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Abstract 

Ischemic stroke poses significant challenges in terms of mortality and disability rates globally. A key obstacle 
to the successful treatment of ischemic stroke lies in the limited efficacy of administering therapeutic agents. Lev-
eraging the unique properties of nanoparticles for brain targeting and crossing the blood–brain barrier, researchers 
have engineered diverse nanoparticle-based drug delivery systems to improve the therapeutic outcomes of ischemic 
stroke. This review provides a concise overview of the pathophysiological mechanisms implicated in ischemic stroke, 
encompassing oxidative stress, glutamate excitotoxicity, neuroinflammation, and cell death, to elucidate potential 
targets for nanoparticle-based drug delivery systems. Furthermore, the review outlines the classification of nanoparti-
cle-based drug delivery systems according to these distinct physiological processes. This categorization aids in identi-
fying the attributes and commonalities of nanoparticles that target specific pathophysiological pathways in ischemic 
stroke, thereby facilitating the advancement of nanomedicine development. The review discusses the potential ben-
efits and existing challenges associated with employing nanoparticles in the treatment of ischemic stroke, offering 
new perspectives on designing efficacious nanoparticles to enhance ischemic stroke treatment outcomes.
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Introduction
Stroke represents a formidable challenge to global health, 
ranking as the world’s second-leading cause of mortality 
and the primary cause of chronic disability. This condi-
tion poses a significant risk to patient safety and carries 
a substantial societal toll. With the global population 
aging, the incidence of stroke is on the rise, highlighting 
the pressing need for effective interventions and treat-
ment strategies [1]. Among the various types of strokes, 
ischemic stroke (IS) is the most common, accounting for 
over 85% of cases. Characterized by acute and persistent 
cerebral ischemia and hypoxia, IS results in a detrimen-
tal disruption of brain blood circulation, leading to severe 
and often irreversible consequences [2].

Acute ischemic stroke (AIS) arises from the obstruc-
tion of blood flow in a cerebral artery due to a clot or 
embolus. This sudden blockage results in decreased per-
fusion to brain tissue, leading to reduced levels of oxygen, 
ATP, and glucose. Consequently, widespread neuronal 
death, brain tissue infarction, and subsequent neuro-
logical deficits ensue [3]. Although collateral circulation 
may offer partial compensation, it is often insufficient 

to salvage the entire ischemic injury area. The ischemic 
brain tissue can be categorized into two main regions: 
the ischemic core and the penumbra. The ischemic core, 
situated at the center of the injury, represents the most 
severely damaged area where nerve cells endure severe 
ischemia, leading to necrosis. Cells in the core zone have 
either perished or are nearing complete necrosis, ren-
dering the damage irreversible. In contrast, the penum-
bra undergoes milder ischemia, where inadequate blood 
supply compromises normal neurophysiological function 
without prompting immediate cell death. Restoration 
of blood flow promptly allows cells in the penumbra to 
recover and regain normal function. Failure to restore 
blood flow promptly results in progressive degeneration 
and necrosis of neurons in the penumbra, ultimately con-
tributing to the infarct core and worsening brain damage 
[4].

Recently, nanoparticle (NP)-based drug delivery sys-
tems have gained significant traction in biomedical 
applications as a result of their distinct physicochemical 
properties. These properties comprise their nano-scale 
dimensions, expansive surface area, and notable capacity 
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for drug encapsulation, targeted delivery, and simulta-
neous administration of therapeutic agents. NPs also 
shield drugs from degradation, enable controlled release, 
extend circulation time, and diminish toxicity [5, 6]. Con-
sequently, diverse NP-based drug delivery systems, such 
as liposomes, micelles, dendrimers, nanogels, inorganic 
NPs, and natural NPs, have been investigated for thera-
peutic and diagnostic purposes in cerebral stroke [7]. 
The versatility of nanomaterials allows for customized 
design to meet specific therapeutic goals or modifications 
with various ligands and responsive linkers for intelli-
gent drug delivery. This aids in their traversal across the 
blood–brain barrier (BBB), enhances drug accumulation 
in ischemic regions, and modulates drug release based on 
the pathological features of IS [8]. Research indicates that 
NPs, either independently or in conjunction with neuro-
protective drugs, can effectively address challenges like 
short half-life, low water solubility, poor bioavailability, 
limited BBB permeability, and potential kidney and liver 
toxicity, thereby significantly improving the management 
of AIS [9, 10]. This improvement encompasses promot-
ing neuronal recovery, extending treatment windows, 
mitigating neuronal death in the ischemic penumbra, 
and enhancing patient prognosis. Moreover, NPs have 
substantially propelled the understanding of the patho-
genesis of AIS and the creation of targeted pathophysi-
ological treatments, ushering in new dimensions and 
innovative strategies for AIS management [11, 12]. Over-
all, NPs show great promise in the treatment of IS, offer-
ing enhanced therapeutic approaches and better patient 
outcomes.

In this review, firstly, to intuitively grasp the current 
research focal points and trends of NPs in IS, we searched 
the Web of Science Core Collection for articles and 
reviews on the application of NPs in IS published from 
January 1, 2003 to February 29, 2024. Qualitative and 
quantitative analysis was conducted using CiteSpace and 
GraphPad prism 8 software. The results showed that 610 
articles were included, and in the past 20 years, the num-
ber of publications on the study of NPs in IS has signifi-
cantly increased (Fig. 1A). The co-occurrence analysis of 
keywords showed the top ten most frequently occurring 
keywords. It is worth noting that, except for “ischemic 
stroke” and “nanoparticles”, “drug delivery”, “blood–brain 
barrier”, “cerebral ischemia” and “oxidative stress” are the 
most common keywords, indicating that they are cur-
rently the research hotspots of NPs in IS.

(Fig. 1B). In addition, keyword visualization shows the 
highest centrality in the BBB and drug delivery (Fig. 1C). 
In short, considerable advancements have occurred 
in the past two decades within this research domain. 
The prominent focus in NP therapy for IS primarily 
revolves around enhancing drug delivery across the BBB. 

Secondly, the traditional treatment strategies for IS were 
reviewed, with a focus on its pathophysiological changes, 
as well as targeted therapy of NP-mediated drug delivery 
systems targeting specific pathological and physiological 
mechanisms of IS. Finally, we discussed the perspectives 
and prospects of NP-mediated delivery systems for the 
treatment of IS, providing insights into the future devel-
opment of nanomaterial therapy for IS. In conclusion, we 
aspire for this comprehensive review to inspire research-
ers to purposefully design NP-based therapeutics based 
on the pathophysiological characteristics of IS, ultimately 
achieving effective treatment for this condition.

Traditional treatments for IS
Traditional treatments for IS encompass recanalization/
reperfusion and neuroprotection, aiming to improve 
neurological outcomes [13–15]. Intravenous thromboly-
sis with rt-PA and mechanical thrombectomy are criti-
cal interventions for AIS, often used in combination to 
enhance efficacy and safety for selected patients (Fig. 2) 
[16, 17]. Despite these advances, most patients are unable 
to benefit due to limitations such as narrow treatment 
time windows and adverse reactions. Research contin-
ues to focus on neuroprotective agents to extend treat-
ment windows and promote recovery. Neuroprotective 
agents developed to enhance neuron survival post-IS, 
show promise in preclinical studies (Table 1) but have not 
demonstrated significant clinical benefits, primarily due 
to poor BBB penetration and inadequate animal model 
representation [18, 19]. Pharmacotherapy for IS, includ-
ing reperfusion and neuroprotective strategies, is vital 
for neuroprotection and brain function restoration but 
faces drawbacks such as poor solubility, short half-lives, 
toxicity, and low bioavailability. Monotherapies are inad-
equate for IS’s complex pathophysiology, necessitating 
higher doses and combination therapies. Moreover, the 
BBB hinders effective drug delivery to ischemic regions, 
limiting treatment efficacy. Although transiently com-
promised during IS, the BBB’s permeability is insufficient 
for optimal drug concentrations. NP-based drug delivery 
systems offer a promising solution to enhance drug deliv-
ery and therapeutic outcomes in IS treatment [20].

NP‑based targeted pathophysiological therapy 
for IS
In recent times, there have been notable advancements 
within the biomaterials sector concerning the creation 
of therapeutic drug delivery systems aimed at treating 
IS [33]. Among the various biomaterials explored, those 
based on NPs have emerged as a particularly promising 
avenue. Nanoparticles (NPs), defined as ultrafine par-
ticles with dimensions ranging from 1 to 100  nm (nm), 
exhibit distinct physical and chemical properties due 
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to their high surface area to volume ratio and come in 
various types including metallic NPs like gold and silver, 
metal oxide NPs such as iron oxide and titanium dioxide, 
carbon-based NPs like fullerenes and carbon nanotubes, 
polymeric NPs made from organic polymers, and ceramic 
NPs including silica and alumina. In medicine, these 
versatile particles are employed for targeted drug deliv-
ery systems that enhance therapeutic efficacy and mini-
mize side effects by delivering drugs directly to diseased 
cells, improved imaging techniques such as enhanced 
MRI and CT scans that offer higher resolution and bet-
ter contrast, and innovative therapeutic approaches like 

photothermal therapy for cancer where NPs generate 
heat to selectively destroy cancer cells, while also being 
used in biosensing for detecting biomarkers and in the 
creation of scaffolds for tissue engineering, all of which 
highlight their significant potential in advancing medical 
diagnostics and treatments [34–36]. The unique localiza-
tion of NPs is that they are smaller than cells but larger 
than most small-molecule substances. This allows them 
to act as efficient drug carriers, capable of controlling the 
release of therapeutics, which can lead to enhanced treat-
ment outcomes across a spectrum of diseases [37–39]. 
Moreover, NPs are capable of being taken up by various 

Fig. 1  A Annual number of publications worldwide from January 1, 2003 to February 29, 2024. B The keyword co-occurrence analysis provides 
the top 10 keywords with co-occurrence frequency rankings. C Keyword co-occurrence analysis provides a centrality ranking of keywords. 
D Visualization of keyword co-occurrence analysis (The size of each node indicates the frequency of the word’s occurrence in outputs, 
with larger circles representing higher frequencies. The thickness of the pink outer ring around each node signifies its centrality. The thickness 
of the connecting lines reflects the proximity of the relationship between two words)
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cell types through a process known as clathrin-mediated 
endocytosis [40]. Following internalization, NPs navi-
gate the intracellular environment via the endolysosomal 
pathway. This journey culminates in the fusion of NP-
loaded vesicles with the abluminal membrane of the BBB, 
facilitating the transport of NPs into the CNS [41]. Under 
the conditions of AIS, the paracellular permeability of 
the BBB is significantly increased due to the disruption 
of tight junctions (TJs) [42]. This disruption can further 
augment the delivery of NPs to the brain. Consequently, 
NP-based drug delivery systems hold the potential to 

address the current treatment challenges associated with 
IS.

Superlative NP-based drug delivery systems must har-
ness and regulate the aberrant pathophysiological fea-
tures of IS. Consequently, a thorough comprehension of 
the pathophysiological traits associated with IS is funda-
mental for the development of such systems. In IS, the 
blockage of a cerebral artery results in the disruption of 
blood flow, leading to insufficient delivery of oxygen and 
glucose to neurons and other brain cells. Consequently, 
this deprivation leads to disrupted ATP synthesis, energy 

Fig. 2  A Schematic representation of the principle of intravenous thrombolysis for the treatment of AIS. B Schematic diagram of mechanical 
thrombectomy for IS. C A schematic diagram of the combined treatment (bridging therapy) of intravenous thrombolysis and mechanical 
thrombectomy for IS
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deficiency, compromised ion balance, and acid–base dis-
turbances [43, 44]. All of these functional impairments 
can lead to neuropathological changes in the brain, 
ultimately resulting in severe neurological damage and 
defects [45].

This section will comprehensively explore various 
pathophysiological changes related to IS, including glu-
tamate excitotoxicity, neuroinflammation, BBB disrup-
tion, oxidative stress, mitochondrial dysfunction, and cell 
death (Fig. 3), as well as the application of NP-based drug 
delivery systems targeting the aforementioned patho-
physiological treatments for IS.

Oxidative stress and mitochondrial dysfunction
The pathological mechanism of oxidative stress
Oxidative stress, stemming from disrupted redox reac-
tions, generates harmful free radicals damaging cellular 
structures. In IS, ischemia/reperfusion exacerbates oxi-
dative stress, compromising BBB integrity and triggering 
neuroinflammatory responses [46]. Uncontrolled ROS 

production leads to red blood cell membrane peroxida-
tion, impairing gas exchange and red blood cell function 
[47]. This contributes to microthrombosis, exacerbat-
ing cerebral ischemic damage. Oxidative stress, primar-
ily from heightened ROS production via mitochondrial 
oxidative phosphorylation, intertwines with various 
pathological mechanisms in IS [48]. Mitochondria, dou-
ble-membraned organelles found in all eukaryotic cells 
except mammalian red blood cells, play a crucial role 
in ATP production via oxidative phosphorylation. The 
outer membrane, with its channel structures, allows 
molecules under 10  kDa to pass, while the inner mem-
brane hosts the electron transport chain (ETC) and ATP 
synthase complexes, facilitating oxygen, carbon dioxide, 
and water movement. In IS, mitochondria are highly sus-
ceptible to damage from ROS bursts, calcium overload, 
and excitotoxicity, leading to structural and functional 
abnormalities. These include deformation of the inner 
mitochondrial membrane (IMM), increased ROS pro-
duction, and calcium overload. Mitochondrial responses 

Table 1  Promising neuroprotective Candidates

HUK: Human urinary kallidinogenase; Neu2000:2-Hydroxy-5-(2,3,5,6-tetrafluoro-4-trifluoromethyl-benzylamino)-benzoic acid; UA: Uric Acid; ETBR: Endothelin B 
receptor; NPC: Neurogenic Progenitor Cell; APC: Activated Protein C; PDS-95: Postsynaptic density protein 95; RCT: Randomized Clinical Trial; rt-PA: Recombinant 
Tissue Plasminogen Activator; NA-1: nerinetide; NMDAR: N-methyl-D-aspartate receptor; PDE1: phosphodiesterase 1

Drug Mechanism Stage Limitations References

Natalizumab –Prevents leukocytes across BBB –Phase II RCT​ –Significant immunogenicity and severe toxic side effects [21]

EDV –Anti–oxidant
–Anti–apoptosis
–Anti–neuroinflammation

–RCTs –Regional underrepresentation [22]

Statins –Anti–inflammatory
–Anti–oxidant
–Reduces BBB dysfunction
–Enhances cerebral blood flow

–Phase II RCT​ –Significant musculoskeletal and liver toxicity [23]

ApoTOLL –TLR4 antagonist
–Anti–inflammatory

–Phase I RCT​ –No official results [24]

Neu2000 –Anti–oxidant
–Anti–excitotoxicity

–Phase II RCT​ –No significant neuroprotection [25]

Vinpocetine –Inhibitor of PDE1
–Inhibitory Ca2+ influx
–Antioxidant
–Anti–inflammatory 
–Anti–apoptotic

–Clinical trials –Methodological deficiencies and uncertain efficacy [26]

Sovateltide –Agonist of ETBR  
–Improve NPC differentiation
–Anti–oxidant

–Phase III RCT​ –Only involved 40 participants [27]

NA–1 –Anti–excitotoxicity –Preclinical –The neurological outcome did not improve
–Decreased plasma level of NA–1

[28]

HUK –Regulates the kallikrein–kinin system –Several RCT​ –Small sample size
–Methodological weaknesses

[29]

Minocycline –Antibiotic drug –Anti–inflammatory –Several RCTs –Small sample sizes
–No clear results

[30]

3K3A–APC –Anticoagulant 
–Antiapoptotic 
–Anti–inflammatory

–Phase II RCT​ –Only included 110 participants [31]

Uric Acid –Antioxidant –Phase IIb/III –No significant difference [32]
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to these stressors include mitochondrial enlargement, 
increased cytoplasmic density, and disruption of the 
mitochondrial membrane potential (ΔΨm), which acti-
vates the mitochondrial permeability transition pore 
(MPTP) [49, 50]. This leads to a cycle of heightened ROS 
production, reduced ATP synthesis, PINK1 accumula-
tion, and activation of the unfolded protein response 
(UPR), culminating in mitophagy [51]. Mitophagy is fur-
ther stimulated by autophagosome formation from mito-
chondrial DNA damage due to excess ROS. The opening 
of the MPTP releases cytochrome C and ROS, activating 
caspases and leading to cellular apoptosis and necrosis 
(Fig. 4) [52].

In essence, the relationship between oxidative stress 
and mitochondria is intricately intertwined in the context 
of IS. Oxidative stress significantly impacts mitochon-
drial function, potentially causing mitochondrial dys-
function, which in turn can compromise cell viability and 

operation. Conversely, mitochondrial dysfunction can 
also contribute to oxidative stress, given that the oxida-
tive phosphorylation process within mitochondria stands 
as a primary generator of free radicals. Consequently, a 
detrimental cycle forms between oxidative stress and 
mitochondria, amplifying cellular harm and mortality 
while worsening the condition of IS [53].

NP‑based therapeutics in antioxidant therapy for IS
The use of antioxidant therapy to neutralize excess ROS 
has been shown to mitigate oxidative stress damage and 
decrease subsequent apoptotic and inflammatory reac-
tions. As a result, this form of therapy has emerged as a 
principal approach for addressing injuries sustained from 
ischemia and reperfusion [54]. In preclinical studies, 
antioxidants typically encompass small molecular com-
pounds, antioxidant enzymes, and various organic/inor-
ganic substances. NPs have the potential to enhance the 

Fig. 3  Schematic diagram of the pathophysiological mechanisms involved in IS
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pharmacokinetic properties of antioxidants, facilitating 
their passage across the BBB and enabling them to con-
centrate in the affected areas of the brain [55].

Small-molecule antioxidants are frequently utilized for 
the antioxidant therapy of IS. The utilization of the NP-
based drug delivery system is chiefly intended to improve 
the bioavailability of the therapeutic agents. Ashafaq 
and colleagues developed a nanostructured lipid carrier 
(NLC) encapsulating resveratrol (NR) and tested its neu-
roprotective effects in a rat model of MCAO [56]. Poly-
sorbate-80 coating on NPs enhanced brain targeting and 
BBB penetration. NR reduced oxidative stress by increas-
ing glutathione (GSH) levels and protecting antioxidant 
enzyme activity. The efficacy of 250  μg of encapsulated 
resveratrol was comparable to 20 mg of free resveratrol, 
showing NR to be 40–160 times more effective than free 
resveratrol in previous studies, significantly improv-
ing its bioavailability and therapeutic potential. Further 

investigations into the therapeutic efficacy and post-
treatment protocols are needed to confirm whether NR 
treatment could be a promising candidate for a stroke. 
EDV, the sole neuroprotective drug approved for clini-
cal use, neutralizes ROS to protect ischemic brain tissue. 
Jin et  al. developed a micelle NP loaded with EDV-AM 
to enhance BBB crossing and neural protection during 
IS [57]. The EDV-AM significantly increased the perme-
ability of the endothelial monolayer in  vitro, leading to 
EDV concentrations that were 2.0 and 7.7 times higher 
than those of EDV-PM and unencapsulated EDV, respec-
tively. HPLC studies revealed that EDV-AM delivered 
more EDV to brain ischemia than free EDV following 
intravenous injection. Furthermore, magnetic resonance 
imaging showed that EDV-AM more rapidly salvaged 
ischemic tissue compared to free EDV. Diffusion tensor 
imaging demonstrated that EDV-AM was most effec-
tive in accelerating axonal remodeling in the ipsilesional 

Fig. 4  Oxidative stress and mitochondrial dysfunctions in IS
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white matter and improving functional behaviors in IS 
models. This agonistic micelle shows promise in enhanc-
ing the therapeutic efficacy for IS patients who miss the 
window for thrombolytic treatment.

Small-molecule antioxidants frequently necessitate tar-
geting specific pathways or signaling targets, potentially 
resulting in drug resistance. Consequently, addressing 
how NP-based drug delivery systems can overcome the 
resistance that may develop from prolonged small-mol-
ecule antioxidant use stands as a crucial challenge to be 
tackled in the future. Furthermore, in addition to a sin-
gle small-molecule antioxidant, multiple small-molecule 
antioxidants could be co-delivered by NPs to synergisti-
cally treat IS. The co-delivery of multiple drugs by NPs 
can not only improve the therapeutic effect, but also 
reduce side effects, and provide new possibilities for the 
treatment of IS through precision treatment and the inte-
gration of diagnosis and treatment.

Macromolecular antioxidants, such as melanin (Me) 
and superoxide dismutase (SOD), are known for their 
excellent biocompatibility and potent antioxidant prop-
erties. Despite these benefits, their clinical application 
in treating strokes is significantly hindered by their brief 
biological half-lives and the low permeability of the BBB. 
To overcome these challenges, a novel approach involving 
NP-based delivery systems that harness these macromo-
lecular antioxidants has been devised for the antioxidant 
treatment of IS. Reddy and colleagues developed SOD-
encapsulated biodegradable NPs (SOD-NPs) using PLGA 
and tested their efficacy in a rat model of transient focal 
cerebral I/R [58]. SOD-NPs preserved the integrity of 
the BBB, preventing edema, reducing the levels of ROS 
produced after reperfusion, and protecting neurons from 
apoptosis. Animals treated with SOD-NPs showed sig-
nificantly higher survival rates compared to those treated 
with saline control (75% vs. 0% at 28 days) and eventually 
regained most critical neurological functions. SOD-NPs 
could be an effective treatment option when used along-
side a thrombolytic agent for stroke patients. In addition, 
the biodegradability of PLGA may bring greater advan-
tages to this system. Besides SOD, other antioxidant 
enzymes like catalase and glutathione peroxidase can be 
employed in the treatment of IS through NP-based deliv-
ery. However, these proteins are prone to degradation, 
thus requiring careful consideration when employing 
NPs for their encapsulation. 

In contrast, melanin, a polyphenolic polymer, exhib-
its greater resistance to degradation and enhanced load 
operability. Liu et  al. developed PEG-coupled melanin 
NPs (PEG-MeNPs) and evaluated their antioxidative 
potential in IS [59]. PEG-MeNPs effectively countered 
various reactive oxygen and nitrogen species (RONS) and 
demonstrated neuroprotective and anti-inflammatory 

effects in  vitro. In  vivo results further confirm that the 
distinctive multi-antioxidative, anti-inflammatory, and 
biocompatible properties of MeNPs effectively protect 
ischemic brains while causing negligible side effects. This 
innovative approach combines melanin’s natural antioxi-
dant properties with sustained NP release, enhancing IS 
treatment.

In addition to serving as carriers, NPs can synergize 
with antioxidants for enhanced efficacy. Varlamova et al. 
developed Se-TAX, a nanocomposite of selenium NPs 
(SeNPs) and taxifolin (TAX), to improve neuroprotec-
tion in ischemic/reoxygenated cortical cells [60]. Se-
TAX, TAX, and SeNPs all reduced ROS in neurons and 
astrocytes under oxidative stress, with Se-TAX showing 
superior performance and minimal pro-oxidant activ-
ity. Se-TAX activated antioxidant enzymes and inhibited 
ROS-generating systems during OGD/reoxygenation, 
outperforming its components. Unlike SeNPs alone, 
which partially inhibited Ca2+ increase, Se-TAX miti-
gated both calcium surges and hyper-excitation. TAX 
was effective only against hyper-excitation. Se-TAX 
also significantly reduced necrosis and apoptosis post-
OGD/reoxygenation, ranking in effectiveness as Se-
TAX > SeNPs > TAX. Combining SeNPs with taxifolin 
creates a promising neuroprotective strategy for brain 
ischemia with low toxicity. However, further research 
is needed to explore the neuroprotective effects of this 
stroke model in vivo.

In biomedicine, inorganic NPs are popular due to 
their large surface area, customizable architecture, ver-
satile surface chemistry, and unique optical and physical 
properties. Many have been engineered for antioxidant 
treatments targeting IS. Tian et al. created selenium-con-
taining metal–organic framework-coated dual-iron-atom 
nanoenzymes (Fe2NC@Se NPs) with multi-enzymatic 
cascade activities to mimic natural antioxidants [61]. 
These NPs showed superior SOD, catalase, and oxidase 
activities compared to single-atom iron counterparts, 
with the Se-MOF layer enhancing stability and biocom-
patibility. Density functional theory suggests a synergistic 
effect boosts Fe2NC activity. In vitro and in vivo studies 
demonstrated that Fe2NC@Se NPs effectively reduce oxi-
dative damage and neuronal apoptosis post-cerebral I/R 
injury by scavenging ROS and inhibiting the ASK1/JNK 
apoptotic pathway. These NPs significantly reduced cer-
ebral infarction and edema, suggesting their potential for 
novel antioxidant therapies to improve IS treatment.

Inorganic NPs can catalyze the decomposition of ROS 
directly and can also release specific elements or ions 
that regulate molecules or pathways associated with 
ROS. Huang et  al. developed a bioinspired manganese 
oxide nanoenzyme (HSA-Mn3O4) to mitigate reperfu-
sion damage post-IS [62]. This nanosystem demonstrates 
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reduced inflammation, extended circulation time, and 
robust ROS scavenging capabilities. HSA-Mn3O4 effec-
tively prevents cell apoptosis and endoplasmic reticulum 
(ER) stress induced by oxygen and glucose deprivation, 
showcasing its neuroprotective effects against IS and rep-
erfusion injury in brain tissue. Additionally, it facilitates 
the release of Mn ions, enhancing SOD2 activity. Thus, 
HSA-Mn3O4 mitigates brain tissue damage by mitigating 
cell apoptosis and ER stress in vivo. Overall, this research 
not only informs the design of biomimetic and transla-
tional nanomedicine but also elucidates the mechanisms 
underlying its neuroprotective effects against IS and rep-
erfusion injury.

In addition to inorganic NPs, some organic NPs can 
also directly promote the decomposition of ROS. Hosoo 
et al. developed nitroxide radical-containing NPs (RNPs) 
embedded with TEMPOL to neutralize ROS and provide 
neuroprotection [63]. Their study showed RNPs signifi-
cantly reduced superoxide anions in both the peri-infarct 
zone and ischemic core, confirmed by decreased oxida-
tive DNA damage via 8-OHdG staining. Compared to 
PBS-treated controls, arterial RNP administration signifi-
cantly reduced BBB permeability, improved neurologi-
cal function, and decreased infarct volume. Additionally, 
RNPs reduced neuronal apoptosis near the infarct. This 
study demonstrates that RNPs, as high-performance 
antioxidants, can effectively exert their effects while pro-
longing the half-life and circulation time of TEMPOL 
in vivo, reducing its toxicity. These findings highlight the 
potential of RNPs as a therapeutic intervention for cere-
bral I/R injuries, with intra-arterial RNP injection emerg-
ing as a novel approach to protect the neurovascular unit 
by reducing infarct size, BBB damage, and scavenging 
multiple ROS.

It should be noted that organic/inorganic NP-based 
nanoenzymes have been widely studied, but a major 
obstacle for these nanoantioxidants is their high speci-
ficity in antioxidant activity against ROS (mainly H2O2). 
Considering the multiple ROS produced in diseases, it 
may not be able to fully prevent oxidative damage. By 
comparison, the advantages of endogenous antioxidant-
based NPs are as follows: (i) Strong clearance of multiple 
primary and secondary ROS and reactive nitrogen spe-
cies (RONS); (ii) Highly stable antioxidant activity against 
oxidative damage; (iii) Good biocompatibility. Therefore, 
it is necessary to consider the pathophysiological charac-
teristics of IS and the physicochemical properties of NPs 
in selecting the system for IS treatment.

The above research indicates that NP-based treatment 
methods can help various antioxidant drugs cross the 
blood–brain barrier, improve the efficacy and bioavail-
ability of antioxidant drugs in vitro and in vivo treatment 
of IS, and help explore some antioxidant mechanisms, 

contributing new content to the antioxidant treatment 
of IS. However, the cascade reaction of ischemic pathol-
ogy is complex and the targeting efficiency of drugs on 
ischemic penumbra needs to be further improved. To 
further improve the brain penetration and therapeutic 
effect of ischemic injury, NP-based drugs with precise 
targeted pharmacological effects have been designed and 
developed recently.

Smart-responsive NPs are already being used to deliver 
antioxidants for IS treatment. Wu et al. developed PEG-
terminated poly (2,2’-thiodiethylene 3,3’-thiodipropion-
ate) (PEG-PTT) polymers with ROS-sensitive thioether 
motifs and thrombin-sensitive peptides, creating NPs 
that shrink in response to thrombin in ischemic environ-
ments [64]. To enhance brain penetration, AMD3100, 
which binds to the upregulated CXCR4 receptor in 
ischemic areas, was grafted onto these NPs (ASPTT 
NPs). In MCAO-induced stroke models in mice, ASPTT 
NPs selectively accumulated in the ischemic brain and 
exerted strong antioxidant effects. This work shows 
ASPTT NPs are capable of efficient encapsulation and 
delivery of glyburide to achieve anti-edema and antioxi-
dant combination therapy, resulting in therapeutic ben-
efits significantly greater than those by either the NPs or 
glyburide alone. ASPTT NPs can encapsulate and deliver 
glibenclamide, an antiedematous agent that has shown 
promise in human patients. Despite its limited brain 
penetration, encapsulating glibenclamide within the Np 
provides additional therapeutic benefits. ASPTT NPs 
demonstrated exceptional brain penetration and thera-
peutic benefits, making them a promising platform for 
targeted stroke therapies and potential clinical transla-
tion for effective stroke management.

The current trend in the development of NP-based 
drug delivery systems is transitioning gradually from 
single to multiple targeting, a shift with significant 
implications for precision targeted therapy. Dong et  al. 
developed a biomimetic drug delivery platform, stroke-
homing peptides (SHp)-NM@Edv/RCD (SNM-NPs), for 
advanced, multi-phased targeting [65]. Firstly, by NM 
encapsulation, SNM-NPs can successfully penetrate the 
BBB and target inflammatory sites. Secondly, SHp modi-
fication allows SNM-NPs to specifically target damaged 
neurons at CIRI sites. In addition, SNM-NPs significantly 
reduced the drug concentration in vivo by stepwise tar-
geting and inhibited neuroinflammation by scaveng-
ing excessive ROS. Furthermore, the scavenging of ROS 
upregulated Bcl2 expression, inhibited Bax function, 
and further inhibited Caspase 3 activation, thereby sup-
pressing neuronal apoptosis and neuronal microtubule 
repair. Preliminary experiments also showed that SNM-
NPs exhibited a good safety profile both in intravenous 
therapy and in vitro cell experiments; therefore, they can 
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be further developed as effective and safe agents for tar-
geted therapy of CIRI. In addition, stepwise targeting and 
precision drug delivery strategy can be used for the preci-
sion treatment of other diseases related to local oxidative 
stress and inflammation in the brain.

Hypoxia occurring in AIS before thrombolysis or the 
subsequent increase in oxygen levels post-thrombolysis 
can lead to elevated levels of free radicals, causing suc-
cessive damage to neurocytes. Shi et  al. introduced 
engineered nano-erythrocytes for AIS and I/R injury 
treatment by encapsulating Mn3O4 within natural eryth-
rocytes and attaching T7 peptides for BBB penetration, 
forming Mn3O4@nanoerythrocyte-T7 (MNET) (Fig. 5A) 
[66]. MNET exhibited efficient localization within 
infarcted areas, leveraging the stealth effect of eryth-
rocytes and the BBB-penetrating ability of T7 peptides 
(Fig.  5B). MNET significantly inhibited phagocytosis 
and enhanced BBB traversal, effectively eliminating free 
radicals and mitigating cellular hypoxia in vitro (Fig. 5C). 
In vivo, MNET provided therapeutic benefits by salvaging 
neurocytes before thrombolysis through rapid free radi-
cal clearance and oxygen delivery, and post-thrombolysis 
by curbing oxygen influx and neutralizing free radicals 
to prevent reperfusion injuries (Fig. 5D, E). MNET’s dual 
ability to scavenge free radicals and absorb oxygen offers 
a promising stepwise approach for IS management. It is 

crucial to highlight that during the treatment of IS, the 
primary objective is to promptly restore flow in occluded 
blood vessels. Nevertheless, the oxidative stress induced 
by surplus oxygen post-reperfusion must not be over-
looked. Consequently, strategically managing oxygen 
levels pre- and post-reperfusion of blood vessels could 
potentially be a pivotal approach in utilizing NPs for the 
treatment of IS. Currently, normobaric hyperoxia (NBO) 
is the primary treatment for reducing penumbral tis-
sue hypoxia. However, as previously reported, NBO can 
cause side effects due to the risk of systemic exposure to 
high-dose oxygen. The oxygen sponge effect of MNET 
has effectively regulated oxygen levels before and after 
thrombolysis in ischemic stroke, showing promising clin-
ical application potential. The elegant design, straightfor-
ward preparation process, and encouraging results of the 
nanosystem proposed in this study offer an effective ther-
apeutic strategy with broad potential for clinical applica-
tion in IS.

In addition to various peptide-mediated and recep-
tor-mediated NPs targeting the ischemic site of the 
brain, NPs with organelle targeting (especially mito-
chondrial targeting) function are designed to more 
accurately regulate and treat the pathological and physi-
ological processes of IS. Liao et al. designed and synthe-
sized a nanoplatform based on ceria nanoenzymes TPP@

Fig. 5  Bioinspired nanosponge for salvaging IS via free radical scavenging and self-adapted oxygen regulating. A Schematic diagram of MNET 
salvaging in an acute IS via combining free radical scavenging and natural oxygen sponge effect. B Blood stability and BBB-crossing ability 
of MNET. C Protective effect of MNET via ROS scavenging and hypoxia relief in vitro. D The therapeutic effect of MNET in vivo for rescuing 
IS before thrombolysis. E The therapeutic effect of MNET in vivo for rescuing IS after thrombolysis.  Copyright © 2020, American Chemical Society
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(CeO2 + ROF) that exerts mitochondria-targeting and 
antioxidant activities [67]. This system consists of triphe-
nylphosphine-modified ceria and is loaded with the PDE4 
inhibitor roflumilast. This innovative design offers mul-
tiple advantages, including enhanced biocompatibility, 
mitochondrial targeting, excess ROS scavenging, mito-
chondrial function restoration, anti-inflammatory activ-
ity, antioxidant synergism, and microglial cell phenotype 
and cytokine secretion modulation. Their results suggest 
that TPP@(CeO2 + ROF) effectively mediates mitochon-
drial damage, attenuates oxidative damage and apopto-
sis, reduces cerebral infarct volume and BBB injury, and 
has a favorable biosafety profile. Transcriptome analysis 
further elucidated the neuroprotective mechanism of 
TPP@(CeO2 + ROF). We believe that this nanoplatform 
is potentially a promising strategy for the treatment of 
IS. Zhang et  al. developed multifunctional nanocarriers 
(SPNPs) for I/R injury treatment, targeting mitochondria, 
responding to ROS, and providing antioxidative effects 
(Fig. 6A) [68]. The thioketal cross-linked SPNPs reacted 

to ROS, neutralizing them and releasing the therapeutic 
compound PU. The SS-31 peptide enabled mitochondrial 
targeting. Integrated into a thermosensitive hydrogel for 
intranasal administration, SPNPs protected SH-SY5Y 
cells from oxidative damage and effectively transported 
them to ischemic regions in MCAO rats (Fig.  6B, C). 
The ROS-triggered release of PU restored mitochondrial 
function, sustained ATP production, preserved mem-
brane integrity, and inhibited apoptosis. In  vivo, SPNPs 
improved neurological scores, reduced infarct volumes, 
and mitigated brain swelling (Fig. 6D). By utilizing intra-
nasal administration, SPNPs encapsulated in the thermo-
sensitive gel can bypass the BBB and directly target the 
mitochondria of ischemic penumbra neurons, thereby 
enhancing delivery efficiency. This groundbreaking 
method provides substantial therapeutic advantages for 
treating ischemic damage and other CNS disorders.

In recent years, advancements in materials science and 
biology have facilitated the transition of NP-mediated 
oxidative stress regulation in IS from a macroscopic to 

Fig. 6  Mitochondrial-targeted and ROS-responsive nanocarrier via nose-to-brain pathway for IS treatment. A Schematic illustration of targeted 
treatment of IS by ROS-responsive NPs loaded with PU and decorated with SS31. B Neuroprotection on SH-SY5Y cells simulated oxidative stress 
environment after acute IS. C Characterization of thermo-sensitive gels containing different therapeutic agents and ex vivo biodistribution 
of therapeutic NPs. D In vivo anti-IS efficacy.  © 2023 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy 
of Medical Sciences. Production and hosting by Elsevier B.V
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a microscopic scale. The targeting of NPs in IS has pro-
gressed from ischemic site targeting to precise cell and 
organelle targeting. Future NP designs must exhibit pre-
cise molecular targeting capabilities related to oxidative 
stress. Moreover, the mechanisms through which NPs 
regulate oxidative stress demand further elucidation 
through genomics, proteomics, metabolomics, and other 
analytical approaches.

The current approach to treating IS with NPs primar-
ily revolves around enhancing the permeability of the 
BBB and increasing the bioavailability of established 
antioxidant medications. Additionally, there is a focus on 
developing novel NP-based drug delivery systems with 
superior antioxidant capabilities. Particularly notewor-
thy are the single and multi-targeted NPs that specifically 
target the ischemic region and mitochondria, thereby 
augmenting both the permeability of the BBB and the 
precise therapeutic impact of the medication. Moreover, 
the combined benefits of multifunctional NPs, acting 
as antioxidants while also releasing oxygen and reduc-
ing edema, have resulted in more favorable treatment 
outcomes for IS. Future NP designs must demonstrate 
precise molecular targeting capabilities associated with 
oxidative stress, rather than only targeting free radicals.

Glutamate excitotoxicity
The pathological mechanism of glutamate excitotoxicity
Glutamate, a key excitatory neurotransmitter in the CNS, 
is crucial for synaptic transmission, learning, memory, 
movement, cognition, and development [69]. Approxi-
mately 50% of glutamate is involved in synaptic transmis-
sion regulation. Since it cannot cross the BBB, glutamate 
is synthesized in the CNS from glucose, which undergoes 
glycolysis and the TCA cycle to form α-ketoglutarate 
(α-KG), the precursor for glutamate [70]. This synthesis is 
catalyzed by glutamate dehydrogenase (GDH). Another 
synthesis route involves the glutamate-glutamine cycle: 
glutamate is absorbed into astrocytes and converted to 
glutamine-by-glutamine synthetase (GS). Glutamine 
is then transported to neurons via transporters like the 
SLC38 family (SNAT) [71]. In neurons, glutaminase 
(GLS) converts glutamine back to glutamate and ammo-
nium ions [72]. Additionally, glutamate can be converted 
to α-KG through GDH or aspartate aminotransferase 
(AAT) [73]. This intricate exchange network, known as 
the "glutamate-glutamine cycle," is essential for main-
taining glutamate balance and provides neuroprotection 
for post-cerebral ischemia. During cerebral ischemia and 
hypoxia resulting from IS, diminished ATP synthesis in 
neurons results in energy deficiency, causing the mal-
function of key proteins such as Na+/K+-ATPase (NKA), 
Na+/Ca2+ exchanger (NCX), and Ca2+-ATPase across 
both plasma and intracellular organelle membranes. The 

disrupted ionic balance leads to heightened glutamate 
release and impaired glutamate reuptake, leading to aber-
rant glutamate processing. Additionally, it induces intra-
cellular calcium overload, triggering excessive glutamate 
secretion and activation of calcium-dependent enzymes. 
Elevated levels of glutamate in the synaptic cleft over-
stimulate the N-methyl-D-aspartate receptor (NMDAR) 
on the postsynaptic membrane, initiating cellular demise. 
Moreover, NMDAR hyperactivation exacerbates intracel-
lular Ca2+ accumulation, exacerbating the progression of 
cell death. The sequence of excitotoxic events in IS pre-
dominantly entails the death of postsynaptic cells medi-
ated through the glutamate-NMDAR pathway (Fig. 7).

In summary, prolonged exposure to elevated extra-
cellular glutamate levels during IS causes significant 
Ca2+ influx into neurons and glial cells, triggering neu-
rotoxic events. This excess Ca2+ activates proteases, 
phosphatases, endonucleases, and lipases, leading to the 
overproduction of free radicals, mitochondrial damage, 
membrane disruption, and DNA fragmentation, ulti-
mately resulting in apoptotic or necrotic cell death.

NP‑based therapeutics in excitotoxicity therapy for IS
Excitotoxicity mediated by glutamate is a key mecha-
nism in IS, triggering early stroke damage. Regulating 
this process can improve intervention outcomes. Gluta-
mate receptor antagonists and calcium channel block-
ers reduce excitotoxicity, offering neuroprotection for 
IS treatment [74]. However, current therapies face chal-
lenges like limited duration, poor targeting, and inad-
equate drug release control. To address these issues, NPs 
based on excitotoxicity inhibitors have been developed to 
enhance IS treatment efficacy.

Enhancing the solubility and BBB permeability of glu-
tamate receptor antagonists using NP-based delivery sys-
tems can improve IS treatment efficacy. PSD-95 activates 
neuronal nitric oxide synthase (nNOS) via the NMDA 
receptor, forming the NMDAR/PSD-95/nNOS complex. 
Disrupting this interaction can reduce excitotoxic dam-
age. Drugs like ZL006 and NR2B9C selectively block the 
nNOS-PSD-95 interaction but face challenges in pen-
etrating the ischemic brain effectively. Zhao et al. devel-
oped T7 and SHp dual-conjugated PEGylated liposomes 
(T7&SHp-P-LPs) for targeted delivery of ZL006 to treat 
IS [75]. In  vivo imaging showed efficient BBB crossing 
and accumulation in the ischemic area of MCAO rats. 
The treatment reduced infarct size, improved neuro-
logical function, and alleviated histopathological dam-
age. Cellular studies confirmed enhanced BBB crossing 
and cellular uptake of T7&SHp-P-LPs/ZL006, reducing 
glutamate-induced cell apoptosis. The research findings 
indicate that dual-targeted liposomes, modified with 
T7 and shp, can transport more drugs to the brain and 
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selectively deliver them to ischemic tissue. This approach 
increases the local drug concentration while minimizing 
side effects. To further improve the therapeutic effect of 
drugs, Lv et al. developed SHp-modified RBC membrane-
coated ROS-responsive NPs (SHp-RBC-NP/NR2B9C) 
for delivering the neuroprotective drug NR2B9C to 
treat ischemic brain injury (Fig. 8A) [76]. SHp-RBC-NPs 
enhanced NR2B9C transport across the BBB, target-
ing injured neurons in the ischemic region. SHp-RBC-
NP/NR2B9C improved PC-12 cell performance under 
glutamate-induced stress, suggesting a protective role 
(Fig. 8B). Pharmacokinetic studies showed extended cir-
culation time (beyond 48 h) for both RBC-NP/NR2B9C 
and SHp-RBC-NP/NR2B9C groups. The SHp-RBC-
NP group demonstrated higher fluorescence intensity 
in ischemic brain regions, indicating precise targeting 
(Fig. 8C). SHp-RBC-NP/NR2B9C significantly improved 
neurological impairments and reduced cerebral infarct 
size in I/R models (Fig.  8D). This system prolongs the 
circulation time of NR2B9C in the body and enhances 
its targeting ability and greater neuroprotective effect. 

Therefore, it suggested that SHp-RBC-NPs may be uti-
lized as a potential formulation strategy to enhance the 
treatment of IS in the clinic.

Ca2+ channel blockers reduce excitatory amino acid 
release, prevent excessive intracellular Ca2+ accumula-
tion, and promote cerebral blood flow through vaso-
dilation [77]. However, their use is limited by low 
bioavailability and gastrointestinal side effects. Advances 
in neuroprotective treatments for IS have been made 
with NP-based Ca2+ antagonists. Nimodipine, an L-type 
voltage-gated calcium channel inhibitor, reduces exces-
sive Ca2+ in nerve cells but causes gastrointestinal side 
effects when taken orally. Orsolya et al. addressed this by 
using pH-responsive chitosan NPs to deliver nimodipine, 
mitigating nerve damage from cerebral ischemia [78]. 
Their study showed that nimodipine remained encapsu-
lated at neutral pH and was released during ischemia-
induced acidosis, increasing cerebral blood flow and 
blocking Ca2+ influx. The chitosan NPs prevented depo-
larization without causing neuro-immune reactions, 
effectively reducing excitotoxicity. In summary, the data 

Fig. 7  The cascade of glutamate excitotoxicity in IS
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from this study avoided gastrointestinal side effects and 
accurately delivered nimodipine to the ischemic site. This 
method can pave the way for the development of an intel-
ligent drug delivery system that can selectively target the 
ischemic penumbra in IS.

Glyburide acts by obstructing the influx of calcium 
ions, a mechanism that involves the inhibition of the 
Trpm4 channel, which is a non-selective cation channel 
regulated by the sulfonylurea receptor 1 (Sur1-Trpm4 
or Sur1-NCCa-ATP). To enhance delivery precision, 
Ma et  al. encapsulated glyburide in PLGA NPs coated 
with neuronal stem cell membranes, creating Gly-
CMNPs [79]. These engineered NSC membranes, over-
expressing CXCR4, improved the homing ability of 
PLGA NPs to ischemic regions via CXCR4 and SDF-1 
chemotaxis. In  vivo trials with Gly-CMNPs showed 
improved survival rates, reduced infarct volumes, and 
better neurological scores in MCAO mice compared 
to free glyburide. This novel formulation could signifi-
cantly enhance IS treatment options. The study sug-
gests a new approach to improving drug delivery to the 
ischemic brain and establishes a novel formulation of 

glyburide that can be potentially translated into clini-
cal applications to improve the management of human 
patients with stroke.

In summary, numerous studies have convincingly 
demonstrated the significant promise of NPs carrying 
excitotoxicity inhibitors for the treatment of IS. Despite 
this potential, the development of such targeted NPs 
remains relatively uncommon. One critical aspect to 
consider is the timing of administration, as the efficacy 
of neurotoxicity-blocking agents is closely tied to their 
delivery within a specific window following the onset of 
a stroke event. Delaying this administration may reduce 
the protective effects, thereby restricting both the dura-
tion and method of action of NPs. Moreover, the patho-
physiological mechanisms underlying excitotoxicity are 
multifaceted and intricate. As such, NPs must possess a 
versatile design to effectively inhibit this complex pro-
cess. Hence, from our perspective, the advancement of 
NPs engineered with excitotoxicity inhibition capabili-
ties signifies a highly promising avenue for the future 
treatment of IS.

Fig. 8  Bioengineered boronic ester-modified dextran polymer NPs as ROS responsive nanocarrier for IS treatment. A Schematic design 
of the SHp-RBC-NP/NR2B9C. B In vitro cell-based studies. C In vivo pharmacokinetics and fluorescent image of rhodamine-labeled free NR2B9C, 
NP, RBC-NP, and SHp-RBC-NP in the ischemic brain sections. D The neuroscore and infarct size were evaluated 24 h after the I/R and in vivo safety 
evaluation.  Copyright © 2018, American Chemical Society
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The BBB breakdown and neuroinflammation
The pathological mechanism of neuroinflammation
The CNS features protective barriers, notably the BBB, 
which consists of endothelial cells (ECs) with TJs, peri-
cytes, astrocytic endfeet, and ECM components [80]. 
ECs form vessel linings, pericytes are within the base-
ment membrane, and astrocytic processes envelop 
capillaries. While ECs and TJs primarily block perme-
ability, pericytes and astrocytes regulate it. The BBB is 
crucial for maintaining CNS homeostasis by control-
ling fluid, solute, and cell movement at the blood–brain 
interface. In IS, the BBB undergoes significant dam-
age due to glucose and oxygen deprivation followed 
by reperfusion injury, leading to local energy distur-
bances and oxidative stress. This causes deterioration 
of vascular endothelial cells and disruption of TJs, 
increasing BBB permeability [81]. The BBB breakdown 

facilitates continuous inflammatory pathway activa-
tion by inflammatory factors from infiltrating periph-
eral cells and CNS-activated cells [82]. Early IS-induced 
excitotoxicity and oxidative stress trigger the release of 
cytokines, MMPs, and GFAP from microglia and astro-
cytes, prompting endothelial cells to elevate cell adhe-
sion molecules like selectins, VCAM, and ICAM. This 
promotes white blood cell attachment and immune cell 
infiltration [81]. Dying neurons release DAMPs, fur-
ther activating microglia and peripheral immune cells, 
which produce additional pro-inflammatory factors, 
exacerbating BBB damage [83]. This creates a vicious 
cycle where initial inflammation disrupts the BBB, 
enabling peripheral white blood cells to migrate to the 
injured brain, releasing pro-inflammatory cytokines, 
ROS, and MMPs, which further damage the BBB and 
perpetuate inflammation (Fig. 9) [84].

Fig. 9  The BBB breakdown and neuroinflammation in IS.  © By Figdraw
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In brief, dysfunction of the BBB, characterized by the 
structural breakdown of TJs and heightened perme-
ability, stands out as a key pathological feature in IS. The 
compromise of the BBB is not solely a consequence of 
injury, rather, it actively contributes to the damage and 
often correlates with a bleak prognosis [85]. In the con-
text of IS, various blood-borne elements such as cells, 
chemicals, and fluids breach the BBB and enter the brain 
tissue due to increased paracellular and transcellular per-
meability, as well as substantial damage to the endothe-
lium [86]. This breach disrupts the balance of water and 
ions in the brain, leading to cerebral edema. Further-
more, the migration of infiltrating leukocytes intensifies 
inflammatory responses, worsening brain injury [87]. 
Although numerous consequences of BBB dysfunction 
are negative, one potential benefit is that it could enhance 
the targeted transportation of therapeutic substances to 
specific locations within the brain.

NP‑based therapeutics in anti‑inflammatory therapy for IS
Neuroinflammation significantly contributes to neuronal 
cell death in IS, with initial neuron death triggering an 
immune and inflammatory response involving microglia/
macrophages and pro-inflammatory cytokines [88]. Anti-
inflammatory drugs like fingolimod, glycyrrhizic acid, 
and ligustrazine show promise in preclinical IS studies by 
modulating microglial polarization and reducing inflam-
matory mediators and cell infiltration. However, their 
clinical use is limited by poor bioavailability, high lipo-
philicity, low solubility, and rapid clearance. To address 
these issues, various nano-formulations have been devel-
oped to enhance the therapeutic properties and bioavail-
ability of these agents.

Polymers such as PEG are often used to construct 
nanomedicine carriers. Wang et al. developed mPEG-b-
PLA copolymer NPs (NPcurcumin) to enhance curcumin 
delivery for IS treatment, showing improved therapeutic 
effects, BBB protection, and reduced neuroinflamma-
tion by modulating microglial activity, aiding neurologi-
cal recovery in mice post-I/R injury [89]. NPcurcumin 
effectively addresses the challenges posed by curcumin’s 
poor water solubility and unstable chemical properties. 
It enhances curcumin’s stability, prolongs its circula-
tion time in  vivo, and amplifies its therapeutic efficacy. 
Similarly, Thomas et  al. demonstrated that atorvastatin 
in PEG-modified liposomes (LipoStatin) reduced brain 
damage and improved neurological recovery in rats with 
cerebral I/R injury [90]. It efficiently accumulated at the 
ischemic injury site, significantly reducing infarct volume 
and improving neurological function recovery compared 
to the control group. Additionally, LipoStatin markedly 
improved brain metabolism and demonstrated signifi-
cant anti-inflammatory effects. Protein analysis indicated 

considerable recovery of blood–brain barrier integrity 
and endothelial function. PEGylated LipoStatin can be 
more effectively delivered to the ischemic brain and have 
significant neuroprotective effects. Thus, PEGylated 
LipoStatin can be further developed as a promising tar-
geted therapy for IS and other major vascular diseases.

Furthermore, polymer NPs can facilitate the co-deliv-
ery of multiple drugs. Zhu et  al. developed an amphi-
philic polymer with a Ce4+ ligand, forming NTA/
Ce4+/C-176 NPs to co-deliver drugs for IS treatment 
(Fig. 10A) [91]. These NPs counteract neuroinflammation 
by inhibiting dsDNA accumulation and STING protein 
overexpression (Fig.  10B). In  vivo studies showed that 
intraventricular injection of these NPs at the stroke site 
effectively reduced neuroinflammation, promoted neuro-
genesis, and improved motor function in a MCAO model 
(Fig. 10C). This approach resulted in a smaller ischemic 
penumbra and better recovery than standard NP treat-
ments. This strategy offers a promising new avenue for 
modulating CNS inflammatory pathways and improving 
stroke prognosis, despite potential tissue damage risks 
from the intraventricular injection.

Besides small-molecule drugs, macromolecular drugs 
including protein drugs and nucleic acid drugs can be 
delivered by polymer NPs. Jin et al. enhanced IVIg deliv-
ery to ischemic regions by creating MPC-n (IVIg) nano-
capsules via in situ polymerization with MPC monomer 
and EGDMA [92]. These nanocapsules crossed the BBB 
through high-affinity choline transporter 1 (ChT1) in 
ischemic endothelial cells, targeting IVIg accumulation. 
Early MPC-n (IVIg) administration reduced stroke-
induced inflammation by suppressing neural C3 com-
plement activation, monocyte/macrophage infiltration, 
and glial cell activation, while promoting a protective 
microglial phenotype. This treatment decreased neuro-
logical deficits, infarct volume, and mortality rates, effec-
tively reducing inflammation-induced brain damage and 
improving outcomes. In summary, MPC-n (IVIg) can 
effectively and selectively deliver therapeutic IVIg to the 
ischemic region following a stroke. Even at low doses, it 
can penetrate the BBB and accumulate in the ischemic 
area, enhancing its clinical feasibility. Phosphatidyl-
choline (PC), a key component of cell membranes, is 
commonly utilized to modify NPs to evade the reticu-
loendothelial system and prolong systemic circulation 
time. Our study has further revealed that PC can actively 
cross the BBB via receptor-mediated transport, indicat-
ing its promise as a feasible candidate for the develop-
ment of nanomedicines for IS treatment [93].

Nucleic acid-based drugs are gaining prominence in 
drug development due to their precise targeting, broad 
therapeutic applications, sustained effects, potential for 
personalized medicine, low drug resistance, minimal 
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off-target effects, and the ability to modify diseases. 
Choi et  al. developed PLGA NPs encapsulating PINK1 
siRNA (PINK1 NPs) to target PINK1 in mitochondrial 
autophagy within microglia, offering neuroprotection in 
a photothrombotic-induced IS mouse model [94]. PINK1 
NPs promoted anti-inflammatory microglia states, 
reduced microglial migration, and increased phagocytic 
activity, preventing delayed neuronal loss. Pre-stroke 
administration of PINK1 NPs decreased mitochondrial 
autophagy factors, reduced infarct volume, and improved 
motor deficits. In summary, to effectively apply gene 
therapy in clinical practice, a technology minimizing 
non-specific gene expression and dysfunction in normal 
cells has been developed. NPs enhance drug therapeutic 
efficacy and offer benefits in cost, economy, and produc-
tivity. PLGA polymers, approved by the FDA and EMA 
for various therapeutic applications, are a promising 
gene delivery vector. PLGA NPs protect delivery mate-
rials from external stress in vitro and in vivo and main-
tain circulation until reaching the target site. This study 

leverages these advantages to deliver siRNA from PLGA 
NPs specifically to microglia, demonstrating that PINK1 
is a key signaling molecule in mitochondrial autophagy 
dysregulation induced by IS, potentially identifying a 
neurotoxic mechanism of the condition.

Wang et  al. demonstrated the potential of C3-siRNA-
encapsulated NPs (NPsiC3) to suppress IS-induced 
inflammation [95]. Using BHEM-Chol and PEG-PLA, 
NPsiC3 efficiently inhibited C3 expression increase in 
microglia during hypoxia/re-oxygenation, reduced C3b 
accumulation on neurons, and alleviated microglia-
induced neuronal injury. NPsiC3 crossed the BBB, deliv-
ering C3-siRNA to the ischemic penumbra, reducing C3 
expression in microglia and brain tissues. This decreased 
inflammatory cell infiltration, pro-inflammatory factors, 
neuronal apoptosis, and ischemic area size, while improv-
ing functional recovery post-ischemia/reperfusion injury, 
suggesting NPsiC3 as an effective IS therapy. The BBB 
poses a significant obstacle to using C3 inhibitors for 
stroke treatment, resulting in a lack of effective methods 

Fig. 10  C-176-loaded Ce4+ DNase NPs synergistically inhibit the cGAS-STING pathway for IS treatment. A The therapeutic mechanism of NTA/
Ce4+/C-176 NPs. B NTA/Ce4+/C-176 decreased neuroinflammation and increased neurogenesis in vivo. C Effect of NTA/Ce4+/C-176 on brain infarct 
volume and functional motor recovery after stroke.  © 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. 
Ltd
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to inhibit microglial neurotoxicity following brain I/R 
injury in clinical practice. This study explores the use of 
PEG NPs as a brain delivery system to transport siRNA 
across the BBB. This approach can modify NPs distribu-
tion, extend their circulation half-life, and enhance drug 
delivery within the BBB, offering an innovative alterna-
tive strategy for drug delivery. It is worth considering that 
as an acute-onset disorder, the timely efficacy of nucleic 
acid drugs in the treatment of IS is a matter of concern. 
The potential of nucleic acid drugs may lie more promi-
nently in the realm of preventive interventions for IS.

Natural polymer-based NPs, such as those from 
chitosan, hyaluronic acid, and sodium alginate, are 
increasingly favored for drug delivery. These renewable 
biopolymers offer high hydrophilicity, viscoelasticity, bio-
degradability, low allergenic potential, excellent biocom-
patibility, and unique targeting abilities, making them 
ideal for pharmaceutical applications. Zhao et  al. devel-
oped carboxymethyl chitosan NPs (GA-NPs) to deliver 
Gallic acid (GA) for neuroprotection in IS [96]. GA-NPs 
demonstrated high encapsulation efficiency, sustained 
release, and extended GA half-life. The pharmacologi-
cal findings, which include assessments of neurologi-
cal deficits, cerebral infarction, inflammation levels, and 
oxidative stress, demonstrate that GA-NP exhibits supe-
rior neuroprotective effects compared to GA alone. This 
encapsulation method enhanced GA bioavailability and 
neuroprotective effects. However, the brain penetration 
mechanism of GA-NPs remains unclear, and the capabili-
ties of natural polymers in this regard need to be further 
explored.

Jin and colleagues developed ROS-sensitive 18 
β-glycyrrhetinic acid-conjugated DEAE-dextran NPs 
(DGA) for neuroprotection in IS by suppressing HMGB1 
and promoting anti-inflammatory M2 microglial pheno-
types [97]. In vitro, GA effectively targeted and restrained 
intracellular HMGB1. In  vivo testing demonstrated the 
therapeutic effect on stroke mice, with smaller infarct 
volume, better motor function, and more neurogen-
esis. This study avoided the limitations of non-specific 
drug release and rapid plasma elimination to reduce side 
effects while achieving effective concentrations. The dex-
tran-based nanomaterials show promise for mitigating 
CNS inflammation and advancing nerve repair. Similarly, 
the BBB traversal mechanism is unclear, it is hypothe-
sized that NPs passively target stroke sites via abnormal 
blood vessel permeation, with active targeting enhancing 
efficiency.

Zhao et  al. developed a triple-targeted drug delivery 
system based on hyaluronic acid and rutin (SHR) for 
treating cerebral ischemia [98]. Utilizing short peptides, 
SS31, and CD44-mediated endocytosis, this delivery 
vector can effectively penetrate the blood–brain barrier, 

target brain injury sites, and accumulate in damaged 
mitochondria. Hyaluronidase 1-mediated degradation 
and the acidic environment synergistically promote the 
sustained release of rutin in the ischemic brain area. 
This study revealed for the first time that rutin effec-
tively binds to ACE2. Experimental results indicate that 
SHR micelles have significant anti-inflammatory, anti-
oxidant, angiogenic, and vascular normalization effects, 
synergistically restoring damaged penumbra tissue by 
activating ACE2 and TFEB signals (Fig.  11A, B). It also 
confirms that ACE2 mediates the crosstalk between 
BMEC and microglia during SHR treatment. This study 
also addressed the issues of rutin’s low water solubil-
ity and difficulty penetrating the BBB. Therefore, SHR’s 
impact on vascular normalization offers potential treat-
ment options for comorbidities such as cerebral ischemia 
and tumors.

Besides polymer NPs, many inorganic NPs are also 
used for the anti-inflammatory treatment of I/R injury. 
First, many NPs exhibit anti-inflammatory properties 
by releasing specific elements, such as selenium (Se) 
and zinc (Zn), that facilitate the direct treatment of IR. 
Amani et  al. synthesized OX26-PEG-Se NPs, monoclo-
nal antibodies targeting transferrin receptors conjugated 
with PEG selenide NPs, for IS treatment [99]. The surface 
modification of the OX26 antibody significantly enhances 
the targeted transport of Se NPs to the brain via trans-
ferrin receptor-mediated endocytosis. In  vitro analysis 
showed that the NPs primarily localized in the nucleus. 
More importantly, Se NPs regulate the cellular meta-
bolic state (TSC1/TSC2, p-mTOR, mTORC1), oxidative 
defense system (FoxO1, β-catenin/Wnt, Yap1), inflam-
matory response (jak2/stat3, ADAMS-1), autophagy, and 
apoptotic cell death (Mst1, ULK1, MTORC1) by target-
ing Bax, Caspase-3, and Bcl-2. They also influence vari-
ous cellular signaling pathways in hippocampal neurons 
(rictor/mTORC2) to promote neuronal survival. The 
design of these NPs ensures efficient targeting with mini-
mal side effects, presenting a promising new approach 
for stroke treatment.

Moreover, inorganic NPs are commonly utilized as pas-
sive carriers. Xiao and team developed SiO2@PAA-MT/
ACh-aC5a nanospheres, which load melatonin (MT) 
and acetylcholine (ACh), to treat cerebral ischemia/rep-
erfusion injury [100]. ACh stimulates the α7 nicotinic 
acetylcholine receptor (α7nAChR) on microglia, shifting 
them from pro-inflammatory (M1) to anti-inflammatory 
(M2) phenotypes, reducing pro-inflammatory cytokines. 
MT provides antioxidant properties, neutralizing ROS. 
The inclusion of aC5a aptamers ensures targeted deliv-
ery by binding to C5a, blocking its inflammatory effects. 
These nanospheres effectively mitigate the side effects 
of rhythm disorders caused by intravenous injection 
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of MT, a circadian rhythm-dependent hormone. They 
address the critical issue of safely concentrating MT at 
an effective dose for treating I/R at the site of cerebral 
ischemia. However, the gradual degradation and poten-
tial long-term toxicity of inorganic NPs need careful 
consideration.

In recent years, several new types of NPs have emerged, 
especially those based on cells or cell membranes. These 
NPs with biomimetic properties offer significant advan-
tages in the treatment of IS. As an example, the target-
ing capability of these NPs to ischemic sites, endowed 
by membrane proteins, exceeds that of other NPs. Dong 
et al. developed Resolvin D2-loaded nanovesicles (RvD2-
HVs) to mitigate brain damage in IS [101]. These neutro-
phil-derived nanovesicles target inflamed endothelium 
by modulating adhesion molecules and integrins. Both 
in  vitro and in  vivo studies showed that RvD2-HVs 
enhance RvD2 delivery to the brain, reducing neutrophil 

infiltration at ischemic lesions, decreasing cerebral 
infarction size, and improving neurological recovery. The 
design of RvD2-HVs addresses the issue of Resolvin bind-
ing directly to plasma proteins, which reduces its bioa-
vailability after intravenous administration. This research 
highlights the potential of neutrophil membrane-based 
nanocapsules for developing personalized nanomedi-
cines for inflammatory diseases.

Besides neutrophil membranes (NMs), neutro-
phils can serve as direct vehicles for mediating NPs to 
ischemic sites. Mu et  al. developed a cinnamyl-func-
tionalized D-phenylalanine (CFLFLF) modified, ROS-
responsive NP encapsulating ligustrazine (T-TMP) for 
treating cerebral I/R injuries by targeting neutrophils 
[102]. Given the presence of formyl peptide receptors 
(FPRs) on the surface of neutrophils, this study modi-
fied nanoplatforms by incorporating the peptide cin-
namyl-F-(D)L-F-(D)L-F (CFLFLF), which specifically 

Fig. 11  A triple-targeted rutin-based self-assembled delivery vector for treating IS by vascular normalization and anti-inflammation via ACE2/
Ang1‑7 signaling. A SHR micelles promoted microglial transformation. B SHR anti-inflammation effect.  © 2023 The Authors. Published by American 
Chemical Society
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binds to FPRs. After intravenous injection, these NPs 
effectively adhere to neutrophils in peripheral blood 
via FPR, allowing them to "ride" with neutrophils and 
accumulate more efficiently at the inflammatory site of 
cerebral ischemia. The NP shell is composed of a poly-
mer with reactive oxygen species (ROS)-responsive 
bonds, encapsulating ligustrazine, a natural neuropro-
tective product. This strategy overcomes the limitations 
of TMP, such as short half-life, poor water solubility, 
and low bioavailability, enhancing its bioavailability 
and targeting ability for cerebral ischemia. This inno-
vative drug delivery system offers a universal platform 
for treating IS and other inflammation-related diseases 
using modern drug preparation technology.

Neutrophils possess robust phagocytic capabilities that 
can be harnessed to achieve the ‘Trojan Horse’ effect. Pan 
et al. developed OMV@PGZ, a brain-targeted nanoplat-
form using bacterial outer membrane vesicles (OMVs) 
loaded with pioglitazone (PGZ) for IS treatment [103]. 
Neutrophils take up OMV@PGZ via LPS-TLR4 interac-
tion and transport it across the BBB to ischemic sites. 
PGZ activates PPARγ, reducing inflammation and oxida-
tive stress, and promoting anti-inflammatory agents. It 
also restores mitochondrial activity and prevents ferrop-
tosis, protecting the nervous system. Notably, the tran-
scription factors Pou2f1 and Nrf1 of oligodendrocytes 
are identified for the first time to be involved in this pro-
cess and promoted neural repair by single-nucleus RNA 
sequencing (snRNA-seq). OMV@PGZ shows promise 
for IS treatment with a good biosafety profile and poten-
tial for broader neurological disorder therapies.

Summarizing the aforementioned research findings, it 
can be observed that there are two primary strategies to 
mitigate inflammation. First, to limit the influx of inflam-
matory cells from the bloodstream into the site of injury, 
and second, to suppress the activation and multiplication 
of inflammatory cells at the site of focus. The vast major-
ity of studies have adopted either one strategy or the 
other. However, employing both strategies concurrently 
may yield superior outcomes. Wang et  al. engineered 
McM/RNPs, combining monocyte membrane-coated 
PLGA NPs with rapamycin to create targeted anti-
inflammatory ‘shield and password’ nano-soldiers [104]. 
These NPs adhere to inflamed endothelial cells, prevent-
ing further inflammatory cell infiltration into the brain. 
Upon reaching the injury site, they release rapamycin, 
curbing inflammation by limiting microglial cell pro-
liferation. McM/RNPs have shown promise in reduc-
ing inflammation, enhancing neurological scores, and 
decreasing infarct volume post-surgery for MCAO. This 
dual-functional monocyte membrane-functionalized 
drug delivery system (MCM/RNPs) achieves synergistic 
immunochemotherapy for IS. Thus, MCM/RNPs present 

a promising formulation strategy for enhancing the clini-
cal treatment of IS.

In conclusion, various NPs, such as polymer-based, 
biomimetic, and inorganic types, are used for the anti-
inflammatory treatment of IS. They improve drug deliv-
ery through the BBB, increase bioavailability, and target 
ischemic areas and inflammatory cells effectively. NPs 
modulate microglia activation to combat neuroinflam-
mation, overcoming the limitations of traditional thera-
pies. These innovative strategies promise improved 
outcomes for IS management through enhanced specific-
ity and bioavailability.

Inflammation plays a dual role, acting as either a com-
ponent of the body’s reparative mechanisms or a potential 
cause of local tissue damage. Therefore, it is imperative to 
strike a balance between suppressing the inflammatory 
process and upholding normal immune function in the 
management of IS. NP-based drug delivery systems must 
be precisely targeted to the inflammatory sites to prevent 
harm to healthy tissues. Consequently, nanotechnology is 
leveraged to engineer more accurate and effective NPs to 
mitigate adverse effects on normal tissues. Moreover, the 
incorporation of molecular imaging technology into NP-
based drug delivery systems is envisaged for real-time 
monitoring and assessment of inflammatory responses, 
thus guiding the therapeutic regimen for IS.

Cell death
The pathological mechanism of cell death
The damage resulting from mitochondrial dysfunctions, 
oxidative stress, inflammation, and excitotoxicity in IS 
can trigger a range of cellular signaling cascades. These 
events can drive neural cells to experience programmed 
cell death, such as apoptosis and autophagy, which 
are intrinsic cellular processes, or unprogrammed cell 
death, like necrosis, often instigated by external influ-
ences [105]. Necrosis is a form of pathological cell 
death triggered by severe physical, chemical, or other 
pathological stressors [106]. Necrotic cells experience 
an increase in membrane permeability, resulting in 
cell swelling, organelle distortion or enlargement, early 
absence of nuclear morphological changes, and even-
tual cell membrane rupture (Fig.  12A). The release of 
cellular contents through lysis by necrotic cells incites 
an inflammatory response [107]. Subsequent tissue and 
organ healing often involves fibrosis, leading to scar 
formation. Autophagy represents a crucial evolution-
ary mechanism for the turnover of intracellular com-
ponents in eukaryotic organisms [108]. Within this 
process, impaired proteins or organelles are encapsu-
lated by autophagic vesicles characterized by a dou-
ble-layered membrane structure. Subsequently, these 
vesicles are directed to lysosomes for degradation and 
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recycling [109]. The essence of autophagy is the mem-
brane rearrangement in the cell, and its occurrence 
process can be roughly divided into the following four 
stages (Fig.  12B): (1) Initiation of autophagy. (2) For-
mation of isolation membranes and autophagosomes. 
(3) The autophagosome fuses with the lysosome. (4) 
Cleavage of autophagosomes [110]. Apoptosis, regu-
lated by environmental cues, progresses through stages 
(Fig.  12C): activation, apoptotic body formation, and 
phagocytosis. Cells undergo volume reduction, cyto-
plasmic changes, mitochondrial dysfunction, and DNA 
fragmentation. Phosphatidylserine shifts outward, 
maintaining membrane integrity [111]. Apoptotic bod-
ies form without inflammation, apoptosomes can be 

quickly engulfed by surrounding full-time or part-time 
phagocytes [112]. In circumstances where the ischemic 
core lacks sufficient oxygen and glucose, irreversible 
necrosis typically ensues. Conversely, minor injury in 
the penumbra area can trigger reversible cellular death 
mechanisms such as apoptosis and autophagy [113].

NP‑based therapeutics in neuron regeneration therapy for IS
IS-induced CNS damage contributes to mortality and 
disability due to limited neuronal regeneration and glial 
scarring. Exogenous stem cell transplantation and gene 
therapy show promise in promoting neuronal regrowth 
and tissue restoration post-IS. NPs incorporating stem 
cells and gene therapy offer a cutting-edge approach to 

Fig. 12  Cell death process involved in IS.  © By Figdraw
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enhance neural recovery after cerebral ischemia, address-
ing the limitations of conventional treatments.

Stem cells, including neural stem cells (NSCs), mes-
enchymal stem cells (MSCs), induced pluripotent stem 
cells (iPSCs), and endothelial progenitor cells (EPCs), 
hold promise for treating IS by promoting neural recov-
ery [114]. However, challenges such as the hostile post-IS 
environment, limited endogenous NSCs, lack of neural 
differentiation factors, and preferential astrocytic differ-
entiation of transplanted NSCs hinder their therapeu-
tic efficacy [115]. Complications like fibrosis, functional 
loss, and immune rejection further impede treatment 
success [116]. Innovative strategies, such as embedding 
functional NPs within stem cells, have shown promise in 
overcoming these barriers. This approach can boost the 
robustness and cytokine-secreting capacity of the stem 
cells, thereby enhancing their overall reparative potential 
for IS.

Jiang et  al. developed a novel strategy using a ROS-
responsive polymer, B-PDEA, to deliver BDNF plasmid 
DNA into NSCs, enhancing BDNF secretion [117]. The 
polyplex NPs disassembled within cells due to ROS, 
releasing the DNA for effective gene delivery. Trans-
planting BDNF-modified NSCs into mice increased 
brain BDNF levels significantly. BDNF-NSC administra-
tion improved outcomes in cerebral ischemia mice com-
pared to non-transfected NSCs. The B-PDEA/pBDNF 
polyplex-transfected NSCs showed increased BDNF 
secretion in vitro and in vivo, leading to better recovery 
of neurological and motor functions and reduced mor-
tality in MCAO mice. In conclusion, the present study 
investigates the ROS-responsive charge-reversal poly-
mer B-PDEA as the first successful nonviral vector for 
effective genetic transfection of NSCs. Consequently, the 
B-PDEA/pBDNF polyplex-transfected NSCs secreted 
significantly more BDNF in vitro and in vivo in ischemic 
brain regions, leading to notably decreased mortality of 
MCAO mice and the improved reconstruction of neuro-
logical and motor functions.

Extracellular vehicles (EVs) represent an innovative 
cell-free therapeutic alternative for the treatment of IS, 
offering benefits such as comparable physiological func-
tions to parent cells, minimal volume, reduced immu-
nogenicity, and the capacity to cross the BBB, a distinct 
advantage over traditional stem cell therapies. Ruan et al. 
utilized copper-free click chemistry to modify extracellu-
lar vesicles (EVs) from M2 microglia with the high-affin-
ity ligand DA7R targeting damaged blood vessels and a 
variant of SDF-1 to attract NSCs, creating Dual-EVs 
for IS treatment (Fig. 13A) [118]. These engineered EVs 
enhanced NSC neuronal differentiation without compro-
mising their functionality (Fig. 13B). The DA7R-modified 
EVs effectively targeted HUVECs, with the additional 

SDF-1 modification increasing uptake and promoting 
NSC migration (Fig.  13C). In a mouse tMCAO model, 
Dual-EVs carrying both ligands improved neurological 
recovery by enhancing NSC attraction to the ischemic 
site, stimulating neurogenesis, and improving overall 
neurological function (Fig.  13D). These Dual-EV nano-
carriers offer new insights into treating neuronal regen-
eration following CNS injuries and targeting endogenous 
stem cells. The use of click chemistry with EV/peptide/
chemokine and related nanocarriers represents a promis-
ing approach for enhancing human health.

Cerebral ischemia can alter gene expression, prompting 
the use of gene therapy to introduce exogenous genes or 
modulate existing ones in the ischemic penumbra. This 
aims to reduce neuronal damage by enhancing blood 
flow or modifying cellular processes. Genes related to 
angiogenesis, antioxidant defense, anti-apoptosis, and 
hypoxia response, like VEGF, show promise in post-
stroke treatment. However, gene therapy faces challenges 
due to poor targeting and transfection efficiency of DNA 
or RNA alone. NPs have emerged as crucial carriers for 
gene delivery, enhancing the success of gene therapy for 
IS.

Hypoxia-inducible factor 1-alpha (HIF-1α) plays a 
crucial role in angiogenesis post-ischemia. Deng et  al. 
developed RGD-DMAPA-Amyp NPs by attaching 
RGD peptides to a cationic polymer, enhancing tar-
geted HIF-1α delivery [119]. The results demonstrated 
that RGD-DMAPA-Amyp has good biocompatibility 
and a high cell uptake rate, indicating it is a safe nonvi-
ral gene vector for human cell endocytosis. In rat mod-
els of IS, RGD-DMAPA-Amyp NPs accumulated more 
in vascular endothelial cells of the peri-infarct region 
compared to the non-targeted nanocarrier group, sig-
nificantly improving neurological function recovery. The 
RGD-modified nanomedicine promotes nerve function 
recovery more efficiently and shows the potential to sig-
nificantly promote new blood vessel formation in  vivo. 
These findings suggest that the RGD-modified nonviral 
gene vector containing HIF-1α-AA is a safe and promis-
ing therapeutic strategy for IS gene therapy.

Heme oxygenase-1 (HO1) is an important antioxidant 
enzyme that breaks down heme into carbon monoxide, 
biliverdin, and iron ions, leading to anti-inflammatory 
effects. Increasing HO1 expression in penumbral regions 
could help reduce reperfusion injury post-IS. Oh et  al. 
developed self-assembling NPs (HSAP-NP/pHO1) con-
taining hypoxia-targeted anti-RAGE peptides (HSAP), 
deoxycholate-conjugated polyethylenimine-2  k (DP2k), 
and an HO1 plasmid (pHO1) for IS treatment [120]. 
These NPs showed superior gene delivery and expression 
compared to HSAP or DP2k/pHO1 alone in ischemic 
areas. In rat models of MCAO, stereotaxic injection 
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of HSAP-NP/pHO1 NPs had a significant therapeutic 
effect. Therefore, HSAP-NP may be a useful gene and 
peptide therapy system for stroke therapy with dual func-
tions of hypoxia-specific gene delivery and cytoprotective 
effects. This system holds promise as an advanced plat-
form for combined gene and peptide delivery in stroke 
therapy, offering precise gene transfer to hypoxic regions 
and enhanced cellular protection.

HMGB1 is a DAMP released by dying cells and 
immune cells, exacerbating inflammation in IS. Kim 
et  al. used e-PAM-R dendrimers for intranasal delivery 
of HMGB1 siRNA in MCAO rats, achieving knockdown 
and reducing brain damage [121]. FITC-labeled control 
siRNA was intranasally delivered in normal adult rats 
using e-PAM-R, a biodegradable PAMAM dendrimer, as 
a gene carrier. Within 1 h fluorescence-tagged siRNA was 
observed in neurons and glial cells across various brain 
regions. The fluorescence persisted for at least 12 h. Intra-
nasal delivery of siRNA targeting HMGB1 significantly 
reduced its expression in brain regions like the prefrontal 

cortex and striatum. Importantly, this approach mark-
edly reduced infarct volume in postischemic rat brains 
(up to 42.8 ± 5.6% reduction at 48 h post-MCAO), lead-
ing to improvements in neurological and behavioral defi-
cits. These results indicate that the intranasal delivery of 
HMGB1 siRNA offers an efficient means of gene knock-
down-mediated therapy in the ischemic brain.

tFNAs, a type of DNA nanomaterial, have shown 
promise in enhancing NSCs proliferation, migration, 
and neuronal differentiation. Zhou et al. studied the neu-
roprotective effects of tFNAs on IS using a rat tMCAO 
model (Fig.  14A) [122]. tFNAs were able to penetrate 
the brain tissue, cross the BBB, and protect neuronal 
cells from apoptosis in an OGD/R model by disrupt-
ing the ischemic cascade (Fig.  14B). They improved the 
ischemic microenvironment by upregulating erythro-
poietin and reducing inflammation, leading to decreased 
neuronal loss, cell apoptosis, infarct volume reduction, 
and neurological deficit improvement in the tMCAO rat 
model (Fig. 14C). Inhibition of the TLR2-MyD88-NF-κB 

Fig. 13  Click chemistry extracellular vesicle/peptide/chemokine nanocarriers for treating central nervous system injuries. A Schematic illustration 
of DA7R-SDF-1-EV nano-missile (Dual-EV) treatment on IS. B Effect of M2-EV on NSC differentiation. C Internalization of different EVs by HUVECs 
and its recruitment effect on NSCs. D Ischemic brain-targeting ability of Dual-EV in vivo.  © 2023 Chinese Pharmaceutical Association and Institute 
of Materia Medica, Chinese Academy of Medical Sciences. Production and hosting by Elsevier B.V
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pathway may be a key mechanism of tFNAs’ neuropro-
tective effects (Fig.  14D). tFNAs are a safe and versatile 
nano-neuroprotective agent for IS therapy. However, the 
absence or presence of normal function in these regener-
ated neurons that were induced by tFNAs requires fur-
ther exploration.

In addition, gene delivery based on NPs combined 
with NSC is used for neuronal regeneration therapy in 
IS. The regenerative processes following IS can be hin-
dered by myelin-associated inhibitors (MAIs) such as 
oligodendrocyte myelin glycoprotein and Nogo-A, which 
are known to impede axonal regeneration and neuronal 
differentiation. Targeted therapies that aim to knock 
down the expression of genes related to these inhibi-
tory proteins could potentially enhance neural regenera-
tion and recovery. Lu et  al. developed a novel strategy 
using a block copolymer PEI-PLA combined with SPI-
ONs to create an MRI-visible nanocarrier (SPION-CP) 
for siRNA delivery targeting the NgR gene [123]. MRI 
demonstrates that nanomedicine provides non-invasive 

imaging of NSC migration and homing. Additionally, 
epigenetic downregulation of NgR genes in NSCs coun-
teracts the inhibitory microenvironment of stroke, signif-
icantly enhancing neuronal differentiation of exogenous 
NSCs and promoting functional recovery in acute IS. The 
therapeutic potential of our siRNA nanomedicine allows 
for controlled stem cell differentiation, easily tracked by 
MRI. This has significant implications for developing new 
stem cell therapy paradigms for stroke and other neuro-
logical disorders.

Lin et al. developed an MRI-detectable nanocarrier for 
the simultaneous delivery of siRNA/ASO and SPIO NPs 
into NSCs targeting Pnky lncRNA in a mouse model of 
AIS (Fig.  15A) [124]. Pnky-SPIO-PALC nanocarriers 
increased neuronal differentiation and showed migration 
from the infarct core to the periinfarct cortex (Fig. 15B). 
Confocal microscopy revealed lysosomal localization 
of siRNA/ASO. Inhibition of Pnky lncRNA by SPIO-
PALC complex reduced Pnky levels. Mice treated with 
Pnky-SPIO-PALC NSCs exhibited improved recovery 

Fig. 14  A DNA nanostructure-based neuroprotectant against neuronal apoptosis via inhibiting toll-like receptor 2 signaling pathway in acute IS. A 
Schematic diagram of tFNAs as neuroprotective agents for the treatment of IS. B Protection of tFNAs for apoptosis of SH-SY5Y cells via interfering 
with the ischemia cascades in OGD/R models in vitro. C tFNAs reduce the infarct volume, alleviate mortality, and ameliorate functional outcomes 
of tMCAO models. D Potential mechanism of the protective effects of tFNAs on IS.  © 2021 American Chemical Society
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compared to control (SCR)-SPIO-PALC (Fig. 15C). This 
multifunctional nanomedicine can be used to direct stem 
cell differentiation and in  vivo track the stem cells after 
transplantation, which highlights its great potential as a 
promising platform to regulate the stem cell fate and thus 
lays down a foundation for developing stem cell-based 
therapies for strokes and other neurologic diseases.

Yang et al. used Ca-MOF to develop an effective miR-
124 nano-carrier system (Ca-MOF@miR-124) for treat-
ing IS [125]. At safe concentrations, Ca-MOF@miR-124 
NPs promoted NSC proliferation by releasing miR-124, 
which was internalized via endocytosis. The acidic lyso-
somal environment facilitated miR-124 release into the 
cytoplasm, accelerating neuronal differentiation. Ca-
MOF@miR-124 NPs enhanced NSC maturation into 
functional neurons within 5  days, surpassing control 
group differentiation rates. Treatment with Ca-MOF@
miR-124 NPs reduced ischemic brain area, leading to 
significant recovery by day 7. Ca-MOF@miR-124 NPs 
effectively overcome the instability of naked miR-124 
degraded by nucleases and the difficulty in internalizing 
it through the cell membrane due to its multiple anionic 
charges, making it widely applicable in clinical treat-
ment based on the characteristics of miR-124. Combin-
ing Ca-MOF@miR-124 NPs with NSC therapy shows 
promise for enhancing traumatic neural injury and 

neurodegenerative condition treatments, improving 
patient outcomes.

Regenerative medicine, focusing on stem cells and gene 
therapy, shows promise for nerve regeneration and treat-
ing IS and other nerve injuries. Stem cell and gene ther-
apy NPs offer innovative treatments, aiming for nerve 
recovery. IS results from brain blood flow obstruction, 
causing neuronal damage and functional loss. Combin-
ing stem cell therapy, gene therapy, and nanotechnology 
offers a multi-modal approach to enhance recovery and 
regeneration post-IS. Furthermore, EVs isolated from 
various sources, including animal cells, plant cells, and 
bacteria, exhibit promising potential as NP-based drug 
delivery systems. These vesicles harbor bioactive con-
stituents inherited from parent cells, enabling them to act 
as natural therapeutic agents. And they can take advan-
tage of their natural structure to facilitate the transport of 
exogenous drugs. Consequently, we believe that EVs have 
significant utility in attenuating cell death and managing 
IS.

NPs‑mediated combination therapy for IS
Integrating neuroprotective agents with distinct modes 
of action into a single formulation capable of influenc-
ing multiple pathological states can markedly amplify 
the therapeutic benefits in the management of IS. 

Fig. 15  Nanomedicine directs neuronal differentiation of neural stem cells via silencing long noncoding RNA for stroke therapy. A Schematic 
illustration of the preparation for MRI-Visible siRNA/ASO complexed nanomedicine, directed neuronal differentiation of transplanted NSCs 
by silencing pnky lncRNA and MRI tracking of NSCs in a mouse stroke model. B In vitro and in vivo neuronal differentiation mediated by Pnky 
downregulation. C Safety and efficiency of Pnky knockdown with MRI-visible nanomedicine.  © 2021 American Chemical Society
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Yuan’s team has developed TPCD NPs, which are nano-
therapies with multi-targeted pharmacological actions 
for AIS. TPCD NPs are synthesized using an active oli-
gosaccharide base, TPCD, covalently bonded with Tem-
pol and phenylboronic acid pinacol ester (PBAP) on 
β-cyclodextrin [126]. These NPs reduce oxidative stress, 
enhance antioxidant enzyme expression, and reduce 
inflammation at the cellular level, preventing neuronal 
cell death (Fig. 16A, B). Intravenously delivered TPCD 
NPs target ischemic brain damage in MCAO mouse 
models, reducing tissue death and restoring neuro-
logical functions. They act as ROS-sensitive nanocarri-
ers for the controlled release of the anti-inflammatory 
peptide Ac2-26, forming the ATPCD NP. In  vivo tests 
show that ATPCD NP outperforms TPCD NP due to 
its superior anti-inflammatory efficacy. In summary, 
ATPCD NP integrates anti-inflammatory, antioxidant, 
and anti-apoptotic "three carriages" for precise targeted 
pathological and physiological treatment of IS, sig-
nificantly improving in  vivo efficacy. Therefore, TPCD 
NP-derived nanomedicines can be further developed 
as promising targeted therapies for stroke and other 
inflammation-related cerebrovascular diseases.

Liu et al. developed a neutrophil-mimicking nanobuffer 
(LA-NM-NP/CBD) to counteract the negative effects of 
elevated pro-inflammatory agents in stroke (Fig.  17A) 
[127]. The nanobuffer cleared inflammatory factors and 
ROS in cell experiments and preferentially accumulated 
in the infarct core in rat models (Fig. 17B). It neutralized 
harmful agents in the penumbra and modulated neuronal 
vitality with controlled CBD release (Fig.  17C). In  vivo 
studies showed a reduction in harmful factors in the core 
and penumbra, decreased infarct size, and improved 
neurological outcomes. The nanobuffer strategy was first 
proposed in this study to remodel the hostile environ-
ment of the core and protect the salvageable penumbra 
for the treatment of IS. LA-NM-NP/CBD indeed played 
a comprehensive therapeutic role via remodeling the 
microenvironment of the ischemic core and simultane-
ously protecting the penumbra by neutralizing detrimen-
tal factors from the core and slowly releasing CBD. The 
nanobuffer provided a promising strategy for treating IS 
by modulating the core as well as the penumbra.

In summary, IS involves the occurrence and develop-
ment of multiple pathophysiologies, and single-func-
tional NPs exhibit limited efficacy in addressing the 

Fig. 16  Targeted treatment of IS by bioactive NP-derived ROS-responsive and inflammation-resolving NPs. A TPCD NP inhibited microglial 
activation. B TPCD NP attenuated oxidative and inflammatory responses in MCAO mice.  Copyright © 2021, American Chemical Society
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intricate and interconnected cascade reactions. Multi-
functional targeted neuroprotective NPs have great 
potential for the treatment of IS ischemia and reperfu-
sion. This approach signifies the direction for future 
advancements in the field.

Conclusions and perspectives
IS pathogenesis is marked by a complex interplay of 
pathophysiological processes, including excitotoxicity, 
oxidative stress, inflammation, and cellular death. The 
distinctive properties of the BBB present a significant 
challenge, as they impede the delivery of many potent 
therapeutic agents to areas affected by cerebral ischemia. 
This barrier has been a primary factor contributing to 
suboptimal clinical outcomes due to the inability to tar-
get ischemic zones with specific treatments effectively. 
In response to this challenge, the remarkable brain-tar-
geting capabilities and BBB permeability of NPs have 

sparked innovative research. Scientists have developed 
an array of NP-based strategies for targeted therapeu-
tic delivery to ischemic brain regions. These strategies 
primarily utilize NPs designed for neuroprotection and 
those optimized for combination therapy. These advance-
ments in NP-mediated treatment modalities have dem-
onstrated promising results in enhancing the efficacy of 
IS treatment during preclinical studies.

In addition, the drug delivery pathway is a crucial fac-
tor that influences the ability of NPs to target the brain. 
In the context of IS therapy, intravenous injection stands 
out as the preferred method for delivering NPs, offering 
operational convenience, the ability to administer high 
dosages, and minimal invasiveness. Following intrave-
nous administration, the fate of NPs within the body is 
determined by factors such as their particle size, surface 
targeting groups, and surface charges. Notably, NPs tend 
to interact with plasma proteins, giving rise to a “protein 

Fig. 17  Neutrophil-bomimetic “nanobuffer” for remodeling the microenvironment in the infarct core and protecting neurons in the penumbra 
via neutralization of detrimental factors to treat IS. A Schematic illustration of LA-NM-NP/CBD preparation and its nanobuffer effect. B Nanobuffer 
effect of LA-NM-NP/CBDs against the core and neuroprotective effect for the penumbra in vitro. C Nanobuffer formed at the infarct core 
by the accumulation of LA-NM-NPs and buffering detrimental erosions in vivo.  Copyright © 2022, American Chemical Society
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corona” on their surfaces, which hinders their ability to 
target the brain effectively and permeate the BBB [128]. 
While an alternative, non-invasive approach via the 
intranasal route has been documented to bypass the BBB 
and swiftly achieve therapeutic drug concentrations, the 
drawback lies in the limited delivery dosage associated 
with intranasal administration [129]. Additionally, the 
motion of cilia and the presence of mucus present fur-
ther obstacles by obstructing the delivery of medications 
to the brain. Alternative methods, including retro-orbital 
and intrathecal injections, provide a direct pathway for 
delivering therapeutic agents to the brain, circumventing 
the BBB. Nonetheless, these approaches are limited by 
the requirement for advanced injection skills and the sig-
nificant discomfort they cause to patients. In an attempt 
to preserve the vitality of stem cells and boost the effi-
ciency of RNA or DNA transfection, certain NPs tailored 
for stem cell or gene therapy have been utilized for highly 
invasive intracranial administration. Considering the var-
ied mechanisms of action and targeting strategies of NPs, 
the achievement of optimal therapeutic results can be 
facilitated by the choice of suitable administration routes.

In conclusion, the advancements in NPs-mediated 
approaches for treating IS are evident in several key 
areas: (i) improving the stability of therapeutic sub-
stances in the blood and extending their circulation time; 
(ii) enhancing the targeting of the brain and permeability 
of the BBB for therapeutic agents; (iii) reducing the tox-
icity of therapeutic agents; (iv) enhancing the viability of 
stem cells and improving the efficiency of delivering ther-
apeutic genes; (v) combining therapeutic agents targeting 
different aspects into a single nano-formulation for syn-
ergistic therapy. This suggests a promising future for the 
clinical application of NPs in IS treatment.

Despite the substantial progress in NP development, 
certain challenges impede their clinical translation. Ini-
tially, NPs frequently focus on individual pathological 
processes associated with IS, thereby neglecting to offer 
a holistic shield for the central nervous system. Addi-
tionally, the intricacy of integrating various therapeutic 
agents within a single nanocarrier system may impede 
their translation into clinical practice. Secondly, ani-
mal models of cerebral ischemia may not fully replicate 
the pathogenesis seen in human patients. Thirdly, while 
efforts to enhance brain targeting through modifica-
tions and biomimetic strategies have shown promise, 
the BBB remains a significant obstacle for NPs to over-
come, resulting in many NPs failing to reach the ischemic 
regions in the brain. Utilizing the body’s endogenous 
components or physiological mechanisms may represent 
a viable approach to facilitate the transport of NPs across 
the BBB. Lastly, understanding the intracerebral fate of 
NPs is crucial for improving the treatment effect of IS 

and ensuring their long-term safety in clinical settings. 
Further research and development are needed to address 
these challenges and optimize the efficacy and safety of 
NP-based therapies for IS treatment.

A substantial disparity persists between the preclini-
cal trials and the practical utilization of NPs in treating 
IS. Given the unique brain structural characteristics and 
intricate injury mechanisms associated with this condi-
tion, NPs necessitate a thoughtful design approach that 
integrates their ability to penetrate the BBB with the spe-
cific microenvironment of ischemic regions. This strate-
gic design aims to enhance targeted delivery to the lesion 
site. Furthermore, there is a crucial need for an in-depth 
exploration of the pathological mechanisms of IS and 
effective therapeutic drugs to restore impaired neurologi-
cal functions, ultimately mitigating disability and mor-
tality among patients. As nanomedicine advances and 
our understanding of IS’s pathophysiology deepens, it 
becomes imperative to enhance the biological functional-
ities of NPs to facilitate their clinical translation for more 
effective treatment of IS.
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