, Copyright 2019, with permission from Elsevier.35
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Long noncoding RNAs (lncRNAs) have emerged as a crucial element of the genome and have been recognised as significant 
regulators of angiogenesis.85 Numerous studies have demonstrated a strong correlation between long non-coding RNAs 
(lncRNAs) and the occurrence of cerebral infarction through the process of angiogenesis.86 Gordon demonstrated that the 
long non-coding RNA maternally expressed gene 3 (Meg3) has a role in the regulation of cerebral vascular formation. 
Furthermore, the elimination of Meg3 resulted in an up-regulation of Vegfa and Vegfr2 expression, leading to enhanced 
angiogenesis.87–89 According to recent research, it has been observed that the downregulation of Meg3 gene expression has 
a role in facilitating the process of angiogenesis following ischemic events.90 The brain-targeted drug delivery system refers to 
the method of transporting therapeutically active molecules across the BBB with the intention of treating neurological 
disorders.91 The application of the anti-TfR antibody, namely OX-26, has the potential to facilitate brain targeting through its 
binding affinity with TfR. The utilisation of OX26 has been employed in the conjugation of liposome-encapsulated digoxin and 
nanoparticle-encapsulated loperamide for the purpose of achieving targeted delivery to the brain.36,58,91,92 This approach has 
demonstrated a favourable therapeutic outcome by means of receptor-mediated endocytosis. The utilisation of PGA as nanodrug 
carriers has been documented in previous studies, demonstrating its ability to achieve a high rate of DNA packaging while 
minimising adverse effects.61,62,93,94 In their study, Shen et al developed a non-viral gene therapy vector using PGA as a basic 
material. This vector was designed to efficiently deliver a plasmid containing Meg3 ShRNA, which is a gene associated with 
therapeutic effects. Additionally, the vector was attached with OX26 antibody (MPO) to enhance its targeting ability. The 
researchers evaluated the angiogenesis potential of this vector in vitro and also assessed its efficacy in treating cerebral infarction 
in vivo. The administration of MPO demonstrated successful localization inside brain tissue, resulting in a notable decrease in the 
volume of cerebral infarction as observed through TTC staining. Additionally, MPO administration was found to enhance 
capillary density, as evidenced by HE staining, and promote the growth of micro-vessels within the cerebral cortex, as observed 
through the immunofluorescence method in vivo. The expression levels of angiogenesis-associated genes Vegfa and Vegfr2 were 
shown to be increased following the administration of MPO, in comparison to the groups treated with Meg3 or control plasmid.36

One of the endogenous repair mechanisms that takes place following vascular damage caused by a stroke involves the 
mobilization of human endothelial progenitor cells (hEPCs) produced from the bone marrow. The cells possess the capacity to 
effectively reach remote destinations and undergo differentiation into fully developed endothelial cells. Specifically, hEPCs 
are capable of integrating into the developing lining of pre-existing impaired blood arteries (angiogenesis) or stimulating the 
generation of novel blood vessels (vasculogenesis). Preserving the structural integrity of the cerebral vasculature in a diseased 
setting is crucial for the viability and potential regeneration of neurons. Blood arteries have a crucial role in facilitating the 
migration of neuroblasts, which are immature neurons, from their neurogenic niches. Additionally, blood vessels provide 
a supportive environment for the maturation of these neurons at their original location. Furthermore, blood vessels also 
contribute to the trophic support of wounded neurons by promoting their proliferation and survival.95 Therefore, the 
implementation of medicines that improve vascular survival and function has promise for promoting neurogenesis and 
facilitating brain repair. Nevertheless, the efficacy of these vascular healing systems is not entirely optimal.

Retinoic acid (RA), a metabolic derivative of retinol (vitamin A), exhibits significant bioactivity as a powerful factor. Its 
signaling mechanism involves the formation of heterodimers between retinoic acid receptor (RAR) and retinoid X receptor 
(RXR). RAR hetero- and homodimers exhibit an affinity for a specific DNA sequence known as the retinoic acid-response 
element, thereby facilitating the activation of gene transcription. RA exerts significant regulatory control over the process of 
neurogenesis by actively facilitating the differentiation of neural stem cells (NSCs).96 Additionally, RA plays a crucial role in 
angiogenesis by boosting tube formation through the enhancement of VEGF-mediated signaling.97 Nevertheless, when in its 
unbound state, RA exhibits some constraints, including a diminished ability to dissolve in water and a rapid rate of destruction. 
Ferreira formulated a polymeric composition consisting of dextran sulphate and polyethylenimine to encapsulate nanoparticles 
loaded with the chemical RA (RA-NP).37 The application of retinoic acid-loaded nanoparticles (RA-NP) in therapy has 
demonstrated the potential to effectively and safely facilitate the healing of the ischemic brain by promoting a conducive 
pro-angiogenic milieu. The RA-NP treatment exhibited an augmentation in endothelial cell proliferation and the creation of tubule 
networks, while also providing a protective effect against cell death generated by ischaemia. The conditioned media (CM) derived 
from endothelial cells (EC-CM) that were treated with healthy RA-NP demonstrated a reduction in NSC death and an 
enhancement in proliferation. Conversely, the CM obtained from ischemic RA-NP-treated endothelial cells exhibited 
a decrease in cell death, an increase in proliferation, and an induction of neuronal differentiation. Concurrently, hepatocytes 
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were obtained from individuals diagnosed with ischemic stroke. The proliferation of HEPG2 cells treated with RA-NP was shown 
to be much higher, thereby emphasizing the considerable therapeutic potential of this particular formulation. The RA-NP had 
a protective effect on endothelial cells against ischemic cell death. Additionally, it induced the release of molecules that promote 
cell survival and proliferation, as well as cues that facilitate the differentiation of neural stem cells. The study demonstrated that 
RA-NP exhibited much higher efficiency compared to free RA, with an increase of up to 83-fold. Additionally, the use of RA-NP 
was found to boost the proliferation of hEPCs. The provided results can be utilized as a foundational basis for the application of 
RA-NP as vasculotrophic and neurogenic drugs in the context of stroke.37

Numerous recent developments have emerged in the field of angiogenesis following cerebral infarction. These advance-
ments mostly involve the modulation of vascular growth factors, including brain-derived neurotrophic factor (BDNF), and the 
sonic hedgehog (Shh) signaling protein.98,99 Nevertheless, the administration of pro-angiogenesis factors, such as VEGF, in 
a singular manner, can potentially result in compromised vascular maturation and heightened permeability of the BBB. This, 
in turn, can worsen cerebral edema or lead to hemorrhagic transformation.100 The simultaneous administration of extracellular 
matrix (ECM) integrin ligands and angiogenic agents has been shown to have synergistic effects, suggesting a promising 
therapeutic approach for enhancing angiogenesis.101,102 Integrins play a crucial role in connecting the ECM to the cytoske-
leton. They are engaged in various processes, including the maturation of the vessel lumen, the formation of intercellular tight 
junctions, and the recruitment of mural cells to the vessels to regulate permeability. Within the integrin family, it has been 
observed that integrin αvβ3, α5β1, and α3β1 are expressed on endothelial cells. Notably, α5β1 is particularly expressed on the 
active cerebral vascular endothelium within the ischemic lesion.103,104 The peptide motif Pro-His-Ser-Arg-Asn (PHSRN) has 
been extensively studied and identified as a binding site for the integrin α5β1. This binding site has been found to have 
significant downstream effects, including promoting angiogenesis and reducing leakage after myocardial infarction.105,106 

Several studies have demonstrated that the pH gradients existing between ischemic and normal tissues are utilized for the 
purpose of achieving targeted release.107 Nevertheless, the release of medications is constrained by the instability of the 
surrounding environment and the physiological condition of other bodily components. The shortcomings mentioned can be 
solved by utilizing nanotechnology-based drug delivery systems that are designed to target many sites simultaneously.108,109 

The surface of nanocarriers can be modified by including targeting ligands, which facilitate the precise delivery of medications 
to the diseased site. Stimulus-responsive nanocarriers facilitate regulated drug release by using the specific attributes of the 
diseased microenvironment. In their study, Yang et al present a straightforward approach to fabricate integrin ligand- 
conjugated, pH-responsive dual-targeted nanoparticles, which can be utilized for efficient drug administration to the ischemic 
brain (Figure 3).8 Hydroxyethyl starch (HES), a water-soluble polysaccharide commonly used as a volume expander in 
clinical settings, was employed as a nanocarrier platform.110,111 The utilization of the upregulated expression of integrin α5β1 

Figure 3 The structure of SAG@PHSRN-HES and its use for active cerebral vasculature-targeting and pH-sensitive therapy of ischemic stroke are depicted schematically. 
Reproduced with permission from Yang H, Luo Y, Hu H, et al. pH-Sensitive, cerebral vasculature-targeting hydroxyethyl starch functionalized nanoparticles for improved 
angiogenesis and neurological function recovery in ischemic stroke. Adv Healthc Mater. 2021;10(12):e2100028. © 2021 Wiley-VCH GmbH.8
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on the endothelial cells of cerebral blood vessels in ischemic brain tissue allows for the targeted delivery of therapeutic agents 
to areas affected by cerebral ischemia through the use of PHSRN-HES, a ligand-mediated approach. We additionally 
employed pH-dependent electrostatic adsorption to PHSRN-HES for the purpose of delivering smoothened agonist (SAG), 
a potent activator of the Shh signaling pathway, which in turn facilitates the processes of angiogenesis and neuroplasticity. The 
acidic ischemia zone experiences a notable decline in ambient pH, which therefore diminishes the electrostatic adsorption 
capacity. This reduction in capacity may facilitate the release of SAG in the aforementioned acidic ischemic region. In 
addition, the researchers provided evidence that the administration of SAG@PSHRN-HES had a substantial impact on the 
promotion of angiogenesis and the reduction of vascular permeability. Moreover, this intervention was found to enhance 
neuroplasticity and facilitate neurological recovery following ischemic stroke.8

The process of angiogenesis, which involves the generation of new vessels from pre-existing vasculature, is responsible for 
driving revascularization.112 The process of angiogenesis is launched promptly following an ischemia injury by the production 
of angiogenic factors, including as platelet-derived growth factor receptor beta, VEGF, and insulin-like growth factor binding 
proteins, by cells in response to exposure to a hypoxic environment.112–115 The process of angiogenesis is shown to be fully 
active within a span of three days following an injury, as evidenced by the initiation of vasculature development in the peri- 
infarct region. The longevity of these newly created vessels, similar to newborn neurons generated in response to a stroke, is 
limited within the post-stroke milieu.116,117 According to existing literature, it has been proposed that this particular 
mechanism may primarily serve to facilitate the removal of cellular debris rather than being primarily aimed at long-term 
regeneration endeavors.116–119 Nevertheless, it is worth noting that angiogenesis frequently occurs in conjunction with 
neurogenesis, as the areas where new blood vessels form often coincide with regions containing actively dividing neural 
progenitor cells.116,117 Consequently, the sustained promotion of angiogenesis may potentially enhance neurogenesis, thereby 
potentially augmenting reparative mechanisms and enhancing functional recuperation following a stroke.116,117,120 In order to 
enhance angiogenesis and optimize brain targeted delivery, researchers have developed neurogenesis-based nanoparticles that 
aim to provide superior results in the context of ischemic stroke.

In a clinical context, the restoration of blood flow, known as reperfusion, is accomplished through the administration of 
recombinant human tissue-type plasminogen activator (tPA), which is the sole treatment approved by the United States Food and 
FDA for ischemic stroke. Nevertheless, the administration of tPA beyond approximately 4.5 hours after the occurrence of a stroke 
is considered unsafe.121 This is mostly owing to the heightened likelihood of hemorrhagic complications, the disruption of the 
blood-brain barrier, as well as the neurotoxic impacts of tPA.122,123 While reperfusion following tPA therapy facilitates the 
delivery of oxygen and nutrients to the ischemic tissue, it also triggers an augmented generation of ROS by ischemic neuronal 
and glial cells, invading neutrophils, and vascular cells that make up the BBB.124–126 Recent investigations have shown in vivo 
evidence of neurogenesis in the adult mammalian brain.127 Previous studies have demonstrated that endogenous neural precursor 
cells (NPCs) undergo activation subsequent to a stroke event. These NPCs subsequently undergo maturation and migration 
towards the location of the lesion, where they subsequently develop into neuronal cells.128 Indeed, Huang et al have demonstrated 
a significant decrease in neurogenesis in mice defective in superoxide dismutase (SOD) and suffering from brain injury generated 
by radiation.129 Petro designed a strategy wherein the antioxidant enzymes catalase (CAT) and SOD are encapsulated in 
nanoparticles (referred to as nano-CAT/SOD) and administered immediately after tPA delivery during reperfusion. The aim of 
this approach is to counteract the excessive formation of ROS and thereby prevent the subsequent cascade of inflammatory and 
degenerative processes. By creating a favorable environment, this intervention may facilitate the activation and mobilization of 
progenitor cells, ultimately promoting the endogenous mechanisms of neurogenesis in the infarcted region.38 The researchers 
discovered that the negative impact of tPA and the excessive production of ROS resulting from a stroke can be mitigated through 
the administration of tPA+ nano-CAT/SOD. This is supported by the observed augmentation in the presence of nestin- and 
SOX2-positive cells. The findings of these investigations demonstrate that the administration of tPA+ nano-CAT/SOD not only 
alleviates the suppressive impact of tPA on neurogenesis but also counteracts the detrimental influence of ROS generated during 
stroke event (Figure 4).38

The ROS that has built up in the brain area also causes harm to intracellular macromolecules such as lipids, proteins, 
and nuclear acids. This damage leads to the initiation of apoptosis and the inhibition of neurogenesis following 
stroke.130,131 According to a paper, resveratrol (RES), a natural polyphenol with potential benefits, has been found to 
mitigate damage and apoptosis generated by ROS, hence promoting neurogenesis.132 Nevertheless, the utilization of this 
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Figure 4 Increasing the amounts of biological markers (Nestin, GFAP and SOX2) and restoring the movement and activity of NPCs show that giving SOD-CAT-PLGA-NPs 
with tPA improved neurogenesis after stroke. (A-D) Immunofluorescence was used to identify the expression of GFAP (A), SOX2 (B), and DAPI (C) in different groups of 
the subventricular zone and rostral migratory stream. The resulting figures were merged (D). (E) Immunohistochemical analysis was used to identify the expression of 
Nestin in different groups of the subventricular zone and the rostral migratory stream. Scale bar = 50 mm. Reprinted from Biomaterials. Volume: 81, Petro M, Jaffer H, Yang J, 
Kabu S, Morris VB, Labhasetwar V. Tissue plasminogen activator followed by antioxidant-loaded nanoparticle delivery promotes activation/mobilization of progenitor cells in 
infarcted rat brain. 169–180, Copyright 2022, with permission from Elsevier.38

https://doi.org/10.2147/IJN.S463333                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2024:19 4390

Wang et al                                                                                                                                                            Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


substance was limited due to its short half-life, lack of solubility in water, and low concentration in the brain.133 Lu et al 
demonstrated that the use of polymeric nanoparticles, specifically those encapsulating resveratrol (RES-NPs), as carriers 
for drug delivery exhibited significant neuroprotective effects on cultured neurons. The encapsulation of resveratrol 
within the nanoparticles, which were composed of Poly (N-vinylpyrrolidone) -b-poly(ε-caprolactone), resulted in 
improved uptake of the drug, enhanced clearance of ROS, and a superior anti-apoptotic effect compared to the 
administration of free resveratrol.134 Subsequent research conducted by the authors revealed that the use of RES-NPs 
through the intra-carotid artery route yielded significant mitigation of cerebral ischemia-reperfusion damage in rats 
subjected to middle cerebral artery occlusion (MCAO).39 The disruption of the BBB caused by ischemia-reperfusion 
resulted in the leaking of albumins, as evidenced by the presence of evans-blue dye, and the development of cerebral 
edema. The administration of RES-NPs had a strong protective effect on the integrity of the BBB by reducing the extent 
of ischemia-reperfusion damage. In addition, it was shown that RES-NPs exhibited a reduction in oxidative stress after 
reperfusion, as well as a suppression of neuronal death and an enhancement of neurogenesis.39

Inorganic Nanoparticles
The majority of neuroprotective medications are ineffective in salvaging neurons from cerebral ischemia shocks mostly due to 
their focus on mitigating downstream cascading processes, including excitotoxicity, reactive oxygen species (ROS) and 
nitrosative stress, and inflammation, rather than addressing the underlying hypoxia that occurs first.26 Research has demonstrated 
that metallic nanoparticles has the ability to act as scavengers of ROS and hypoxia, hence promoting the process of angiogenesis.

According to the paper, inorganic nanoparticles have been found to provide protection against ischemic stroke in a live animal 
model, such as cerium oxide nanoparticles (CeO2 NPs) and zinc oxide nanoflowers.135–137 The potential great antioxidant ability 
of CeO2 NPs has garnered significant attention in scientific research, mostly attributed to the creation of oxygen vacancies and 
low valence states.138 Dl-3-n-butylphthalide (NBP) is a novel chemical compound that belongs to class I drugs. It was developed 
in China and has received approval from theFDA for Phase II clinical trials in the management of ischemic stroke.139 NBP was 
initially derived from the seeds of celery, demonstrating potential in enhancing microcirculation inside the ischemic brain region. 
It has been found to facilitate angiogenesis, neurogenesis, and neuroplasticity, while also inhibiting inflammation, reducing 
apoptosis, and exhibiting a clear neuroprotective impact on ischemic stroke.140–142 In their study, Li et al employed CeO2 

nanoparticles (NPs) as carriers for drug delivery and utilized NBP to explore a novel therapeutic avenue for the management of 
ischemic stroke (Figure 5).40 Ultrasmall cerium dioxide nanoparticles (CeO2 NPs) with an approximate diameter of 5 nm were 
manufactured using a high-temperature technique. These nanoparticles were subsequently coated with polyethylene glycol 
(PEG) to facilitate the loading of NBP drugs. The cerium oxide nanoparticles loaded with NBP, referred to as NBP-CeO2 NPs, 
exhibit a remarkable capacity for scavenging ROS in vitro during oxygen-glucose deprivation/reoxygenation (OGD/R). 
Furthermore, these nanoparticles effectively restore the impaired mitochondria. Additionally, the mitigation of BBB damage 
and neuronal apoptosis was seen through the preservation of mitochondrial shape and function. In the mouse model of MCAO, 
the administration of NBP-CeO2 nanoparticles demonstrated the ability to restore impaired mitochondria and mitigate the 
disruption of the BBB. Consequently, this intervention significantly ameliorated cerebral infarction and cerebral edema, while 
also inhibiting neuroinflammation and neuronal death. The results of long-term research indicate that the co-administration of 
NBP (N-butylphthalide) with CeO2-NPs effectively stimulates angiogenesis and substantially ameliorates impairments in nerve 
function following ischemic stroke.40

Given that hypoxia is a major concern following a stroke, it is crucial to explore therapeutic interventions that can consistently 
deliver oxygen to help ameliorate the adverse microenvironment. Such interventions have the potential to successfully safeguard 
neurons against the detrimental effects of cerebral ischemia insults.143 Synechococcus elongatus (S. elongatus), a unicellular 
cyanobacterium that is an obligate photoautotroph, has been employed in recent research to enhance tissue oxygenation and 
enhance heart function as a potential treatment for ischemia myocardium.144–146 In addition, a distinct variety of cyanobacterium 
has been demonstrated to enhance oxygen concentrations within hypoxic regions of tumors.147 S. elongatus exhibits the capacity 
to continuously generate oxygen and consume carbon dioxide under illumination, which suggests its potential to address the 
constraints associated with oxygen-carrying biomaterials. Consequently, it could serve as an effective component for oxygen 
generation and carbon dioxide consumption. Additionally, an additional practical obstacle encountered in stroke photosynthetic 
therapy pertains to the efficient delivery of light for facilitating photosynthesis in S. elongatus within cerebral ischemia zones 
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located beneath the cranium. Despite the impressive tissue penetration capabilities of near-infrared light (NIR) with a wavelength 
of 808 nm,148,149 it is not directly applicable for photosynthesis.150,151 The potential use of upconversion nanoparticles (UCNPs) 
in converting NIR into visible light, which is essential for the photosynthesis of S. elongatus, suggests that the combined 
application of S. elongatus and UCNPs could be a viable strategy for implementing the suggested photosynthesis-based treatment 
for stroke.152,153 In their study, Wang et al documented the creation of a nanophotosynthesis treatment (NPT) through the 
utilization of a core-shell structure consisting of Nd3+-doped UCNPs. This structure was designed to transform near-infrared 
(NIR) light with a wavelength of 808 nm into visible light, which in turn stimulated S. elongatus to generate oxygen. The resulting 
oxygen production had a protective effect on neurons, shielding them from ischemia insults.41 The full characterization of 
S. elongatus encompassed its biocompatibility, capacity for oxygen generation, and neuroprotective effects. Despite the presence 
of a barrier formed by the skull, the NIR that was transformed by UCNPs proved to be adequate in activating S. elongatus. This 
activation resulted in the production of oxygen and the simultaneous reduction of carbon dioxide levels. Consequently, the 
survival of neuronal cells that had experienced injury generated by OGD was enhanced. In an animal model of stroke known as 
MCAO, the administration of this NPT resulted in improved oxygenation of the affected brain tissues, increased survival of 
neurons, decreased volumes of the infarcted areas, and enhanced the formation of new blood vessels (angiogenesis). These 
combined effects led to a substantial restoration of neuronal functions and improved behavioral performance in the animals 
(Figure 6).41

Figure 5 Ultra-small cerium oxide nanoparticles loaded with NBP (NBP-CeO2 NPs) attenuated BBB disruption and promoted angiogenesis. (A) The utilization of NBP-CeO2 NPs, 
which are extremely small nanoparticles of cerium oxide loaded with NBP, effectively combines antioxidant and neurovascular beneficial effects to mitigate brain damage caused by 
ischemic stroke. (B) CD31 immunofluorescence labeling on brain slices 14 days after MCAO/R detected cerebral microangiogenesis in each group. (C) CD31 relative fluorescence 
intensity was statistically evaluated. ***p < 0.001 vs MCAO/R group; ##p < 0.01. Scale bar = 50 μm. Reprinted from Biomaterials. Volume: 291, Li X, Han Z, Wang T, et al. Cerium oxide 
nanoparticles with antioxidative neurorestoration for ischemic stroke. 121904, copyright 2022, with permission from Elsevier.40
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Figure 6 NPT decreased inflammation and promoted angiogenesis poststroke. (A) Schematic Depiction of the Therapeutic Approach Utilising Nano-Photosynthesis. (B) 
Representative fluorescence images of vessels in the infarct and peri-infarct 8 weeks after the mice received different treatments. The infarct zones were outlined by white 
dashed lines. (C-D) Quantification of percentages of CD31 positive area in the infarct and peri-infarct, respectively. **p<0.01. Scale bar = 50 μm. Reproduced with 
permission from Wang J, Su Q, Lv Q, et al. Oxygen-generating cyanobacteria powered by upconversion-nanoparticles-converted near-infrared light for ischemic stroke 
treatment. Nano Lett. 2021;21(11):4654–4665. Copyright 2022, American Chemical Society.41
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Liposomes
Liposomes have emerged as a promising drug delivery technology in the field of clinical translation due to its notable 
advantages, including strong biocompatibility, minimal toxicity, and substantial capacity for encapsulating diverse 
cargos.154 Furthermore, liposomes has certain advantages in the context of medication delivery following a stroke, as 
they have the ability to selectively cluster in the ischemic hemisphere, resulting in a greater accumulation of therapeutic 
agents.155 Moreover, it has been discovered that 48 hours following a stroke, there is a biphasic barrier enhancement and 
the presence of tight junction anomalies. These factors contribute to an increase in the paracellular permeability of 
molecules and liposomes. Furthermore, the involvement of caveolin-mediated endocytosis and the heightened rate of 
transcytosis significantly enhance the transcellular transportation of liposomes within a mere 6 hours following reperfu-
sion, and this effect continues for a minimum of 24 h.25,156

Ginkgolide B (GB) exhibits potent efficacy in the treatment of cerebrovascular diseases. It achieves this by inhibiting 
inflammatory responses through its involvement in platelet-activating factor mediated signal transduction. Additionally, GB 
mitigates neuronal damage by modulating the miR-206/BDNF signaling pathway.157,158 Additionally, it has been observed that 
GB exerts a beneficial influence on the process of neural stem cell differentiation following a stroke. This effect is achieved by the 
overexpression of SOCS2, which subsequently enhances the activation of the EGF receptor.159 Nevertheless, the LogP value of 
GB is merely 0.146, indicating a limited degree of hydrophilicity and lipophilicity. Consequently, the formulation of GB in 
liposomes is challenging due to its inadequate encapsulation efficiency and stability, as stated in reference.42 In order to address 
the issue of GB’s low lipophilicity, Li put forth solutions aimed at the formation of covalent complexes with polyunsaturated fatty 
acids (PUFA) and subsequent encapsulation within liposomes. The selection of docosahexaenoic acid (DHA) was based on its 
capacity to be incorporated into the lipid bilayer, resulting in enhanced stability of the complex.160 The researchers Li et al 
initially synthesized GB-DHA in order to enhance the lipophilicity of GB. Subsequently, they encapsulated GB-DHA into 
liposomes to augment its potential to target the brain.42 The liposomes possess the ability to specifically target the ischemic 
hemisphere of the brain, resulting in a collaborative protective effect against neuron apoptosis. This is achieved through the 
elimination of ROS, the remodeling of the neurovascular unit by regulating the polarization of microglia towards an anti- 
inflammatory phenotype, and the facilitation of anti-inflammatory activity by reducing the infiltration of peripheral immune cells. 
The involvement of the apoptotic pathway in the neuroprotective mechanism of Lipo@GB-DHA was observed in rats subjected 
to MCAO. An increased amount of BDNF, known to promote the development of neurons through the Wnt/β-catenin pathway, 
was seen in the brains of rats treated with Lipo@GB-DHA.161 The findings indicated that Lipo@GB-DHA has the potential to 
promote both neuronal development and angiogenesis.42

Biomimetic Nanoparticles
The utilization of targeted nanomedicines has demonstrated extensive potential in the management of stroke. Nevertheless, 
one drawback is the exogenous nature of the feature, which poses a potential risk of clearance by the reticuloendothelial 
system. In order to address this limitation, many approaches using bionic nanomedicine delivery systems incorporating 
cells, cell membrane vesicles, and exosomes have been extensively suggested. The utilization of naturally occurring 
nanoparticles within biological systems has been employed to create novel structures that enhance the development of 
delivery systems through the utilization of inherent targeting capabilities.162 Biomimetic systems have demonstrated 
considerable utility in the field of biomedicine, namely in applications like as drug delivery, gene transport, theranostics, 
and biosensing. This is mostly due to their exceptional biocompatibility, little toxicity, and notable interactive properties.

Extracellular vesicles (EVs) are small vesicles that encompass proteins, lipids, and genetic elements, and they exert 
a significant influence on intercellular communication.163 Presently, the administration of EVs-based therapy primarily 
involves the intravenous injection of EVs into animals affected by stroke. However, this approach is not ideal for various 
reasons. One such reason is that intravenously injected EVs tend to accumulate primarily in the liver, lung, and spleen, 
with limited delivery to the brain. Additionally, the lack of effective protection in the in vivo circulation leads to the 
degradation and subsequent loss of EVs.164 Given the necessity for prolonged angiogenesis and neurogenesis in the 
recovery of brain function, there is an immediate requirement for the development of a new biocompatible scaffold. This 
scaffold should enhance the retention of EVs in the damaged brain area and facilitate the sustained release of EVs within 

https://doi.org/10.2147/IJN.S463333                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2024:19 4394

Wang et al                                                                                                                                                            Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


the brain lesion following a stroke. By doing so, the scaffold would extend the bioactivity of EVs and expedite the 
process of neural regeneration.164

Stem cells are a class of cells characterized by their high degree of undifferentiation, as well as their capacity for self- 
renewal and ability to develop into several cell types. Various sources of stem cells have been suggested for the therapy 
of ischemic stroke, such as NSCs, mesenchymal stem cells (MSCs), induced pluripotent stem cells (iPSCs), and EPCs. 
Among these, NSCs and MSCs have received the most extensive attention in the literature.165 Nevertheless, the adverse 
microenvironment associated with ischemic stroke has been found to significantly diminish the viability and proliferative 
capacity of stem cells, hence imposing substantial constraints on their therapeutic efficacy.166 MSCs, whether in their 
original form or with alterations, have demonstrated significant promise in enhancing the formation of new blood vessels 
(angiogenesis) in both preclinical studies of ischemic diseases and clinical trials.167–169 However, the utilization of MSCs 
derived from various tissues such as bone marrow, adipose tissue, umbilical cord, muscle, dental pulp, etc., for cell-based 
therapy is accompanied by certain limitations. These limitations include the invasive nature of the procurement 
procedure, restricted potential for cell proliferation, functional decline associated with aging, and the potential risk of 
rejection when transferring cells from a different individual.170,171 Consequently, these limitations hinder the broader 
clinical applications of MSCs. The successful generation of induced pluripotent stem cells (iPSC) from adult somatic 
cells of patients has been made possible with the development of reprogramming techniques. The stability of small 
extracellular vesicles (sEV) surpasses that of stem cells across diverse physiological settings, rendering them highly 
suited for therapeutic interventions in the context of ischemic stroke. Moreover, sEV possess the advantageous ability to 
readily traverse the BBB, further enhancing their potential as a therapeutic modality.172,173 A recent study has provided 
evidence that tiny extracellular vesicles, specifically those released by mesenchymal stem cells generated from human 
induced pluripotent stem cells (iMSC-sEV), had the ability to mitigate limb ischemia through the facilitation of 
angiogenesis.174 There exists a positive correlation between angiogenesis and the recovery of cerebral function following 
a stroke.175 In their study, Xia et al (year) observed that the infarct boundary zone exhibited the presence of freshly 
created vasculature and mature vessels, as evidenced by the positive staining of CD31/EdU, CD34, and CD31.43,176 The 
experimental group of vehicles shown a statistically significant increase in the presence of CD31+/EdU+ and CD34+ 

endothelial cells compared to the control group, indicating the activation of a natural protective response including 
spontaneous angiogenesis following a stroke. It is worth mentioning that there was a significant increase in the number of 
CD31+/EdU+ and CD34+ cells observed in the iMSC-sEV group compared to the vehicle group. This finding suggests 
that the administration of iMSC-sEV after a stroke has a positive effect on promoting angiogenesis (Figure 7).43

Mesenchymal stromal cell-derived extracellular vesicles (MSC-sEVs) obtained from the supernatants have demon-
strated the ability to enhance neurological recovery and facilitate brain remodeling following focal cerebral ischemia in 
both rats and mice, as evidenced by studies.177–180 The impact of MSC-sEVs on microvessels is heavily influenced by the 
specific tissues and pathophysiological conditions present. The impact of MSC-sEV preparations on angiogenesis in 
cancer tissues varies depending on the specific source of MSCs and the tumor microenvironment.126,181,182 However, it 
has been observed that MSC-sEVs can enhance the proliferation and tube formation of cultured human umbilical vein 
endothelial cells (HUVECs) in a manner that is dependent on HIF-1α.183 Gregorius conducted an assessment of the 
impact of MSC-sEVs on the in vitro proliferation, migration, and tube formation of human cerebral microvascular 
endothelial cells. Additionally, the study examined the effects of MSC-sEVs on post-ischemic angiogenesis, brain 
remodeling, and neurological recovery following MCAO in mice.44 In additional investigations, mice subjected to 
intraluminal MCAO were also administered EV preparations derived from either normoxic mesenchymal stem cells, 
hypoxic MSCs, or cell culture media. Within certain subgroups, the polymorphonuclear neutrophil leukocytes (PMN), 
which have previously demonstrated their role in facilitating the acute neuroprotective effects of MSC-sEVs,180 were 
observed to be depleted. The study conducted by Gregorius et al demonstrated that sEVs derived from mesenchymal 
stem cells subjected to hypoxic conditions, as opposed to MSCs at normal oxygen levels or the culture media alone, 
exhibited the ability to stimulate angiogenesis. The administration of hypoxic MSCs resulted in an augmentation of 
microvascular length and branching point density inside previously ischemic tissue, as determined through the utilization 
of 3D light sheet microscopy over a period of up to 56 days. The in vivo induction of angiogenesis by sEVs was found to 
be contingent upon the presence of PMN. Using anti-Ly6G antibodies, they simultaneously reduced PMN numbers in 
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two subsets. The administration of MSC-sEVs did not have an impact on microvascular remodeling in mice that had been 
deprived of neutrophils. The sEVs generated from MSCs under hypoxic conditions exhibit unique characteristics related 
to angiogenesis, as depicted in Figure 8. The regenerative benefits of MSC-sEVs are enhanced by hypoxic 
preconditioning.44

Recent experimental studies have suggested that acid sphingomyelinase (ASM), known as Asm for the murine protein and 
shortened ASM for the human enzyme, plays a crucial role in facilitating the effects of antidepressant drugs.184 ASM catalyzes 
the hydrolytic cleavage of sphingomyelin, resulting in the formation of ceramide. Ceramide is an essential component of 
membrane microdomains, which play a crucial role in regulating many cell signaling processes.185 In a theoretical framework of 
stress-induced depression characterized by unpredictability, the administration of antidepressant medications such as amitripty-
line and fluoxetine shown inhibitory effects on cerebral Asm activity. Furthermore, these medications were found to repair the 
processes of neuronal proliferation and differentiation in the hippocampus, ultimately leading to a reversal of depressive-like 
behaviors.186 In the absence of ASM, the administration of antidepressants failed to induce an increase in neuronal proliferation 
and differentiation, and did not effectively alleviate depressed symptoms.186 After experiencing localized and global cerebral 
ischemia, studies have demonstrated an elevation in Asm activity and ceramide levels within the brains of ischemic mice and 
rats.187–190 Following MCAO, the presence of hereditary Asm deficiency was observed to result in a decrease in infarct volume, 
neurological impairments, and the abundance of proinflammatory cytokines during the acute phase of stroke, namely within 24 
hours after the occurrence of the stroke.190 Yusuf demonstrated a notable rise in Brain ASM activity following ischemia/ 
reperfusion, which aligns with the observed elevation of ceramide levels in microvessels.45 The administration of amitriptyline 

Figure 7 iMSC-sEV promote angiogenesis following stroke and increase HUVEC migration and tube formation after OGD. (A–D) Seven days after MCAO, angiogenesis was 
evaluated by immunofluorescence staining of CD31/EdU and CD34. Scale bar = 100 μm. *P < 0.05. Reproduced from Xia Y, Ling X, Hu G, et al. Small extracellular vesicles 
secreted by human iPSC-derived MSC enhance angiogenesis through inhibiting STAT3-dependent autophagy in ischemic stroke. Stem Cell Res Ther. 2020;11(1):313. Creative 
Commons.43
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Figure 8 When PMNs are absent in vivo, sEVs produced from hypoxic MSCs promote microvascular remodeling after ischemic stroke. (A–C) The microvascular network 
properties in the ischemic cerebral cortex were examined using 3D light sheet microscopy in mice that were subjected to 40 minutes of MCAO and then survived for 14 
days. A, microvascular length density; B, branch point density; and C, mean branch length. (D) Magnified axial views of the striatum and cortex in an ischemic mouse brain 
showing the regions of interest for determining the properties of the microvascular network. Images of the ischemic cortex taken using maximum intensity projection (E) 
from each of the five groups. *p <0.05 compared with isotype/vehicle; #p <0.05 compared with isotype/sEVhypoxic. Scale bars=500 µm (in (D)/100 µm (in (E). Reproduced 
from Gregorius J, Wang C, Stambouli O, et al. Small extracellular vesicles obtained from hypoxic mesenchymal stromal cells have unique characteristics that promote 
cerebral angiogenesis, brain remodeling and neurological recovery after focal cerebral ischemia in mice. Basic Res Cardiol. 2021;116(1):40. Creative Commons.44
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resulted in the suppression of ASM activity, leading to a decrease in ceramide levels. Additionally, it was observed that there was 
an increase in microvascular length and branching point density in wildtype mice, but not in ASM-deficient mice (Smpd1−/−). 
These effects were evaluated using 3D light sheet microscopy. In the context of cellular cultivation, the administration of 
amitriptyline, fluoxetine, and desipramine resulted in an augmentation of endothelial tube formation, migration, as well as an 
increase in the abundance of VEGFR2 and the release of VEGF. The observed effect was nullified through the process of Smpd1 
knockdown. The researchers discovered that the facilitation of angiogenesis using ASM inhibitors was facilitated by the 
production of sEVs from endothelial cells. These sEVs demonstrated an increased absorption in target cells. In an in vivo 
setting, the augmented process of angiogenesis resulting from the release of sEVs by ASM inhibitors was shown to be 
accompanied by a reaction in brain remodeling. This response was characterized by an enhancement in the integrity of the blood- 
brain barrier, a decrease in the infiltration of leukocytes, and an increase in the survival of neurons.45

The potential therapeutic implications of microglia are of great interest, particularly in light of prior research that has 
shown improved neurological recovery in animals treated with microglia preconditioned with OGD at an early stage of 
stroke.191 The microglia exhibit a discernible alteration in their protein profiles, characterized by elevated amounts of the 
transforming growth factor-β (TGF-β).191 Elevated concentrations of TGF-β during the initial stages of a stroke event 
have the potential to trigger signaling cascades that promote anti-inflammatory responses and a shift towards M2 
polarization inside the ischemic brain.191–194 The effectiveness of cell-based therapies, such as microglia transplantation, 
is currently hindered by two main challenges: limited biodistribution of the transplanted cells and the risk of cell 
embolism or tumor formation.195–197 Prior research has indicated that the therapeutic efficacy of EVs derived from 
various stem cell origins is comparable to that of the parent cells. These EVs have been found to possess similar 
beneficial properties as their respective host cells, as supported by previous studies.164,198–201 The work conducted by 
Zhang et al examines the therapeutic effects of EVs obtained from microglia that were preconditioned with OGD in both 
in vitro and in vivo models of stroke. The researchers also discovered that the transportation of EVs from microglia that 
were preconditioned with OGD could potentially promote the formation of new blood vessels (angiogenesis) and prevent 
programmed cell death (apoptosis) in the brain affected by ischemia.46 A comprehensive examination of the relationship 
between the cell proliferation marker BrdU and the endothelial cell marker CD31 demonstrated a notable rise in the 
levels of BrdU+/CD31+ cells within the ischemic striatum on the seventh day following ischemia in animals subjected to 
EVs treatment. However, this observation was not corroborated in mice treated with TGF-β1 siRNA-transfected 
microglia (si-EVs). Similarly, the injection of EVs had a notable impact on reducing rates of ischemia cell death. 
However, it was observed that the treatment of si-EVs derived from TGF-β1 knockdown microglia did not have any 
effect on the number of TUNEL+ apoptotic cells per mm2.46

In recent studies, researchers have investigated the mechanical extraction of the cell-free liquid fraction, known as fat 
extract (FE), from human adipose tissue.202,203 The cell-free fraction, known as FE, offers advantages in terms of safety 
by circumventing problems associated with cellular components, and also demonstrates enhanced clinical applicability. 
In comparison to stem cells, FE exhibit advantages in terms of collection ease, extended storage capacity, and reduced 
immunogenicity.203 Moreover, FE encompasses a diverse range of angiogenic factors such as VEGF, TGF-β, basic 
fibroblast growth factor, and glial cell line-derived neurotrophic factor, among others. The administration of FE has been 
shown to augment the viability of fat grafts in mice by exerting proangiogenic, anti-apoptotic, and pro-proliferative 
effects. Additionally, FE has demonstrated the ability to enhance angiogenesis in a hindlimb ischemic model.202 

Neutrophil membrane-derived nanovesicles that are loaded with Resolvin D2 have the ability to specifically target 
sites of inflammation and improve retention, hence providing protection against brain damage in the context of ischemic 
stroke.204 Among the various particles coated with membranes, platelets coated nanoparticles have demonstrated 
distinctive targeting capabilities. Initially, it is worth noting that platelet-like particles (PLTs) possess a circulation half- 
life of roughly 30 hours. This extended duration can be attributed to the presence of CD47, a protein that effectively 
inhibits immune clearance mechanisms. Furthermore, it should be noted that platelets (PLTs) exhibit a diverse range of 
receptors, including integrins and selectins, which play a crucial role in their ability to dynamically adhere to injured 
blood vessels.205 The membrane-coated nanoparticles of PLTs possess extensive and dynamic biointerfacing properties, 
rendering them highly appealing as drug carriers for the purpose of targeted administration to inflamed blood 
arteries.206,207 Wang developed a nanoparticle system composed of PLTs membrane-coated PLGA nanoparticles, 
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encapsulating FE and coupled with RGD peptide, referred to as RGD-PLT@PLGA-FE. This system was designed to 
facilitate the specific delivery of FE to the infarct region in mice affected by stroke.47 In this study, RGD-PLT@PLGA 
nanoparticles were employed as a vehicle for the targeted delivery of FE, with the aim of facilitating angiogenesis and 
neurogenesis for the purpose of brain repair in cases of injury. The nanoparticles exhibited an extended circulation period 
and actively targeted the ischemic stroke regions due to the mimicking features of the PLTs membrane and RGD 
peptides. Furthermore, the biodegradability of PLGA allows for the sustained release of FE, which can be utilized in the 
treatment of stroke. The administration of targeted and sustained release nanoparticles to the ischemic region resulted in 
the augmentation of angiogenesis and neurogenesis, leading to a notable improvement in the therapeutic effectiveness for 
ischemic brain conditions. The data presented in this study indicate that the administration of RGD-PLT@PLGA-FE 
resulted in a significant enhancement of angiogenesis and neurogenesis in mice with stroke (Figure 9).47

Limitation of Nanoparticles
Polymeric nanoparticles show potential for targeted medication delivery, however they have drawbacks such as high cost 
and intricate production processes. In the laboratory, it is possible to prepare nanoparticles that have a high drug loading 
capacity and good stability. However, when it comes to large-scale production, there are limitations imposed by 
environmental factors and other constraints. As a result, it may not be feasible to produce nanoparticles of the same 
quality and specifications, which means they may not fully meet the requirements for clinical drug delivery. Therefore, it 
is necessary to conduct a comprehensive investigation into the many characteristics of polymer nanoparticles in order to 
regulate the chemical and physical properties of these nanoparticles for effective treatment of ischemic stroke.

Furthermore, there exist inorganic nanoparticles that have considerable potential in post-stroke treatment owing to 
their intrinsic characteristics. Preclinical investigations have consistently demonstrated that nanoparticles tend to aggre-
gate in the kidney, liver, spleen, and brain following their injection, hence posing potential risks of systemic toxicity. It is 
important to continue studying the way in which inorganic nanoparticles, such as iron nanoparticles, gold nanoparticles, 
and other metal nanoparticles, are processed by the human body’s metabolism. Prolonged accumulation of these 
substances in the brain can initiate neuronal death, mitochondrial malfunction, neuroinflammation, and other forms of 
harm. Even nanoparticles that are capable of degradation can cause neurotoxicity. When test animals were injected with 
chitosan nanoparticles modified with polysorbate 80, the body weight of the experimental animals consistently fell over 
a period of 7 days. This decrease in body weight was shown to be dependent on the dosage and had an influence on cell 
activity.7 Neuronal loss in chicken embryos is induced by magnetic iron oxide nanoparticles, but cerium oxide 
nanoparticles hinder the development of neural stem cells.208 Inorganic non-metallic nanoparticles such as carbon 
nanotubes, graphene, and silica nanoparticles have been utilised for stroke treatment.209 It is important to acknowledge 
that the majority of inorganic non-metallic compounds, excluding silica, have the capacity to be biotoxic, but silica has 
shown both biocompatibility and degradability. The brain has difficulty metabolising most inorganic non-metallic 
materials, leading to their accumulation. This accumulation can cause redox alterations, apoptosis, autophagy, reduced 
lysosomal activity, cytoskeletal impairment, and disturbance in vesicle trafficking. Additionally, maintaining the stability 
of these inorganic nanomaterials in solution is a significant challenge.

In general, liposomes have excellent drug loading capacity, drug protection capabilities, and great biocompatibility. 
Nevertheless, its application in stroke therapy is hindered by the drawback of limited precision in targeting. Research has 
shown that the capacity of liposomes to target the brain may be enhanced by attaching PEG, altering the surface charge, 
or attaching particular targeting ligands. This, in turn, improves the effectiveness of the treatment. Nevertheless, as 
a developing technology, concerns regarding the compatibility of biomimetic nanoparticles with living organisms persist 
and require ongoing investigation and enhancement. Furthermore, the majority of biomimetic nanoparticles utilised in the 
diagnosis and treatment of brain illnesses are still in the preclinical stage. However, there is a paucity of further clinical 
data that would aid in the process of translating them into clinical practice. Furthermore, it is imperative to take into 
account the material toxicity of the nano delivery system itself.15 We must prioritise our emphasis on ensuring the 
stability of nano-drug delivery systems. These systems need stringent manufacturing and storage conditions to sustain 
stability, and ensuring their long-term stability over lengthy durations necessitates comprehensive studies.
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Figure 9 RGD-PLT@PLGA targets brain and promotes angiogenesis and neurogenesis of stroke mice. (A and B) Pictures showed CD31+ microvessels in the peri-infarct region at 14 
days after stroke. (C) Pictures showed CD31+ /Ki67+ cells in the peri-infarct region at 14 days after stroke. (D) Pictures showed DCX+ cells in the subventricular zone at 14 days after 
stroke. (E) Quantitative analysis of the number of blood vessels of mice that treated with 10% sucrose and other tested groups at 14 days after stroke at 14 days after stroke. (F) 
Quantitative analysis of the number of CD31+/Ki67+ cells of mice that treated with 10% sucrose and other tested groups at 14 days after stroke. (G) Quantitative analysis of DCX+ cells in 
the subventricular zone of mice that treated with 10% sucrose and other tested groups at 14 days after stroke.at 14 days after stroke. *p< 0.05, **p < 0.01, ***p< 0.001. Adapted from 
Wang C, Yang X, Jiang Y, et al. Targeted delivery of fat extract by platelet membrane-cloaked nanocarriers for the treatment of ischemic stroke. J Nanobiotechnology. 2022;20(1):249. 
Creative Commons.47
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Conclusions and Perspectives
The absence of a viable therapeutic approach for angiogenesis in stroke has been a significant barrier for healthcare 
professionals and individuals affected by ischemic stroke, both in terms of therapy and long-term recuperation. The BBB 
poses a significant challenge in delivering therapeutic medicines to cerebral ischemia areas due to its unique properties. 
The lack of targeted delivery of therapeutic medications to ischemia areas leads to unfavorable clinical outcomes. In 
recent times, there has been a significant utilization of nanoparticles in the management of stroke. This adoption has been 
driven by the observed enhancement in the efficacy of conventional pharmaceuticals and the potential it offers for the 
implementation of developing therapeutic approaches, including gene therapy, targeted therapy, and treatment 
visualization.210 The angiogenic processes and progression of ischemic stroke are influenced by a variety of nanopar-
ticles. These nanoparticles encompass the encapsulation of pro-angiogenic proteins within appropriate polymeric 
nanoparticles, the development of nanocarriers that can selectively penetrate the blood-brain barrier, the utilization of 
polymeric nanoparticles, the use of stimulus-responsive nanocarriers, the application of upconversion nanoparticles, the 
internalization of nanoparticles through transcellular transport via endocytosis, and the utilization of biomimetic 
nanoparticles, among others. The researchers have developed many therapeutic strategies utilizing functional nanopar-
ticles to promote angiogenesis in ischemic zones. The nanoparticles primarily consist of brain-targeting nanoparticles, 
BBB therapy nanoparticles, BBB penetration-enhancing nanoparticles, BBB-protective nanoparticles, and nanoparticles 
that utilize endocytosis for transcellular transport. These nanoparticles have shown promising advancements in pre-
clinical trials for the treatment of angiogenesis in ischemic stroke therapy.

To improve the permeability of the BBB, many strategies have been employed, including the utilization of BBB-targeting 
therapy-based nanoparticles, transcellular transport-based nanoparticles that undergo endocytosis, and biomimetic nanopar-
ticles. These approaches aim to facilitate the penetration of a greater number of nanoparticles into the brain. Additional 
research is required to thoroughly examine the extended-term safety of this approach, given that an increased permeability of 
the BBB might heighten the potential for hemorrhagic transformation. In addition, enhancing the brain accumulation of 
nanoparticles by receptor-mediated transcytosis can be achieved by covalently conjugating or electrostatically interacting 
particular ligands with nanoparticles. Following a stroke, there is a notable upregulation of several receptors on the BBB, 
hence presenting novel prospects for the precise administration of nanomedicine.211–213 It is important to highlight that the use 
of targeted nanomedicine that has been changed with endogenous ligands may face competition from endogenous ligands 
present in the bloodstream during the process of crossing the BBB, resulting in a decrease in targeting effectiveness. 
Fortunately, there have been advancements in the development of antibodies that exhibit enhanced specificity towards 
receptors, hence rendering the interactions unaffected by endogenous ligands. Nevertheless, considering the extended 
circulation duration of nanoparticles, there is a possibility of heightened exposure to coagulation factors in the bloodstream, 
leading to an elevated risk of blood vessel blockages. This, in turn, can diminish the effectiveness of nanomedicine due to the 
acquisition of antigenic properties by plasma proteins after opsonization. The reticuloendothelial system has the potential to be 
significantly improved in terms of nanomedicine clearance.30 The necessity for validated methodologies to assess the 
cytotoxicity of nanomaterials arises from the fact that many types of nanomaterials have the potential to induce inflammation 
and generate free oxygen radicals. Hence, it is important to evaluate several crucial parameters, including the cell type, dose, 
and the impact of the biological environment on the physicochemical characteristics of nanomaterials. Additionally, careful 
consideration should be given to selecting the most suitable cytotoxic test.214

Simultaneously, the nanocarrier has been a significant focus of study due to its ability to carry medications across the 
blood-brain barrier and promote efficient drug release. Nanocarriers are highly valuable because of their unique targeting 
powers and prolonged circulation lifetime. Future study might prioritise investigating the inherent instability of 
liposomes, the possible toxicity associated with inorganic particles, and the intricate nature of polymer synthesis. 
Although several studies have validated the importance and efficacy of various drug delivery systems, their elimination 
from the body and potential adverse reactions still lack certainty. Moreover, given the complex characteristics of 
ischemic stroke, it is crucial for nanodelivery systems to prioritise the entire protection of the nervous system. 
Significantly, further investigation is need to examine a broader array of options, encompassing both preclinical and 
clinical phases.
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Recent research have identified many therapeutic approaches for treating ischemic stroke by targeting nanotherapeutics 
that affect angiogenesis. The potential for these therapies to be applied in practice is reinforced by their great effectiveness in 
research conducted prior to clinical trials. Regrettably, none of the nanomedicines that have been examined have been 
effectively implemented in clinical settings thus far. Several issues impede the transfer from laboratory research to clinical use 
in the field, one of which is the constraints posed by preclinical stroke models. The MCAO animal stroke model is the most 
often utilised, although it is not suitable for clinically intricate situations that exhibit individual variations. Hence, it is 
imperative to create more suitable stroke models that accurately replicate the cellular and molecular processes involved in 
thrombosis and thrombolysis. Comorbidities pose an additional challenge in converting preclinical findings into practical 
applications. This problem presents a challenge when it comes to creating personalised treatments tailored to the patient’s 
specific ailment. In the coming years, we anticipate that nanotherapies specifically designed for Ischemic stroke will continue 
to advance. These treatments are expected to become more efficient and safer, which will make them more suitable for use in 
clinical settings. It should be emphasised that the nanoparticles formulations that are most efficient for delivering drugs to the 
brain nevertheless tend to collect in other parts of the body, such as the liver, spleen, kidney, and other organs and tissues, 
before being removed. Therefore, it is crucial to develop nanoformulations that are specifically activated to release the 
medicine after they have reached the brain, rather than doing so in other parts of the body.215 Future advancements in 
triggerable nanoformulations are anticipated to enhance the therapeutic application of nanoparticles in the field of regenerative 
medicine. Nanomedicines are still in the early stages of development and further comprehensive study is required to 
effectively transfer these pharmaceuticals into improving angiogenesis following brain ischemia. Additional inquiries should 
be undertaken to uncover the outcome of nanomedicines therapy targeting angiogenesis following stroke administration, as 
well as the potential adverse effects, in order to gain a deeper understanding of the transition from preclinical to clinical use.

Several types of nanoparticles to therapy of angiogenesis following stroke, including liposomes, inorganic nanoparticles, 
biomimetic nanoparticles, and polymeric nanoparticles, have been extensively studied. These particular types of nanoparticles 
have garnered significant attention due to their well-established manufacturing techniques, which has raised hopes for their 
potential translation into clinical applications. In recent times, there has been a growing interest in the development of 
biomimetic nanoparticles that utilize cell membranes or extracellular vesicles for the purpose of targeted drug administration 
in the context of angiogenesis following a stroke. The exceptional biocompatibility and safety, together with their intrinsic 
targeting properties, position them as a prominent area of research in the field of nanoparticles for the targeted therapy of 
angiogenesis following a stroke. This has the potential for significant advancements in stroke treatment.216 With advance-
ments in carrier technology and a more comprehensive comprehension of pathogenic causes, nanoparticles have emerged as 
a promising avenue for exploring the therapy of angiogenesis following stroke.
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