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HIGHLIGHTS 

Nanoparticles are versatile agents able to treat all phases of the ischemic stroke 

Thrombolysis and neuroprotection can be tackled with nanotechnologies 

Many NPs have promising preclinical results, but only few reach the clinical stage 

Robust and scalable production methods are needed to produce NPs for clinical use 

Efficacy and biosafety tests must be standardized to improve nanosystem assessment 

 

Abstract 
Stroke is responsible for 11% of all deaths worldwide, the majority of which are caused by ischemic 
strokes, thus making the need to urgently find safe and effective therapies. Today, these can be cured 
either by mechanical thrombectomy when the thrombus is accessible, or by intravenous injection of 
fibrinolytics. However, the latter present several limitations, such as potential severe side effects, few 
eligible patients and low rate of partial and full recovery. To design safer and more effective 
treatments, nanomedicine appeared in this medical field a few decades ago. This review will explain 
why nanoparticle-based therapies and imaging techniques are relevant for ischemic stroke 
management. Then, it will present the different nanoparticle types that have been recently developed 
to treat this pathology. It will also study the various targeting strategies used to bring nanoparticles to 
the stroke site, thereby limiting side effects and improving the therapeutic efficacy. Finally, this review 
will present the few clinical studies testing nanomedicine on stroke and discuss potential causes for 
their scarcity. 

Relevance of nanomedicine 
Cardiovascular diseases account for approximately a third of global mortality, with stroke alone 

causing over 10% of annual deaths worldwide (Institute for Health Metrics and Evaluation, 2022). In 
most cases, the so-called ischemic stroke is triggered by the formation of a blood clot (thrombus) 
(Feske, 2021), which restricts blood flow to the brain. The thrombus formation is a complex 
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phenomenon which involves multiple players, from cellular (such as platelets, red blood cells, and 
neutrophils) to molecular elements (such as fibrin and Von Willebrand Factor (VWF)). Consequences 
may be severe if the vascular occlusion is not addressed promptly, thus demanding a rapid and 
efficient therapeutic intervention to alleviate possible permanent damages resulting from ischemic 
strokes. However, pharmacological and surgical treatment options for ischemic strokes are limited. 
On one hand, mechanical intervention through surgical thrombectomy (endovascular therapy, or EVT) 
is not always possible depending on thrombus accessibility and availability of competent surgeons and 
infrastructure. On the other hand, pharmaceutical action can be achieved mostly through fibrinolytic 
drugs (plasminogen activators (PA)), as well as anticoagulants and antiplatelets for the prevention of 
secondary strokes (Feske, 2021). However, these fibrinolytic treatments are intravenously injected 
and therefore have body-wide side effects and limited thrombolysis efficiency. For instance, the gold 
standard treatment, Alteplase® (a recombinant tissue PA, rtPA), suffers from low circulation half-life, 
risks of symptomatic intracerebral hemorrhage (sICH), neurotoxicity, and overall cannot achieve full 
recanalization in all the patients (only in 30%) (Bhatia et al., 2010; Mosconi and Paciaroni, 2022).  

In summary, stroke treatments are not always administered (e.g., around 10% of ischemic 
stroke patients in the United States received rtPA in 2018) (de Havenon et al., 2021), partly due to a 
very short therapeutic window (4.5 hours from stroke onset), often with major side effects through 
systemic activity and lack of efficacy, thus requiring new directions to improve patients’ outcome. 

To overcome these limitations, nanomedicine applied to stroke treatment has been 
investigated for several years. In the early 19th century, the German Nobel prize Paul Ehrlich created 
the concept of “magic bullet” specifically directed against pathogens in the organism, like bullets fired 
from a gun that hit a specific target (Strebhardt and Ullrich, 2008). New treatments were inspired by 
this concept and are now designed to bring an active drug with poor availability and adverse toxicity 
profile to a specific target by encapsulating it into a controlled vector - the nanoparticle (NP). In this 
context, the encapsulation and targeted delivery of thrombolytic agents would benefit from: i) 
protection from the physiological environment, thus increasing the agent’s half-life; ii) limitation of 
systemic adverse effects; iii) improvement in therapeutic efficacy by increasing its accumulation at the 
thrombus site (Blanco et al., 2015). This concept has also been adapted to stroke diagnosis. Indeed, 
instead of bringing an active drug to the targeted thrombus, nanoscale objects such as NPs can be 
used directly as contrast agents (e.g., iron oxide NPs for magnetic resonance imaging (MRI) or to 
transport imaging compounds such as radioactive markers). Thanks to their targeting capacity, they 
can accumulate at the cerebral blood clot and enhance the imaging signal of the stroke that can be 
obtained with MRI, computed tomography (CT), positron emission tomography (PET) or doppler 
ultrasonography (Sarmah et al., 2021). 

In addition to resolving the thrombus and restore blood flow, neuroprotection is essential to 
limit tissue damage resulting from ischemia (Ghozy et al., 2022). This is why NP-based treatments are 
promising as they have the potential to simultaneously deliver both neuroprotective and thrombolytic 
agents and enhance overall therapeutic outcomes (Vos et al., 2022). In particular, NPs benefit from 
very specific characteristics due to their size which can be useful for imaging as well as therapeutic 
activity. First of all, their small size allows access to areas not available to other objects, such as the 
intracellular compartment or the crossing of the blood-brain barrier (BBB). Indeed, the BBB crossing 
capacity of NP has been largely documented in the case of brain tumors as well as for the treatment 
of various neurological disorders, including Krabbe, Alzheimer’s or Parkinson′s diseases (Waris et al., 
2022; Moore et al., 2023), and this property can be essential for treating the insulted tissue post-
ischemia (Ma et al., 2019).  

Operating at the nanometric scale induces specific advantages in the circulation, as the vascular 
margination of blood-borne objects varies based on their size and shape (Müller et al., 2014; Lee et 
al., 2013). It has also been stated that NPs above 10 nm avoid the kidneys’ filtration, and for those 
below the micron scale, clearance by phagocytosis is hindered: thus, NPs in a 10 nm - few hundreds 
of nm size window benefit from good circulation, though it also varies with material, shape, or coating 
(Duan and Li, 2013). Moreover, this size reduction is accompanied by an increasing surface/volume 
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ratio, which plays a critical role in functionalization, target recognition, as well as surface exchange for 
drug release (Navya and Daima, 2016). There is increasing evidence that at such scale NPs’ behavior is 
critically affected by their shape, with consequences on cell interaction for instance (Navya and Daima, 
2016). Modified responses to exogenous stimuli can also appear, which is for instance the case for 
ultrasound contrast enhancement upon ultrasound imaging (Pellow et al., 2018). Regarding inorganic 
NPs, specific properties emerge. For instance, quantum dots (QDs) present strong luminescence with 
tunable absorption and emission wavelengths, notably through NP size control. They can therefore be 
useful for imaging, as shown with the near-infrared emitting QDs for thrombus imaging from 
Imamura’s group (Imamura et al., 2016). Plasmonic NPs such as gold materials can absorb light at 
different wavelengths depending on their size through localized surface plasmon resonance (LSPR), 
which emerges from the classical surface plasmon resonance at nano scales. This has been used in a 
proof-of-concept photothermal thrombolytic system based on gold NPs in 2016 (Singh et al., 2016). 
At the nanoscale, similar NPs show great thermal conversion properties due to their naturally high 
thermal conductivity combined to increased surface/volume ratio, which has allowed the 
development of such a photothermal approach (Pallavicini et al., 2021). In addition, 
ferro/ferrimagnetic NPs undergo a superparamagnetism phenomenon: when they are small enough, 
each NP is made of only one magnetic domain. Thus, in the absence of an external magnetic field, the 
magnetic moments of all NPs are differently oriented, as dictated by Néel relaxation, leading to zero 
magnetization. In the presence of an external magnetic field, instead, superparamagnetic NPs exhibit 
a stronger magnetization than paramagnetic ones (Farinha et al., 2021). Additionally, through their 
Néel and Brownian relaxation processes, under stimulation of an alternating magnetic field, 
superparamagnetic NPs can also be used to produce heat in order to help the dissolution of the clot 
(Abenojar et al., 2016; Zhang et al., 2021b). 

Finally, NPs exhibit high versatility as carriers capable of delivering various drugs to a wide 
range of tissues. Their ability to either remain in the vascular compartment or cross the BBB depending 
on their size and shape provides great flexibility and a tailored approach to tackle the different phases 
of ischemic stroke. For example, during the hyperacute phase of stroke (first 6 hours), when the BBB 
becomes leaky in the ischemic area, thrombolysis and neuroprotection will be the main therapeutic 
objectives. NPs enable the targeting of the blood clot for thrombolytics delivery or to reach the 
ischemic tissue through the more permeable BBB to limit neuronal damage with neuroprotectants. In 
the subacute and chronic phases (>48 hours after stroke onset), neoangiogenesis and neurogenesis 
will be the main targeted processes. Thus, growth factors or miRNAs will be delivered to the infarcted 
region, notably via targeting agents on the NPs surface that promote the passage of BBB, which is less 
permeable than in the early stage of ischemic stroke (Bernardo-Castro et al., 2021). 

Nanotechnological platforms developed to tackle stroke 
Over the last two decades, different nanotechnologies have been proposed in combination with 

tPA or other therapeutics, to broaden the portfolio of stroke treatments and diagnostic tools. Here 
are described the diverse nanotechnological platforms that have been tested: liposomes, polymeric 
NPs, inorganic NPs, and miscellaneous NPs (Figure 1). 
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Figure 1: Main NP types used for stroke treatment and imaging, and the associated advantages (green 
frame)/drawbacks (red frame). NP: nanoparticles; MRI: magnetic resonance imaging; CT: computer tomography; 
NIR: near infrared. Respective examples of superparamagnetic, plasmonic and luminescent NPs are iron oxide 
NPs, gold NPs and quantum dots. 

Liposomes 
Liposomes are nano-micrometer sized particles, made of a phospholipid bilayer which encloses 

a hydrophilic core, that can be loaded with both hydrophobic and/or hydrophilic molecules. For stroke 
applications, thrombolytic drugs or contrast agents were principally incorporated in the hydrophilic 
region. This idea was applied successfully in the work of Heeremans et al. in 1995, where rt-PA 
(Actilyse®) loaded liposomes showed a significantly higher thrombolytic efficacy than free rt-PA. 
However, the incomplete and suboptimal encapsulation efficiency led to a fast removal of more than 
50% of the circulating drug (Heeremans et al., 1995).  

To further increase the systemic circulation of the thrombolytic agents, Kim et al. tested 
polyethylene glycol (PEG)-ylated liposomes to conceal the particles from the innate body defense. 
Both in vitro and in vivo rtPA release rates were slower and more sustained in the presence of the 
PEG, with a significant improvement (up to 20-times) of the drug half-life. Furthermore, rtPA 
entrapment efficiency was constant over 45 days of storage at 4°C (Kim et al., 2009). Echogenic 
liposomes (EL), carrying gas in the core, are ultrasound-responsive, and were tested as contrast and 
thrombolytic agents, alone or in combination with tPA. The selective and controlled release of the 
liposome content was driven by ultrasonic pulses that trigger cavitation and the destruction of gas 
bubbles, thus further affecting clot integrity and tissue permeability. These advantages were 
confirmed in several studies, where rtPA-loaded EL showed an increased thrombolytic activity in 
presence of ultrasound, compared to the free drug (Refaat et al., 2021). Nonetheless, several studies 
highlighted that the rtPA encapsulation efficiency was limited in this technology, in addition to the 
limited targeting properties. Overall, further optimization steps are needed before reaching a clinically 
valuable product (Wang et al., 2020).  
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By using different lipids and their relative ratios, the liposome composition can be tailored, for 
instance, with the addition of surface targeting moieties or stimulus responsive molecules to increase 
selectivity. Furthermore, the possibility to load multiple and different types of drugs allows one to 
combine the thrombolytic function with neuroprotection. An example is given by the design 
developed by Quan and colleagues who encapsulated tPA and aspirin (anti-inflammatory drug) in 
liposomes associated to cryo-shocked platelets (CsPLTs). In this novel approach, the binding of CsPLTs 
with liposomes was mediated by an “host-guest” interaction between adamantane, a reactive oxygen 
species (ROS)-responsive molecule on the liposomes, and cucurbit[7]uril on the platelet membrane. 
This technology showed high affinity with clots as demonstrated in vitro and in vivo in a murine model 
of mesenteric artery thrombosis. In vivo, in a stroke mouse model induced via photothrombosis, a 
significant improvement of neurological scoring, volume of stroke damage, and BBB leakage was 
documented. This technology showed a safe profile with no negative effects as assessed by 
histological analyses, coagulation molecular indicators, liver and kidney functions (Quan et al., 2023). 
In 2023, Sun et al. proposed a smart liposomal nanocarrier, aiming to tackle neutrophil extracellular 
traps (NET) formation (NETosis): this phenomenon, that occurs in several pathological conditions 
including stroke, is regulated by the neutrophils and is responsible for the immune system 
overactivation in the brain. Their liposomal system (C-Lipo/CA) was intercalated with ROS-responsive 
polymers (for ROS scavenging and drug release) and coated with CREKA peptide sequences (for fibrin 
binding). C-Lipo/CA were loaded with Cl-amidine, a peptidylarginine deiminase 4 (PAD4) enzyme 
inhibitor, to block the NETosis process. In vitro, C-Lipo/CA showed efficient binding to microthrombi. 
In vivo experiments displayed a good safety profile, with no impairments in organ architecture and 
biochemical indicators. In addition, biodistribution tests displayed high retention of the particles in 
the ischemic brain area. In the middle cerebral artery occlusion and reperfusion (MCAO/R) stroke 
animal model, C-Lipo/CA showed positive effects on animal behavior, a lesion size reduction from 
46.7% (saline group) to 12.1%, and BBB leakage, resulting from the suppression of NETosis and the 
cyclic guanosine monophosphate-adenosine monophosphate synthase-stimulator of interferon genes 
(cGAS-STING) pathway, both overactivated in ischemic area (Sun et al., 2023).  

Interestingly, empty liposomes with a specific lipid composition, but without any encapsulated 
drug, could also be effective. A brief report published in 2022 explained that empty nanoliposomes 
(<100 nm size) made of phosphatidylcholine, cholesterol and monosialogangliosides, have a positive 
effect against stroke. The authors showed an antioxidant protective response in vitro on human 
neuroblastoma (SH-SY5Y) and human microvascular endothelial cells exposed to oxygen-glucose 
deprivation-reoxygenation (OGD/R). Similarly, nanoliposomes improved neurological scoring, reduced 
infarct, and edema size in MCAO mice model (Ahmad et al., 2022).  

Noteworthy, Al-Ahmady et al. found two temporal windows to maximize liposomes localization 
into the brain after stroke: during the hyperacute phase (0.5 h post-stroke), and the sub-acute/chronic 
phase (48h post-stroke). This discovery has opened up new avenues for the development of 
therapeutic options, allowing for the targeting of various aspects of the pathology (Al-Ahmady et al., 
2019). 

Taking into consideration all these studies, drug encapsulation into liposomes increases efficacy, 
stability, and therapeutic index of the thrombolytic treatment, reducing at the same time toxic and 
off-site effects. Adverse effects can be further reduced by adding stimulus-responsive molecules to 
the liposome composition, thus releasing the drug only at the thrombus site. Nevertheless, their use 
is still limited due to high production costs, poor stability and short half-life after administration or 
during the storage (Akbarzadeh et al., 2013). 

Polymeric nanoparticles 
Polymeric NPs (PNPs) are versatile drug delivery systems made of particulate dispersions of 

polymers and have a size range between 10 and 1,000 nm. Their size, shape and mechanical properties 
can be precisely designed, thanks to several easy fabrication techniques, and a wide list of natural or 
synthetic biocompatible and biodegradable monomers/polymers that can be used as brick for their 
synthesis. PNP surface can be tailored with the insertion of targeting moieties, to increase the particle 
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selectivity to the therapeutic target. For these reasons, PNPs were suggested for different biomedical 
applications, including stroke treatment. Chauvierre’s group in 2018 developed fucoidan-labeled PNPs 
carrying rtPA adsorbed on the surface. PNPs were made of polysaccharide-poly(isobutylcyanoacrylate) 
by a redox radical emulsion polymerization (RREP). With RREP, the polysaccharides were distributed 
on the surface of the PNPs to allow rtPA (Actilyse®) adsorption. The addition of dextran modified with 
amino groups increased the stability of the drug. This technology showed, both in vitro and in vivo, 
increased affinity to blood clot and enhanced thrombolytic efficacy (Juenet et al., 2018). Lately, the 
same research group developed and tested other PNPs named fucoidan-functionalized dextran 
particles (Fuco-NPs). These PNPs were obtained by green chemistry starting from FDA-approved 
biodegradable and biocompatible polysaccharides. They were successfully loaded with rtPA, with high 
encapsulation efficiency of about 65% and 80% for control-NPs and Fuco-NPs, respectively. In vivo, 
Fuco-NPs loaded with rtPA could improve the angiographic scores in murine stroke models: Fuco-NPs 
loaded with rtPA showed a 67% total recanalization rate versus only 33% for free rtPA treated mice 
(Zenych et al., 2021). 

PNPs shape can be finely tailored, to enable specific hemo-dynamic performance after systemic 
administration. For example, Moore et al. designed discoidal polymeric nanoconstructs (DPNs) that 
have a diameter of 1,000 nm and a height of 400 nm, and are composed with a mixture of poly(lactic-
co-glycolic acid) (PLGA) and PEG. DPNs were successfully tested in vitro and in vivo for vascular delivery 
of imaging and therapeutic molecules against tumors (Moore et al., 2022). Colasuonno et al. tested 
rtPA-loaded DPNs as a thrombolytic agent, demonstrating a clot lytic activity similar to the free drug 
in static experimental conditions, while it was increased in microfluidic experiments with dynamic 
conditions. In vivo experiments on the mouse mesenteric vein thrombosis model confirmed the clot 
lytic efficacy, where rtPA-DPN outperformed free rtPA for occlusion resolution (Colasuonno et al., 
2018). Another approach based on hemo-dynamic performance was proposed by Korin et al., in 2012. 
Shear-activated nanotherapeutics (SA-NTs) produced by spray-drying concentrated solutions of small 
PLGA NPs (~180 nm) to form microaggregates (~3.8 µm). These microaggregates are stable in aqueous 
solution due to the PLGA NPs’ hydrophobicity and remain intact under physiological blood flow 
conditions. Interestingly, they break when exposed to high shear stress, similarly to what occurs in 
proximity to an occluded vessel, enabling the release of tPA near the occlusion. In vitro, in presence 
of a simulated clot, SA-NTs showed increased thrombolytic activity in comparison to free tPA. In vivo, 
SA-NTs induced progressive thrombolysis, increased efficacy, and animal survival in two different 
preclinical animal models (Korin et al., 2012).  

A combined approach mixing targeting, thrombolytics and ultrasound sensitivity was proposed 
by Marsh et al., in 2007. They tested a fibrin-specific liquid perfluorocarbon (perfluoro-octylbromide) 
NP loaded with the thrombolytic agent streptokinase (SK). Perfluoro-octylbromide is a biocompatible 
molecule with echogenic properties. The authors confirmed the efficacy of this technology as an 
acoustic contrast agent, useful for clot imaging and volumetric analysis. Furthermore, the clot lysis 
was efficaciously increased in comparison to free SK thanks to the NPs’ targeting ability, and could be 
monitored through ultrasound visualization (Marsh et al., 2007). Similarly, Kawata et al., combined 
basic gelatin and zinc ions to carry and control the activity of rtPA Monteplase (Cleactor®). In this 
complex, rtPA activity is reduced to 45%, but it can be fully restored after ultrasound exposure. This 
approach allowed the rtPA protection from serum proteins inactivation, and the control of off-site 
effects of the treatment (i.e., hemorrhagic transformation). rtPA-loaded gelatin-zinc particles have an 
intrinsic targeting ability due to the affinity between gelatin and VWF, as highlighted by in vitro and in 
vivo experiments in the mouse arterial thrombosis model. Animal experiments confirmed the efficacy 
of the treatment and the survival rate dramatically increased in comparison to free-rtPA treatment in 
the swine acute myocardial infarction model (Kawata et al., 2012). 

Multifunctional polymers with specific features, such as microenvironment responsiveness, 
were adopted for PNP crafting. An example is given by the technology proposed by Wu et al. in 2022: 
PNP made with a modified version of poly(ethylene glycol) (PEG), having in the structure a ROS-
degradable poly(2,2′-thiodiethylene 3,3′-thiodipropionate or PTT) polymer with an antioxidant 
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activity, and a thrombin-cleavable peptide (NH2-norleucine-TPRSFL-C-SH). This tailored polymer is 
cleaved in the presence of thrombin, with a resulting particle rearrangement and shrinkage, to 
improve brain penetration. The synthesized particles made with a modified co-polymer (PTT NP) 
showed in biodistribution experiments the efficient localization into the ischemic area 24h after stroke 
induction and treatment. PTT NPs showed positive effect in the MCAO/R mouse model, with a 
reduction of the infarct area from about 60% (PBS group) to 30% (PTT NPs). To further increase the 
brain penetration, the surface of the PTT NPs was decorated with AMD3100 for its specific affinity 
with a chemokine receptor, CXCR4, particularly expressed in the ischemic tissue. The conjugation with 
AMD3100 enabled a significant enhancement in NP localization into the ischemic area, as confirmed 
by whole-animal fluorescence analysis. Lastly, AMD3100-conjugated shrinkable PTT NPs (ASPTT) were 
loaded with glyburide, an anti-edema drug useful in stroke condition, as determined in the clinical trial 
GAMES-RP, where its administration resulted in an increased patient survival (Sheth et al., 2016). 
ASPTT-glyburide showed a controlled release of the drug, which happens only in presence of thrombin 
and ROS. In vivo, in the MCAO/R model, ASPTT-glyburide outperformed the control conditions (ASPTT 
NPs without glyburide or free glyburide) in terms of reduced infarcted area, neurological scoring, 
survival and BBB leakage (Wu et al., 2022). 

Similarly, Cheng et al. tested a pH-sensitive theranostic rapamycin (RAPA)-loaded NP system 
(RAPA/Gd3+@NPs), able to selectively release the payload (drug and contrast agent) in the ischemic 
tissue. RAPA/Gd3+@NPs were synthetized by self-assembly of the pH-sensitive amphiphilic block 
copolymer (mPEG-b-P(DPA-co-HEMA)-Ce6) in aqueous solution with RAPA and Gd3+, obtaining 
spherical particles with a mean diameter of 20−30 nm. The biodistribution in the MCAO/R rat model 
showed high accumulation of RAPA/Gd3+@NPs inside the ischemic area 6h-post administration, as 
displayed by MR T1-imaging and ex-vivo NIR fluorescence imaging. Also, neurological and behavioral 
tests showed an amelioration of ~50% of the scores after treatment with RAPA/Gd3+@NPs, in 
comparison to the saline control group. Similar benefits were found evaluating lesion size and BBB 
integrity. BBB integrity was also preserved with a significant edema reduction in the ischemic 
hemisphere. The molecular analysis of inflammatory markers (IL-6 and TNF-α) suggested the 
neuroprotective role of these NPs by helping the BBB heal after the ischemic event. Finally, these 
technologies showed a good safety profile, with no obvious damage detected by histological analysis 
of the main organs (Cheng et al., 2021). 

A subtype of highly ordered multibranched polymeric NPs, called dendrimers, has also been 
investigated for drug deployment in stroke, as it is possible to precisely tune their size distribution, 
architecture, and functionalization. For example, Lee et al. described early-generation 
polyamidoamine dendrimers (PG2HR), which have been tested as gene carriers in MCAO/R stroke 
animal models and injected together with heme oxygenase-1 (HO-1) plasmid. The complex pHO-
1/PG2HR reduced apoptosis and infarct sizes (from 40% to 30% total infarct brain area) in ischemic 
brains, suggesting a potential use as gene therapy of inflammatory diseases including ischemic stroke, 
also due to the high gene delivery efficiency and low cytotoxicity (Lee et al., 2021). 

Even though PNPs have a great potential as nanomedicines due to their versatility, highly 
controlled chemistry, tunable architecture, and the broad range of drugs and targeting moieties they 
can be equipped with, several limitations remain to be overcome. PNPs synthesis often requires the 
use of catalyzers, organic solvents, photo-polymerizers, which are all potentially toxic reagents for 
cells and tissues. Therefore, extensive purification steps are needed to limit the presence of impurities. 
Several biocompatible and biodegradable polymers have a limited use due to batch-to-batch 
variations. Finally, to assure suitability for biomedical application, it is crucial to outline a standardized 
array of characterization techniques in order to guarantee a complete quantitative analysis. 

Inorganic nanoparticles 
Inorganic NPs have been investigated for their intrinsic material features, such as catalytic, 

magnetic, thermal or optical properties, which sustained their application as a diagnostic and 
therapeutic tool, notably for stroke application. Among them, Mn3O4 nanoenzymes stabilized by 
human serum albumin (HSA-Mn3O4) have been studied as an antioxidative treatment to address 
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ischemic stroke reperfusion injury. Mn3O4 NPs can release manganese ions in circulation, which 
promotes the activity of superoxide dismutase 2 in the body. The positive in vitro results against 
oxygen-glucose deprivation, endoplasmic reticulum (ER) damage and cell apoptosis were further 
confirmed in animal investigations. The presence of the HSA on the surface enabled prolonged 
circulation time (~72h), preserving the ROS scavenging ability from off-site activation. In vivo, HSA-
Mn3O4 showed a strong neuroprotective effect, with reduction in stroke volume and improvement in 
behavioral score. In addition, the highest dose of HSA-Mn3O4 (0.4 mg/kg) reversed the ER stress 
pathways activation to normal level, counteracting the activation of pro-apoptotic signals (Huang et 
al., 2022).  

Inorganic NPs also enable theranostic approaches, as shown by Kim et al., with glycol-chitosan-
coated gold NPs, conjugated to fibrin-targeting peptides (fib-GC-AuNP). Gold NPs especially show 
desirable optical properties due to the surface plasmon resonance effect, enabling photothermal 
treatment. This optical effect is localized from the visible to the infrared region, depending on the 
particle size, shape, and structure (Khlebtsov, 2008). The particles from Kim’s group hold targeting 
features and the capacity to visualize cerebrovascular thrombi by CT-based imaging. Thus, fib-GC-
AuNP allowed quantification of cerebral thrombi over the tPA treatment to directly evaluate its 
thrombolytic effect. Remarkably, fib-GC-AuNP acted as CT contrast agent and enabled the image 
analysis on recurrent thrombosis by mCT for up to 3 weeks, with a single administration and without 
neurobehavioral or systemic toxicity (Kim et al., 2015).  

Among magnetic NPs, iron oxide NPs (IONPs), made of magnetite (Fe3O4), maghemite (γ-Fe2O3) 
or mixed ferrites (MFe2O4 where M=Co, Mn, Ni or Zn) have been proposed and tested for several 
different applications. IONPs are non-toxic, biodegradable, can modulate cell differentiation and 
eventually become a source for in vivo iron supplements, useful as anemia treatment (Dadfar et al., 
2019). A clear example is the approach proposed by Voros et al., that aimed to increase thrombolytic 
activity of rtPA (Alteplase®). They tested clusters of iron oxide nanocubes, coated and stabilized by 
rtPA (rtPA-NCs), to have a combined pharmacological and thermal therapy of blood clots. Thermal 
therapy is a strategy already approved by the FDA against cancer, to increase the efficacy of 
chemotherapy. For stroke, this strategy involves heating local areas through magnetic hyperthermia, 
in order to improve rtPA clot lysis. In vitro, rtPA-NCs showed higher dissolution rates compared to free 
rtPA, in absence of heating (around 100 times). The exposure to thermal treatment increased even 
more the efficacy of the rtPA-NCs (10 times) compared to unexposed NPs. In vivo experiments on the 
mouse mesenteric thrombosis model confirmed rtPA-NCs efficacy, leading to a complete clot 
dissolution in less than 3 min, while the same concentration of free-rtPA was ineffective even after 60 
min. Noteworthy, rtPA-NCs displayed high values of transverse relaxivity, suggesting the possible 
application of these particles for MRI imaging and magnetic targeting of the clot (Voros et al., 2015).  

Similarly, nanoscale superparamagnetic IONPs (SPIO), with a 20-50 nm core size, were already 
exploited as a contrast agent for T2 weighted MRI. Further investigations on IONP magnetic properties 
revealed that by reducing the NP size, the longitudinal T1 relaxation effect was enhanced. For this 
reason, ultrasmall superparamagnetic iron oxide NPs (USPIOs), and extremely small-sized iron oxide 
NPs (ESIONs) characterized by a core size below 4 nm and a paramagnetic behavior, were suggested 
as T1 contrast agents for MRI (Kim et al., 2011). This is mainly due to the high surface-to-volume ratio 
of the NPs and the predominance of a magnetically disordered spin-canted shell (Richard et al., 2016).  

Another approach appraised in the last decade consists of labeling cells with NPs for in vivo 
tracking of the transplanted cells by imaging techniques (e.g., MRI, CT, and bioluminescence BMI). This 
has been applied to stem cells which represent a promising therapy for different pathologies, including 
stroke, but lack a way for in vivo tracking (Bliss et al., 2007). Wen and collaborators tested the efficacy 
of NPs to track neural stem cells (NSC) in presence of stroke: before injection, the cells were labeled 
with nano-sized cationic polymersomes loaded with SPION and QDs. QDs are 1–10 nm sized 
nanocrystals with enhanced optical properties. Their first generation has a core made of elements 
from groups II to VI of the periodic table, surrounded by a second semiconductor, usually zinc sulfide, 
making them brighter and much more stable than common fluorophores. Labeled cells were 
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effectively visualized in vivo by dual-modal imaging (magnetic resonance and fluorescence imaging). 
In the rat stroke model, NPs-labeled NSC were detected by T2- and T2*-weighted MRI, until 6 weeks 
post-injection. In fluorescence imaging, the signal was recorded 1 week after transplantation, with a 
gradual decline until 5 weeks (Wen et al., 2014). These QDs were followed by the development of 
next-generation structures, such as carbon dots (CDs), which are useful as MRI and optical probes. 
Nanohybrids, formed by the covalent linkage between thrombolytic agents and CDs, have been 
reported to emit a fluorescence signal in the brain of transient MCAO murine models and for retaining 
PA activity. Such nanohybrids could also be a promising indicator of early BBB damages and 
intracranial hemorrhage after thrombolysis, favoring early intervention (Niu et al., 2020). 

Inorganic NPs were also applied as agents or carriers of neuroprotective drugs. For instance, 
Cerium oxide (CeO2) NPs have several intrinsic antioxidant and neuroprotective effects, in addition to 
BBB crossing, and were therefore already proposed as drug delivery systems for neurological disorders 
(Portioli et al., 2013). For instance, Li et al. investigated CeO2 NPs loaded with dl-3-n-butylphthalide 
(NBP-CeO2 NPs). NBP acts on the ischemic area microcirculation promoting angiogenesis, 
neurogenesis and neuroplasticity, reducing inflammation and apoptosis, with overall neuroprotective 
effects. For these reasons, it was FDA-approved for a phase II trial in the treatment of ischemic stroke. 
Here, NBP-CeO2 NPs reduced ROS levels in brain microvascular endothelial cells (BMVECs) and 
hippocampal neurons after OGD/R. In the MCAO/R mouse model, NBP-CeO2 NPs preserved BBB 
integrity and reduced lesion volume in comparison to control conditions (damaged area of 39.8% in 
the saline treated group, reduced to 10.6% in the NBP-CeO2 NPs group). Neuroinflammation was also 
reduced in the NBP-CeO2 group, in comparison to the saline condition. Interestingly, empty CeO2 NPs 
also showed positive effects on BBB leakage, lesion size reduction and neuroinflammation, supporting 
the development of this nanotechnology for new stroke therapies (Li et al., 2022b).  

Even though possible toxicity issues related to inorganic NPs have been highlighted and debated 
(Soenen et al., 2011), the literature still does not offer a definitive conclusion on this matter (Sani et 
al., 2021; Bhatti et al., 2022). Like organic nanomaterials, their biodegradation depends mostly on NP 
material and coating, and for instance, clear degradation issues have been shown with certain 
inorganic nanomaterials such as gold (Balfourier et al., 2020). Other inorganic technologies showed 
good biocompatibility and reduced risk of toxic effects (Ma et al., 2009; Kim et al., 2015; Hu et al., 
2018; Huang et al., 2022). All things considered, further pre-clinical and clinical investigations focusing 
more on safety and toxicological aspects will be needed to elucidate the potential risks for human 
health. 

Miscellaneous nanoparticles 
Nanoemulsions 

Nanoemulsions (NEs) are dispersions of small droplets in the range of 0.1 – 100 µm, generated 
with two immiscible phases (liquid in liquid emulsions), and stabilized by emulsifying agents 
(surfactants and cosurfactants). The size of the droplets depends on the composition of the system 
and the homogenization method. Among NEs, dodecafluoropentane nanoemulsion (DDFPe) is a 
neuroprotectant perfluorocarbon that was initially proposed as ultrasound contrast agent. Additional 
investigations highlighted the in vivo potential as oxygen and carbon dioxide cargo. Preclinical studies 
in the rabbit embolic stroke model demonstrated >80% reduction in acute infarction. Further, the 
repeated administration of DDFPe over a 24-hour period showed positive improvement in vital signs 
and cerebral tissue, as highlighted by histological analysis. Different MRI markers of infarct improved 
in the early hours following vascular occlusion (Brown et al., 2014; Fitzgerald et al., 2015), with 
extension in the time window for tPA intervention (Culp et al., 2015). 
Natural compound-derived nanoparticles 

Several natural compound-derived NPs were tested against stroke, with the advantage of using 
natural materials with intrinsic therapeutic effects, combined to an efficient brain delivery. Zhang et 
al. screened a collection of natural nanomaterials, identifying betulinic acid (BA) as a preferential 
compound against stroke. BA has intrinsic antioxidant properties, useful to counteract the reperfusion 
injury damage and oxidative stress triggered by stroke. A chemically modified form of BA, named 
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betulinic amine (BAM), was used for the NP preparation. BAM NPs were synthesized using a standard 
emulsion procedure, with solvent evaporation over the emulsion. After the purification, BAM NPs 
were conjugated to AMD3100, a CXCR4 antagonist, which increased the brain penetration of the 
particles. Intravenous administration showed an increased survival of mice, reduced infarct volume 
by 57%, and improved neurological scores. Furthermore, the neuroprotective peptide NA1, already in 
clinical trial (phase III) for its neuroprotective activity against NMDA receptor-mediated toxicity, was 
bound on the surface of BAM NPs. The additional conjugation of NA1 further increased the mice 
survival and reduced the infarct volume by 69.8%, in comparison to the control condition (Zhang et 
al., 2022). 
Extracellular vesicles 

Extracellular vesicles (EVs) are released by living cells and transfer lipids, nucleic acids, proteins, 
and metabolites within and between organs in an endocrine process. The heterogeneous population 
of EVs produced in vivo play crucial roles in physiological and pathogenetic mechanisms. EVs include 
exosomes produced through the endosome pathway and released into the extracellular space, and 
ectosomes formed by directly budding of the cell plasma membrane (Cocucci and Meldolesi, 2015). 
Wang et al. observed that serum exosomes from young healthy rats, administered into aged ischemic 
rats, improved short- and long-term functional outcomes, and reduced synaptic loss. Conversely, 
exosomes from aged healthy rats did not have positive effects (Wang et al., 2023). In the work of 
Zhang et al., they observed that the levels of pro-inflammatory mediators in serum exosomes increase 
with age. This mechanism is associated with worsened stroke outcomes, through excessive activation 
of C3aR-dependent microglial phagoptosis (Zhang et al., 2021a). Recent discoveries showed the 
therapeutic potential of EVs from specific cell types. Exosomes released from adipose-derived 
mesenchymal stem cells (ADSC-Exo) were tested against cerebral ischemia/reperfusion injury. ADSC-
Exo carried miR-760-3p (miRNA) which inhibits with high efficiency the CHAC1 gene expression, 
upregulated by ischemic stroke ferroptosis. In vivo, intranasal administration of ADSC-Exo improved 
mice neurobehavior after ischemia/reperfusion injury (Wang et al., 2023). Similarly, cortical astrocytic 
derived EVs accelerated recovery after stroke, in the rat ischemia/reperfusion model after a single 
intracerebroventricular administration (Heras-Romero et al., 2022). EVs exert neuroprotective effects, 
modulating the recruitment of circulating immune cells into the damaged area. In Han et al. study, 
small EVs obtained from Mesenchymal Stem Cells (MSC), after intravenous administration in young 
and aged ischemic mice, reduced neurological deficits, infarct volume, brain edema, and neuronal 
injury, with a decreased count of immune cells in the ischemic brain of aged mice (Han et al., 2023).  

Targeting strategies  
While the structure and composition of NPs can vary considerably, most recent nanoplatforms 

include some sort of targeting. Indeed, this is critical to ensure that the payload, or desired effect, can 
be delivered at the expected location: namely, the clot itself or the ischemic tissue. As discussed 
above, the main explored class of thrombolytics and the only approved one for ischemic stroke is 
formed by plasminogen activators (PAs), which suffer from limited recanalization rate and high 
deleterious side effects (Zenych et al., 2020). Thus, targeting the drug delivery only to the thrombus 
can limit systemic side effects, while ensuring a local high concentration of active agents. Here are 
described various targeting strategies, from the single molecular targeting to multiple molecular 
targeting methods, as well as magnetic and passive targeting (Figure 2). Notably, we focused on 
quantification of targeting capacities rather than therapeutic efficacy to illustrate the potential of the 
various methods described hereafter.  
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Figure 2: The different targeting strategies for NP-related stroke treatment and diagnosis. 

Single molecular targeting 
Multiple biomarkers have been identified to recognize either the blood clot, or the ischemic 

region. Regarding the former, some NPs aim to target activated platelets. The peptide cRGD is among 
the well-known binding motifs used for NPs, as it was characterized for stroke application, to bind the 
GPIIb/IIIa receptor, which is expressed on platelets, and play a critical role during their activation and 
aggregation through fibrinogen and VWF binding (Liao et al., 2019). For instance, Liao et al. described 
in 2018 a trimethyl chitosan NP, loaded with lumbrokinase (LK) and functionalized with cRGD. This 
system showed improved thrombolysis in vitro and in vivo on rat thrombus models, compared to free 
drug (around 60% reduction in clot weight for targeted NPs vs. no difference for untargeted NPs) (Liao 
et al., 2019). More complex designs were also described, such as the Janus-rod micromotors from Cao 
et al., in 2021, in which the cRGD targeting allowed the US-responsive objects to accumulate at the 
thrombus (3.4-fold improved accumulation at the thrombus vs. no cRGD), where enhanced 
penetration and thrombolysis (74%) was achieved (Cao et al., 2021). Other biomarkers exist for 
activated platelets, such as the P-selectin, a transmembrane protein expressed on activated platelets 
and endothelium, which mediates leukocyte adhesion through the Sialyl Lewis x (SLe x) motif on PSLG-
1 ligand. A natural polysaccharide, fucoidan, was found to mimic this motif with high affinity and 
specificity (Bachelet et al., 2009), and can thus be used as targeting moiety: for instance, the 
technology developed in 2021 by Zenych et al. used it as a targeting agent. Here, fucoidan was 
crosslinked to PNPs, and the resulting Fuco-NPs could effectively target P-selectin and aggregated 
platelets in vitro, with a significant increase in aggregated platelets’ targeting in a microfluidic setup 
compared to untargeted NPs (Zenych et al., 2021). Interestingly, some authors took into account the 
time-wise development of thrombi in their targeting, such as Pan et al. who described in 2017 micelles 
which could be loaded with LK and functionalized with Annexin V. Annexin V have high affinity for 
phosphatidylserine, a lipid presented on the exterior membrane of apoptotic cells, as well as on 
platelets during their activation. This allowed a significant accumulation of targeted micelles to the 
clots (compared to non-targeted) and significantly enhanced thrombolysis in FeCl3 murine thrombosis 
model, when compared to free LK or non-targeted micelles (Pan et al., 2017). 

Other groups chose to target components of the thrombus, such as the fibrin molecule. For 
instance, Marsh et al. described in 2011 SK-loaded perfluorocarbon NPs decorated with ad hoc 
antibodies against fibrin (10-10 M affinity, with no reactivity toward fibrinogen). These NPs retained 
good SK-mediated in vitro thrombolysis (20-30% increase in clot dissolution when compared to empty 
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NPs). Moreover, in the canine thrombosis model, an accumulation of targeted NPs into clots was 
observed when compared to the non-targeted NPs. However, they lack evidence of enhanced 
thrombolysis in vivo (Marsh et al., 2011). Recent literature focused on small peptides to target fibrin, 
notably CREKA (Zhao et al., 2020), or interestingly ad hoc designed peptides (Seo et al., 2018). For 
example, Seo et al. leveraged peptides, selected through phage display, that could only recognize 
fibrin-fibronectin complexes (and not fibrin alone), to allow the specific targeting of thrombi. This was 
incorporated in a transferrin-based nanocage to deliver C-terminal encoded microplasmin (and 
produced thanks to a single transgene expression). This system was validated in vitro for their clot-
binding properties. In the murine arterial thrombus or deep vein thrombosis models, they showed a 
50% reduction of thrombosis, in comparison to non-targeted, non-loaded nanocages, or targeted 
microplasmin without the nanocage construct (Seo et al., 2018). 

Nevertheless, some approaches aim not at dissolving the clot, but rather alleviating the damage 
of ischemia, therefore requiring targeting to the ischemic tissue. While the leakiness of the BBB can 
be exploited to deliver certain drugs with NPs (Yuan et al., 2021), some authors increase the specificity 
of drug delivery to the damaged tissue by adding targeting moieties to ischemic regions (Wang et al., 
2015), such as Zhang et al. who described in 2022 antioxidant NPs targeting CXCR4, a biomarker of 
ischemic cells in the brain, thanks to a small antagonist molecule, AMD3100. The resulting NPs were 
shown to significantly accumulate in the ischemic region with high reduction (50%) of the infarct 
region and significant neurological recovery compared to non-targeted NPs in mice stroke models 
(Zhang et al., 2022). 

Therefore, there is no single gold standard biomarker for thrombus targeting. Instead, multiple 
biomarkers have been identified. Appropriate targeting strategies should be carefully chosen by 
identifying the target area: the clot itself, the ischemic tissue, or a single cell type for example. 

Multiple molecular targeting 
Multiple molecule grafting 

All the targeting strategies mentioned above involve only one targeting agent and one 
biomarker. However, recent papers proposed alternative strategies, including grafting more than one 
targeting moiety at the NP surface to increase either their specificity or their accumulation at the 
thrombus site (Figure 2). Sun et al. designed liposomes coated with either platelet-binding peptides 
(PBP), fibrin-binding peptides (FBP) or a combination of them (PBP + FBP), to compare their thrombus 
targeting efficacy (Sun et al., 2020). In vitro, and on the mouse carotid artery thrombus model, they 
showed that with a lower total peptide concentration, combination targeting allowed a greater 
accumulation to the clot than targeting with PBP or FBP only, which can be explained by the possible 
multiple interaction with receptors or clot components. This approach may also enhance the targeting 
specificity to acute ischemic stroke thrombi which are made up of a dense outer shell containing 
mainly fibrin, VWF, and aggregated platelets (Di Meglio et al., 2019). In addition, their results proved 
that targeting can be impaired when ligand density is too high, and they suggested a role of the steric 
hindrance between the targeting agent and its target. Rather than targeting different components of 
the thrombus, several articles proposed to target only platelets with two different peptides grafted, 
RGD (GPIIb/IIIa binding) and EWVDV (P-selectin binding). In two different articles for respectively 
thrombus treatment and thrombus imaging, the combination of these peptides increased the 
accumulation of NPs at the thrombus site, compared to RGD or EWVDV decoration only (Pawlowski 
et al., 2017; Zhang et al., 2019). Indeed, Pawlowski et al. demonstrated in vitro in a microfluidic 
dynamic flow experiment that the peptide combination enhanced the targeting to platelet-rich 
thrombus, doubling the retention onto platelets, compared to either one (Pawlowski et al., 2017). 
However, instead of targeting platelet-rich clots, fibrin or erythrocyte-targeted NPs would be 
preferable in the case of stroke, considering they are the major components of the associated clots 
(Jolugbo and Ariëns, 2021; Mereuta et al., 2021). 

Grafting several molecules can also be a strategy to sequentially reach different targets in 
ischemic stroke (Zhao et al., 2016; Xu et al., 2019). For instance, by decorating liposomal nanocarriers 
with T7 peptide and stroke homing peptide (SHp), Zhao et al. aimed to cross the BBB, and then target 
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ischemic neurons to deliver ZL006, a novel promising neuroprotective agent (Zhao et al., 2016). Their 
coating combination enabled nanocarriers to accumulate 1.5 times more in the ischemic brain than 
with T7 alone and reduced the infarction volume by approximately 30% compared to coating with T7 
or SHp alone, in a MCAO/R model on rats. 

All things considered, grafting several targeting molecules can be performed to improve 
thrombus homing, to selectively select certain thrombi, or reach sequentially different targets. 
Cellular membrane coating 

Some groups have described a simple solution for NP targeting without having to settle for one 
or more biomarkers: by leveraging the cellular membrane of critically chosen cells, they addressed 
both the circulation stabilization (stealth) of their NPs and homing to the clot or the ischemic area. 

Based on the process behind platelet aggregation and clot formation, the platelet membrane 
coating of NPs was assessed (Xu et al., 2019, 2020; Yu et al., 2022). For instance, Xu et al. described 
polymeric NPs coated with murine platelet membrane to deliver rtPA (PcNP) and compared them to 
erythrocyte-membrane coated control NPs (RcNP). They showed clear thrombus targeting of PcNPs 
vs. RcNPs in multiple murine thrombotic disease models, e.g., evidenced in a pulmonary embolism 
model with a significant fluorescence accumulation to the lungs compared to RcNPs. Moreover, they 
evidenced that while rtPA alone had a similar thrombolysis rate to their rtPA-loaded PcNP in 
mesenteric artery thrombosis mice models during thrombus formation, only the targeted NPs could 
elicit thrombolysis once the clot was fully formed. Finally, they demonstrated a clear enhancement of 
neurological and survival outcomes of PcNP-PA in comparison to free rtPA in transient stroke murine 
models (Xu et al., 2020). Others took advantage of the homing properties of platelet membranes to 
accumulate at the stroke site. Xu et al. developed in 2019 a nanoconstruct where rtPA was delivered 
after the thrombin-mediated cleavage of its linker to the NP, which in turn facilitated the exposure of 
the Tat peptide, secondary targeting of the endothelium, and crossing of the BBB for the antioxidant 
delivery. These NPs consisted of neuroprotectant (ZL006e) and dextran. It was shown that these NPs 
could accumulate on blood clots and have in vitro and in vivo enhanced thrombolysis compared to 
free drugs: the infarct volume was reduced to 20% compared to approximately 60% for non-cleavable 
NPs or free drug. Furthermore, the sequential targeting and thrombin dependent delivery significantly 
reduced the infarct area in mice stroke models in comparison to the free drugs (Xu et al., 2019). 

Notably, other cellular coatings could be used to reach different targets. For instance, Ma et al. 
described in 2019 polymeric NPs coated with neural stem cell (NSC) membrane to deliver an anti-
edema drug through the BBB membrane at the stroke site. However, they further strengthened the 
design by using CXCR4-overexpressing NSCs membranes and showed that it relied on the interaction 
between CXCR4 and SDF-1 (enriched in the ischemic microenvironment) to further enhance drug 
delivery and improve neurological recovery in a mouse stroke model compared to classic NSC 
membrane-coated NPs (Ma et al., 2019). Comparable approaches relied for example on cellular 
membrane from highly brain-metastatic tumor 4T1 cells (from a breast tumor cell line) to target the 
brain ischemic tissue and noted a significant neurological improvement, in comparison to non-
membrane-coated NPs in murine models. These coated NPs accumulated three times more in the 
brain ischemic region than untargeted NPs (He et al., 2021). Macrophage membrane coating has also 
been used to increase targeting and disguise from immune system cells. For instance, macrophage 
membrane coated manganese dioxide NPs targeted endothelial cell adhesion molecules, thus allowing 
ROS scavenging, neuroprotection, and macrophage-type polarization (Li et al., 2021). 

However, key aspects must be taken into account when resorting to cellular targeting: as 
discussed by Xu et al., provenance of the cell membrane can play a major role in their tolerability by 
the host body, and human leukocyte antigen (HLA) matching could be an issue for scaling-up these 
therapies (Xu et al., 2020). On the other hand, using platelet membrane to deliver NPs with platelet-
affecting drugs can prove ineffective: as demonstrated by Yi et al. in 2020, who had to use erythrocyte 
membrane functionalized with CREKA peptide (for fibrin targeting) instead of platelet membrane since 
they aimed at delivering tirofiban, a GPIIb/IIIa antagonist which prevents platelets aggregation in 
thrombi and thus impaired the targeting of platelet membrane coated NPs (Zhao et al., 2020). 
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Magnetic targeting 
Over the past two decades, magnetic NPs have been increasingly used for biomedical 

applications (Figure 2). This can be explained by their numerous interesting properties, including their 
magnetic manipulability. Indeed, by applying an external magnetic field near the brain ischemic 
region, the circulating magnetic NPs can accumulate there. Ma et al. tested the effects of rtPA linked 
through carbodiimide-mediated amide bound to polyacrylic acid-coated magnetite (PAA–MNP) NPs. 
Positive results were obtained in vitro and in vivo, in a rat embolic model of iliac artery occlusion. The 
PAA–MNP–rtPA under magnetic guidance along the artery restored the iliac blood flow, while control 
groups and free rtPA showed no improvement on hemodynamics (Ma et al., 2009). Hu et al. designed 
rtPA-coated iron oxide microrods (rtPA-MRs) to target the cerebral thrombus and dissolve it through 
combined fibrinolysis and mechanical stimulation by an external rotating magnetic field (RMF) (Hu et 
al., 2018). On a distal MCAO stroke mouse model, the authors found that the microrods could 
efficiently target the brain clot by placing a magnet near the distal middle cerebral artery area. Further, 
the blood flow was restored in 25 minutes with rtPA-MRs at 0.13 mg/kg rtPA accompanied by RMF, 
compared to the 85 minutes needed with free rtPA at 10 mg/kg. Thus, their nanosystem could perform 
a more efficient thrombolysis with approximately 100 times fewer rtPA. In addition to fibrinolytic 
agents, magnetic guidance can be used to deliver neuroprotectants to the stroke region and thus limit 
the cerebral infarction. In their work, Kim et al. tested MSC-derived nanovesicles encapsulating iron 
oxide NPs (IONPs) (Kim et al., 2020). In MCAO/R rat models, they obtained a 5.1-fold higher 
accumulation of their NPs at the ischemic lesion by magnetic stimulation in comparison to 
unstimulated ones. Furthermore, IONPs enabled a significant reduction of the infarcted volume 
through the angiogenic, anti-apoptotic and anti-inflammation properties of the MSC nanovesicles. 
Nonetheless, the clinical translatability of this approach needs further improvements: in this study, 
the helmet which enabled the magnetic guidance was kept 3 days on mice. Consequently, it is essential 
to refine and enhance this technique before considering its application in human use. To further 
increase the targeting efficacy to stroke lesions, Li’s group loaded IONPs and L-arginine (for stimulation 
of NO generation) in platelet-membrane-based nanovesicles. Their results on a Rose Bengal induced 
mouse stroke model demonstrated that the magnetic guidance of NPs could increase the targeting 
compared to platelet membrane alone and allowed a faster blood flow recovery through NO-mediated 
vasodilation (Li et al., 2020). Despite the efficacy of magnetic targeting, one should be aware of the 
remaining challenges for the transfer to humans: for example, the type of magnet to use and how to 
implement its use with the human body. Optimized magnets and mathematical models are necessary 
to predict the movement of magnetic NPs in biological fluids, besides the regulatory approvals that 
will be required (Shapiro et al., 2015). 

Passive targeting 
In most stroke patients, there is a loss of the BBB integrity due to damaged tight junctions, which 

results in enhanced BBB permeability (Nian et al., 2020). This pathological state can be used to 
increase the BBB crossing of circulating NPs in the ischemic region compared to the healthy one. This 
is the case in Yuan et al. study, where they showed a 33% higher accumulation of oligosaccharide NPs 
in the ischemic brain than in the healthy tissue in a MCAO/R mouse model, only through passive 
targeting (Yuan et al., 2021) (Figure 2). This strategy is particularly interesting to deliver 
neuroprotective agents.  

In addition to this enhanced permeability, the BBB presents a higher rate of transcytosis in 
stroke conditions which can additionally enhance the passive targeting of ischemia (Knowland et al., 
2014; Yuan et al., 2021). Although these strategies are less effective than active targeting, they don’t 
require any specific coating, thus limiting the complexity of the nanosystem injected to the patient 
and making their production and approval easier. 

Clinical studies 
As described above, there is a broad amount of in vitro and pre-clinical studies using therapeutic 

agents combined with NPs, to tackle ischemic stroke (Blanco et al., 2015; Sarmah et al., 2021). 
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However, to our knowledge, only clinical studies based on the use of USPIOs have been performed as 
detectors of stroke lesions compared to the conventional gadolinium-enhanced MRI (Saleh et al., 
2004; Tang et al., 2009). Based on their size, SPIOs are phagocytosed by cells of the reticuloendothelial 
system in the liver and the spleen leading to rapid clearance from the peripheral circulation, while 
USPIOs are taken up by cells of the mononuclear phagocyte system and can circulate longer, 
promoting the interaction with phagocyte populations in the blood and lymph nodes. Among USPIOs’ 
specificities, one can also mention T2-weighted tissue hypo-enhancement and the possibility to 
localize in macrophage-mediated inflamed areas, increasing the potential use in targeted imaging of 
inflammatory disease states (Farinha et al., 2021). USPIOs as contrast agents have been tested to 
enhance MRI for macrophage imaging in human ischemic stroke lesions (Saleh et al., 2004). USPIOs 
were infused one week after symptom onset, and 2 follow-up scans were performed 24 hours and 48 
hours post-infusion. The presence of USPIOs in macrophages allowed the visualization of MRI signal 
variations such as vessel changes (signal loss in T2 images) and brain parenchymal enhancement (T1 
images). USPIO-enhanced MRI may provide an in vivo indication of cellular inflammation in stroke and 
other neuroinflammatory diseases, with neurological effects, that involve microglial activation and 
blood macrophage recruitment. Another clinical trial tested the effects of 2 doses (10 mg and 80 mg) 
of atorvastatin on carotid plaque inflammation, determined by USPIO-enhanced carotid MRI (Tang et 
al., 2009). Patients with carotid stenosis and intraplaque accumulation of USPIO on MRI were treated 
with atorvastatin daily for 12 weeks. The primary endpoint was represented by a change from baseline 
in MRI signal intensity at 6 and 12 weeks. A significant reduction in USPIO-defined inflammation was 
observed in the 80 mg group at both time points. Additionally, this dose significantly reduced total 
cholesterol and low-density lipoproteins at 12 weeks. These trials support the USPIO-enhanced MRI 
methodology as a successful and timely imaging detection for stroke diagnosis with the first trial, and 
for the screening and assessment of the therapeutic response to anti-inflammatory interventions in 
patients with atherosclerotic lesions, typical in stroke patients. 

With the goal of improving functional recovery and limiting ischemic damage, clinical trials for 
stroke patients tested the potential neuroprotection of DDFPe for hemorrhagic shock and/or 
traumatic brain injury (Li et al., 2022a). After promising results obtained in preclinical studies in rat 
and rabbit stroke models (Culp et al., 2015; Fitzgerald et al., 2015), DDFPe was intravenously injected 
in acute ischemic stroke patients, starting within 12 hours of symptom onset, and appeared to be safe 
at all doses tested. Although earlier DDFPe treatment seemed promising and clinical outcomes were 
observed, the small sample size limited the significance of differences (Culp et al., 2019). 

Other clinical trials on stroke focused on EVs as potential biomarkers (Gualerzi et al., 2021; Bang 
et al., 2022, 2023). The detection of cell-derived structures, such as EVs, is based on the application of 
surface plasmon resonance imaging-based biosensors. Blood EVs from stroke patients could reveal 
differences in cell types and may be useful to identify new biomarkers for the profiling of stroke 
patients with the final aim of reaching a rehabilitation and regenerative personalized therapy (Gualerzi 
et al., 2021; Bang et al., 2023). Investigating the composition of EVs from stroke patients could also 
fuel the improvement and the characterization of targeting moieties for NPs, reducing the immune 
system trapping and increasing the half-life of drugs (Duong et al., 2023). 

Recent clinical trials investigated tenecteplase, the emergency treatment of myocardial 
infarction and pulmonary emboli, as potential stroke therapy. Interestingly, compared to the 
approved form alteplase, already used for ischemic stroke, it has a longer half-life, higher fibrin 
specificity, less systemic depletion of circulating fibrinogen, and higher resistance to plasminogen 
activator inhibitor (see for e.g. (Bivard et al., 2022; Li et al., 2022a; Rehman et al., 2023)). In further 
studies, since it may be soon approved for stroke therapy, tenecteplase could be a promising agent 
for the development of new nanomedicines that must meet quality and safety requirements before 
definition and starting of clinical trials. 

Conclusion 
Nanomedicine appears suited to answer the current limitations in the clinical care for stroke 

patients. Over the years, multiple approaches have demonstrated how a broad range of NPs could be 
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manufactured with different configurations, including inorganic and organic materials, as well as 
biologically derived components, and boost imaging efficiency and therapeutic efficacy in 
thrombolysis and neuroprotection. However, to date, these promising results remain mostly limited 
to preclinical studies with few successful translations to clinical trials. From the articles described here, 
some key aspects seem to emerge and may be taken into account to overcome this gap. 
Standardization of both efficacy and biosafety assessments might improve visibility among the 
numerous approaches explored. For the former, several groups resort to simple, non-brain specific 
animal models such as the mouse mesenteric vein, while the objective is to prove efficacy for stroke 
application, where some more adequate models exist. As for biosafety, it draws major challenges 
related to NPs’ degradation and accumulation in the body, especially since NPs often form complexes 
which might be more difficult to bring through clinical approval than simpler designs. Consequently, 
in order to breach these obstacles, NPs with robust production pathways, scalable and made using 
GRAS (Generally Recognized As Safe) materials, while preferring green chemistry when possible, may 
have the best chances to finally reach clinical applications. 

Acknowledgements 
Authors thank INSERM, Université Paris Cité, Université Sorbonne Paris Nord, the ANR 

“FightClot” ANR-20-CE18-0005-01; the Fondazione Istituto Italiano di Tecnologia in Genova (Italy), and 
the Marie Sklodowska‐Curie Action COFUND ‐ 2018 "MINDED" (Award Number: 754490) for the 
financial support.  

Author Contributions 
Conceptualization: PS, TLT, CP, RS; Supervision and funding acquisition: PD and CC; Illustrations 

design: PS and TLT; Writing and editing: PS, TLT, CP, RS, YL, PD and CC. Critical review and discussion: 
PS, TLT, CP, RS, YL, PD and CC.  
 

Keywords 
Ischemic stroke; Nanomedicine; Targeted treatment; Thrombolytics; Molecular imaging; Clinical 

trials. 

References 
Abenojar EC, Wickramasinghe S, Bas-Concepcion J, Samia ACS (2016) Structural effects on the 

magnetic hyperthermia properties of iron oxide nanoparticles. Prog Nat Sci Mater Int 
26:440–448. 

Ahmad S, Truran S, Karamanova N, Kindelin A, Lozoya M, Weissig V, Emerson H, Griffiths DR, Vail T, 
Lifshitz J, Ducruet AF, Migrino RQ (2022) Nanoliposomes Reduce Stroke Injury Following 
Middle Cerebral Artery Occlusion in Mice. Stroke 53 Available at: 
https://www.ahajournals.org/doi/10.1161/STROKEAHA.121.037120 [Accessed November 
12, 2023]. 

Akbarzadeh A, Rezaei-Sadabady R, Davaran S, Joo SW, Zarghami N, Hanifehpour Y, Samiei M, Kouhi 
M, Nejati-Koshki K (2013) Liposome: classification, preparation, and applications. Nanoscale 
Res Lett 8:102. 

Al-Ahmady ZS, Jasim D, Ahmad SS, Wong R, Haley M, Coutts G, Schiessl I, Allan SM, Kostarelos K 
(2019) Selective Liposomal Transport through Blood Brain Barrier Disruption in Ischemic 
Stroke Reveals Two Distinct Therapeutic Opportunities. ACS Nano 13:12470–12486. 

Bachelet L, Bertholon I, Lavigne D, Vassy R, Jandrot-Perrus M, Chaubet F, Letourneur D (2009) 
Affinity of low molecular weight fucoidan for P-selectin triggers its binding to activated 
human platelets. Biochim Biophys Acta 1790:141–146. 

Balfourier A, Luciani N, Wang G, Lelong G, Ersen O, Khelfa A, Alloyeau D, Gazeau F, Carn F (2020) 
Unexpected intracellular biodegradation and recrystallization of gold nanoparticles. Proc 
Natl Acad Sci U S A 117:103–113. 



 

17 

Bang OY, Kim EH, Cho YH, Oh MJ, Chung J-W, Chang WH, Kim Y-H, Yang SW, Chopp M (2022) 
Circulating Extracellular Vesicles in Stroke Patients Treated With Mesenchymal Stem Cells: A 
Biomarker Analysis of a Randomized Trial. Stroke 53:2276–2286. 

Bang OY, Kim EH, Oh MJ, Yoo J, Oh GS, Chung J-W, Seo W-K, Kim G-M, Ahn M-J, Yang SW, 
Investigators of the OASIS-CANCER Study (2023) Circulating Extracellular-Vesicle-
Incorporated MicroRNAs as Potential Biomarkers for Ischemic Stroke in Patients With 
Cancer. J Stroke 25:251–265. 

Bernardo-Castro S, Albino I, Barrera-Sandoval ÁM, Tomatis F, Sousa JA, Martins E, Simões S, Lino 
MM, Ferreira L, Sargento-Freitas J (2021) Therapeutic Nanoparticles for the Different Phases 
of Ischemic Stroke. Life 11:482. 

Bhatia R, Hill MD, Shobha N, Menon B, Bal S, Kochar P, Watson T, Goyal M, Demchuk AM (2010) Low 
Rates of Acute Recanalization With Intravenous Recombinant Tissue Plasminogen Activator 
in Ischemic Stroke. Stroke 41:2254–2258. 

Bhatti R, Shakeel H, Malik K, Qasim M, Khan MA, Ahmed N, Jabeen S (2022) Inorganic Nanoparticles: 
Toxic Effects, Mechanisms of Cytotoxicity and Phytochemical Interactions. Adv Pharm Bull 
12:757–762. 

Bivard A et al. (2022) Tenecteplase versus Alteplase for Stroke Thrombolysis Evaluation Trial in the 
Ambulance (Mobile Stroke Unit-TASTE-A): protocol for a prospective randomised, open-
label, blinded endpoint, phase II superiority trial of tenecteplase versus alteplase for 
ischaemic stroke patients presenting within 4.5 hours of symptom onset to the mobile 
stroke unit. BMJ Open 12:e056573. 

Blanco E, Shen H, Ferrari M (2015) Principles of nanoparticle design for overcoming biological 
barriers to drug delivery. Nat Biotechnol 33:941–951. 

Bliss T, Guzman R, Daadi M, Steinberg GK (2007) Cell transplantation therapy for stroke. Stroke 
38:817–826. 

Brown AT, Arthur MC, Nix JS, Montgomery JA, Skinner RD, Roberson PK, Borrelli M, Culp WC (2014) 
Dodecafluoropentane Emulsion (DDFPe) Decreases Stroke Size and Improves Neurological 
Scores in a Permanent Occlusion Rat Stroke Model. Open Neurol J 8:27–33. 

Cao W, Liu Y, Ran P, He J, Xie S, Weng J, Li X (2021) Ultrasound-Propelled Janus Rod-Shaped 
Micromotors for Site-Specific Sonodynamic Thrombolysis. ACS Appl Mater Interfaces 
13:58411–58421. 

Cheng Y, Cheng A, Jia Y, Yang L, Ning Y, Xu L, Zhong Y, Zhuang Z, Guan J, Zhang X, Lin Y, Zhou T, Fan X, 
Li J, Liu P, Yan G, Wu R (2021) pH-Responsive Multifunctional Theranostic Rapamycin-Loaded 
Nanoparticles for Imaging and Treatment of Acute Ischemic Stroke. ACS Appl Mater 
Interfaces 13:56909–56922. 

Cocucci E, Meldolesi J (2015) Ectosomes and exosomes: shedding the confusion between 
extracellular vesicles. Trends Cell Biol 25:364–372. 

Colasuonno M, Palange AL, Aid R, Ferreira M, Mollica H, Palomba R, Emdin M, Del Sette M, 
Chauvierre C, Letourneur D, Decuzzi P (2018) Erythrocyte-Inspired Discoidal Polymeric 
Nanoconstructs Carrying Tissue Plasminogen Activator for the Enhanced Lysis of Blood Clots. 
ACS Nano 12:12224–12237. 

Culp WC, Brown AT, Lowery JD, Arthur MC, Roberson PK, Skinner RD (2015) Dodecafluoropentane 
Emulsion Extends Window for tPA Therapy in a Rabbit Stroke Model. Mol Neurobiol 52:979–
984. 

Culp WC, Onteddu SS, Brown A, Nalleballe K, Sharma R, Skinner RD, Witt T, Roberson PK, Marsh JD 
(2019) Dodecafluoropentane Emulsion in Acute Ischemic Stroke: A Phase Ib/II Randomized 
and Controlled Dose-Escalation Trial. J Vasc Interv Radiol JVIR 30:1244-1250.e1. 

Dadfar SM, Roemhild K, Drude NI, von Stillfried S, Knüchel R, Kiessling F, Lammers T (2019) Iron oxide 
nanoparticles: Diagnostic, therapeutic and theranostic applications. Adv Drug Deliv Rev 
138:302–325. 

de Havenon A, Sheth K, Johnston KC, Delic A, Stulberg E, Majersik J, Anadani M, Yaghi S, Tirschwell D, 



 

18 

Ney J (2021) Acute Ischemic Stroke Interventions in the United States and Racial, 
Socioeconomic, and Geographic Disparities. Neurology 97:e2292–e2303. 

Di Meglio L, Desilles J-P, Ollivier V, Nomenjanahary MS, Di Meglio S, Deschildre C, Loyau S, Olivot J-
M, Blanc R, Piotin M, Bouton M-C, Michel J-B, Jandrot-Perrus M, Ho-Tin-Noé B, Mazighi M 
(2019) Acute ischemic stroke thrombi have an outer shell that impairs fibrinolysis. Neurology 
93:e1686–e1698. 

Duan X, Li Y (2013) Physicochemical Characteristics of Nanoparticles Affect Circulation, 
Biodistribution, Cellular Internalization, and Trafficking. Small 9:1521–1532. 

Duong A, Parmar G, Kirkham AM, Burger D, Allan DS (2023) Registered clinical trials investigating 
treatment with cell-derived extracellular vesicles: a scoping review. Cytotherapy 25:939–
945. 

Farinha P, Coelho JMP, Reis CP, Gaspar MM (2021) A Comprehensive Updated Review on Magnetic 
Nanoparticles in Diagnostics. Nanomaterials 11:3432. 

Feske SK (2021) Ischemic Stroke. Am J Med 134:1457–1464. 
Fitzgerald RT, Ou X, Nix JS, Arthur MC, Brown AT, Skinner RD, Borrelli MJ, Culp WC (2015) 

Dodecafluoropentane emulsion delays and reduces MRI markers of infarction in a rat stroke 
model: a preliminary report. Magn Reson Imaging 33:236–239. 

Ghozy S, Reda A, Varney J, Elhawary AS, Shah J, Murry K, Sobeeh MG, Nayak SS, Azzam AY, Brinjikji 
W, Kadirvel R, Kallmes DF (2022) Neuroprotection in Acute Ischemic Stroke: A Battle Against 
the Biology of Nature. Front Neurol 13:870141. 

Gualerzi A, Picciolini S, Rodà F, Bedoni M (2021) Extracellular Vesicles in Regeneration and 
Rehabilitation Recovery after Stroke. Biology 10:843. 

Han M, Zhang Z, Liu Z, Liu Y, Zhao H, Wang B, Zhang C, Shang H, Li Y, Wang S, Xin T (2023) Three-
dimensional-cultured MSC-derived exosome with hydrogel for cerebral ischemia repair. 
Biomater Adv 149:213396. 

He W, Mei Q, Li J, Zhai Y, Chen Y, Wang R, Lu E, Zhang X-Y, Zhang Z, Sha X (2021) Preferential 
Targeting Cerebral Ischemic Lesions with Cancer Cell-Inspired Nanovehicle for Ischemic 
Stroke Treatment. Nano Lett 21:3033–3043. 

Heeremans JL, Prevost R, Bekkers ME, Los P, Emeis JJ, Kluft C, Crommelin DJ (1995) Thrombolytic 
treatment with tissue-type plasminogen activator (t-PA) containing liposomes in rabbits: a 
comparison with free t-PA. Thromb Haemost 73:488–494. 

Heras-Romero Y, Morales-Guadarrama A, Santana-Martínez R, Ponce I, Rincón-Heredia R, Poot-
Hernández AC, Martínez-Moreno A, Urrieta E, Bernal-Vicente BN, Campero-Romero AN, 
Moreno-Castilla P, Greig NH, Escobar ML, Concha L, Tovar-Y-Romo LB (2022) Improved post-
stroke spontaneous recovery by astrocytic extracellular vesicles. Mol Ther 30:798–815. 

Hu J, Huang S, Zhu L, Huang W, Zhao Y, Jin K, ZhuGe Q (2018) Tissue Plasminogen Activator-Porous 
Magnetic Microrods for Targeted Thrombolytic Therapy after Ischemic Stroke. ACS Appl 
Mater Interfaces 10:32988–32997. 

Huang G, Zang J, He L, Zhu H, Huang J, Yuan Z, Chen T, Xu A (2022) Bioactive Nanoenzyme Reverses 
Oxidative Damage and Endoplasmic Reticulum Stress in Neurons under Ischemic Stroke. ACS 
Nano 16:431–452. 

Imamura Y, Yamada S, Tsuboi S, Nakane Y, Tsukasaki Y, Komatsuzaki A, Jin T (2016) Near-Infrared 
Emitting PbS Quantum Dots for in Vivo Fluorescence Imaging of the Thrombotic State in 
Septic Mouse Brain. Molecules 21:1080. 

Institute for Health Metrics and Evaluation (2022) GBD Results. Inst Health Metr Eval Available at: 
https://www.healthdata.org/data-visualization/gbd-results [Accessed May 2, 2023]. 

Jolugbo P, Ariëns RAS (2021) Thrombus Composition and Efficacy of Thrombolysis and 
Thrombectomy in Acute Ischemic Stroke. Stroke 52:1131–1142. 

Juenet M, Aid-Launais R, Li B, Berger A, Aerts J, Ollivier V, Nicoletti A, Letourneur D, Chauvierre C 
(2018) Thrombolytic therapy based on fucoidan-functionalized polymer nanoparticles 
targeting P-selectin. Biomaterials 156:204–216. 



 

19 

Kawata H, Uesugi Y, Soeda T, Takemoto Y, Sung J-H, Umaki K, Kato K, Ogiwara K, Nogami K, Ishigami 
K, Horii M, Uemura S, Shima M, Tabata Y, Saito Y (2012) A new drug delivery system for 
intravenous coronary thrombolysis with thrombus targeting and stealth activity recoverable 
by ultrasound. J Am Coll Cardiol 60:2550–2557. 

Khlebtsov NG (2008) Optics and biophotonics of nanoparticles with a plasmon resonance. Quantum 
Electron 38:504. 

Kim BH, Lee N, Kim H, An K, Park YI, Choi Y, Shin K, Lee Y, Kwon SG, Na HB, Park J-G, Ahn T-Y, Kim Y-
W, Moon WK, Choi SH, Hyeon T (2011) Large-Scale Synthesis of Uniform and Extremely 
Small-Sized Iron Oxide Nanoparticles for High-Resolution T1 Magnetic Resonance Imaging 
Contrast Agents. J Am Chem Soc 133:12624–12631. 

Kim HY, Kim TJ, Kang L, Kim Y-J, Kang MK, Kim J, Ryu JH, Hyeon T, Yoon B-W, Ko S-B, Kim B-S (2020) 
Mesenchymal stem cell-derived magnetic extracellular nanovesicles for targeting and 
treatment of ischemic stroke. Biomaterials 243:119942. 

Kim J-Y, Kim J-K, Park J-S, Byun Y, Kim C-K (2009) The use of PEGylated liposomes to prolong 
circulation lifetimes of tissue plasminogen activator. Biomaterials 30:5751–5756. 

Kim J-Y, Ryu JH, Schellingerhout D, Sun I-C, Lee S-K, Jeon S, Kim J, Kwon IC, Nahrendorf M, Ahn C-H, 
Kim K, Kim D-E (2015) Direct Imaging of Cerebral Thromboemboli Using Computed 
Tomography and Fibrin-targeted Gold Nanoparticles. Theranostics 5:1098–1114. 

Knowland D, Arac A, Sekiguchi KJ, Hsu M, Lutz SE, Perrino J, Steinberg GK, Barres BA, Nimmerjahn A, 
Agalliu D (2014) Stepwise Recruitment of Transcellular and Paracellular Pathways Underlies 
Blood-Brain Barrier Breakdown in Stroke. Neuron 82:603–617. 

Korin N, Kanapathipillai M, Matthews B, Crescente M, Brill A, Mammoto T, Ghosh K, Jurek S, 
Bencherif S, Bhatta D, Coşkun A, Feldman C, Wagner D, Ingber D (2012) Shear-Activated 
Nanotherapeutics for Drug Targeting to Obstructed Blood Vessels. Science 337:738–742. 

Lee T-R, Choi M, Kopacz AM, Yun S-H, Liu WK, Decuzzi P (2013) On the near-wall accumulation of 
injectable particles in the microcirculation: smaller is not better. Sci Rep 3:2079. 

Lee Y, Lee J, Kim M, Kim G, Choi JS, Lee M (2021) Brain gene delivery using histidine and arginine-
modified dendrimers for ischemic stroke therapy. J Control Release Off J Control Release Soc 
330:907–919. 

Li M, Li J, Chen J, Liu Y, Cheng X, Yang F, Gu N (2020) Platelet Membrane Biomimetic Magnetic 
Nanocarriers for Targeted Delivery and in Situ Generation of Nitric Oxide in Early Ischemic 
Stroke. ACS Nano 14:2024–2035. 

Li S, Campbell BCV, Schwamm LH, Fisher M, Parsons M, Li H, Pan Y, Wang Y, TRACE II investigators 
(2022a) Tenecteplase Reperfusion therapy in Acute ischaemic Cerebrovascular Events-II 
(TRACE II): rationale and design. Stroke Vasc Neurol 7:71–76. 

Li X, Han Z, Wang T, Ma C, Li H, Lei H, Yang Y, Wang Y, Pei Z, Liu Z, Cheng L, Chen G (2022b) Cerium 
oxide nanoparticles with antioxidative neurorestoration for ischemic stroke. Biomaterials 
291:121904. 

Li Y, Liu B, Chen Y, Quan X, Han Y, Zheng Y, Zhao Y (2021) Extracellular Vesicle Application as a Novel 
Therapeutic Strategy for Ischemic Stroke. Transl Stroke Res Available at: 
https://doi.org/10.1007/s12975-021-00915-3 [Accessed October 20, 2021]. 

Liao J, Ren X, Yang B, Li H, Zhang Y, Yin Z (2019) Targeted thrombolysis by using c-RGD-modified 
N,N,N-Trimethyl Chitosan nanoparticles loaded with lumbrokinase. Drug Dev Ind Pharm 
45:88–95. 

Ma J, Zhang S, Liu J, Liu F, Du F, Li M, Chen AT, Bao Y, Suh HW, Avery J, Deng G, Zhou Y, Wu P, Sheth 
K, Wang H, Zhou J (2019) Targeted Drug Delivery to Stroke via Chemotactic Recruitment of 
Nanoparticles Coated with Membrane of Engineered Neural Stem Cells. Small 15:1902011. 

Ma Y-H, Wu S-Y, Wu T, Chang Y-J, Hua M-Y, Chen J-P (2009) Magnetically targeted thrombolysis with 
recombinant tissue plasminogen activator bound to polyacrylic acid-coated nanoparticles. 
Biomaterials 30:3343–3351. 

Marsh JN, Hu G, Scott MJ, Zhang H, Goette MJ, Gaffney PJ, Caruthers SD, Wickline SA, Abendschein 



 

20 

D, Lanza GM (2011) A fibrin-specific thrombolytic nanomedicine approach to acute ischemic 
stroke. Nanomed 6:605–615. 

Marsh JN, Senpan A, Hu G, Scott MJ, Gaffney PJ, Wickline SA, Lanza GM (2007) Fibrin-targeted 
perfluorocarbon nanoparticles for targeted thrombolysis. Nanomed 2:533–543. 

Mereuta OM et al. (2021) Characterization of the ‘White’ Appearing Clots that Cause Acute Ischemic 
Stroke. J Stroke Cerebrovasc Dis 30:106127. 

Moore TL, Cook AB, Bellotti E, Palomba R, Manghnani P, Spanò R, Brahmachari S, Di Francesco M, 
Palange AL, Di Mascolo D, Decuzzi P (2022) Shape-specific microfabricated particles for 
biomedical applications: a review. Drug Deliv Transl Res 12:2019–2037. 

Moore TL, Pannuzzo G, Costabile G, Palange AL, Spanò R, Ferreira M, Graziano ACE, Decuzzi P, 
Cardile V (2023) Nanomedicines to treat rare neurological disorders: The case of Krabbe 
disease. Adv Drug Deliv Rev 203:115132. 

Mosconi MG, Paciaroni M (2022) Treatments in Ischemic Stroke: Current and Future. Eur Neurol 
85:349–366. 

Müller K, Fedosov DA, Gompper G (2014) Margination of micro- and nano-particles in blood flow and 
its effect on drug delivery. Sci Rep 4:4871. 

Navya PN, Daima HK (2016) Rational engineering of physicochemical properties of nanomaterials for 
biomedical applications with nanotoxicological perspectives. Nano Converg 3:1. 

Nian K, Harding IC, Herman IM, Ebong EE (2020) Blood-Brain Barrier Damage in Ischemic Stroke and 
Its Regulation by Endothelial Mechanotransduction. Front Physiol 11 Available at: 
https://www.frontiersin.org/articles/10.3389/fphys.2020.605398 [Accessed April 28, 2023]. 

Niu Y, Tan H, Li X, Zhao L, Xie Z, Zhang Y, Zhou S, Qu X (2020) Protein–Carbon Dot Nanohybrid-Based 
Early Blood–Brain Barrier Damage Theranostics. ACS Appl Mater Interfaces 12:3445–3452. 

Pallavicini P, Chirico G, Taglietti A (2021) Harvesting Light To Produce Heat: Photothermal 
Nanoparticles for Technological Applications and Biomedical Devices. Chem – Eur J 
27:15361–15374. 

Pan Y, Ren X, Wang S, Li X, Luo X, Yin Z (2017) Annexin V-Conjugated Mixed Micelles as a Potential 
Drug Delivery System for Targeted Thrombolysis. Biomacromolecules 18:865–876. 

Pawlowski CL, Li W, Sun M, Ravichandran K, Hickman D, Kos C, Kaur G, Sen Gupta A (2017) Platelet 
microparticle-inspired clot-responsive nanomedicine for targeted fibrinolysis. Biomaterials 
128:94–108. 

Pellow C, Acconcia C, Zheng G, Goertz DE (2018) Threshold-dependent nonlinear scattering from 
porphyrin nanobubbles for vascular and extravascular applications. Phys Med Biol 
63:215001. 

Portioli C, Benati D, Pii Y, Bernardi P, Crucianelli M, Santucci S, Bentivoglio M, Passacantando M 
(2013) Short-Term Biodistribution of Cerium Oxide Nanoparticles in Mice: Focus on Brain 
Parenchyma. Nanosci Nanotechnol Lett 5:1174–1181. 

Quan X, Liang X, Ding Y, Han Y, Li J, Yuan M, Li Y, Yuan Z, Wang R, Zhao Y (2023) Cryo-Shocked 
Platelet Coupled with ROS-Responsive Nanomedicine for Targeted Treatment of 
Thromboembolic Disease. ACS Nano 17:6519–6533. 

Refaat A, Del Rosal B, Palasubramaniam J, Pietersz G, Wang X, Peter K, Moulton SE (2021) Smart 
Delivery of Plasminogen Activators for Efficient Thrombolysis; Recent Trends and Future 
Perspectives. Adv Ther 4:2100047. 

Rehman AU, Mohsin A, Cheema HA, Zahid A, Rehman MEU, Ameer MZ, Ayyan M, Ehsan M, Shahid A, 
Aemaz Ur Rehman M, Shah J, Khawaja A (2023) Comparative efficacy and safety of 
tenecteplase and alteplase in acute ischemic stroke: A pairwise and network meta-analysis 
of randomized controlled trials. J Neurol Sci 445:120537. 

Richard S, Eder V, Caputo G, Journé C, Ou P, Bolley J, Louedec L, Guenin E, Motte L, Pinna N, 
Lalatonne Y (2016) USPIO size control through microwave nonaqueous sol-gel method for 
neoangiogenesis T2 MRI contrast agent. Nanomed 11:2769–2779. 

Saleh A, Schroeter M, Jonkmanns C, Hartung H-P, Mödder U, Jander S (2004) In vivo MRI of brain 



 

21 

inflammation in human ischaemic stroke. Brain J Neurol 127:1670–1677. 
Sani A, Cao C, Cui D (2021) Toxicity of gold nanoparticles (AuNPs): A review. Biochem Biophys Rep 26 

Available at: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8063742/ [Accessed July 24, 
2023]. 

Sarmah D, Banerjee M, Datta A, Kalia K, Dhar S, Yavagal DR, Bhattacharya P (2021) Nanotechnology 
in the diagnosis and treatment of stroke. Drug Discov Today 26:585–592. 

Seo J, Al-Hilal TA, Jee J-G, Kim Y-L, Kim H-J, Lee B-H, Kim S, Kim I-S (2018) A targeted ferritin-
microplasmin based thrombolytic nanocage selectively dissolves blood clots. Nanomedicine 
Nanotechnol Biol Med 14:633–642. 

Shapiro B, Kulkarni S, Nacev A, Muro S, Stepanov PY, Weinberg IN (2015) Open Challenges in 
Magnetic Drug Targeting. Wiley Interdiscip Rev Nanomed Nanobiotechnol 7:446–457. 

Sheth KN, Elm JJ, Beslow LA, Sze GK, Kimberly WT (2016) Glyburide Advantage in Malignant Edema 
and Stroke (GAMES-RP) Trial: Rationale and Design. Neurocrit Care 24:132–139. 

Singh N, Varma A, Verma A, Maurya BN, Dash D (2016) Relief from vascular occlusion using 
photothermal ablation of thrombus with a multimodal perspective. Nano Res 9:2327–2337. 

Soenen S, Rivera Gil P, Montenegro JM, Parak W, De Smedt S, Braeckmans K (2011) Cellular Toxicity 
of Inorganic Nanoparticles: Common Aspects and Guidelines for Improved Nanotoxicity 
Evaluation. Nano Today 6:446–465. 

Strebhardt K, Ullrich A (2008) Paul Ehrlich’s magic bullet concept: 100 years of progress. Nat Rev 
Cancer 8:473–480. 

Sun M, Miyazawa K, Pendekanti T, Razmi A, Firlar E, Yang S, Shokuhfar T, Li O, Li W, Gupta AS (2020) 
Combination targeting of ‘platelets + fibrin’ enhances clot anchorage efficiency of 
nanoparticles for vascular drug delivery. Nanoscale 12:21255–21270. 

Sun S, Lv W, Li S, Zhang Q, He W, Min Z, Teng C, Chen Y, Liu L, Yin J, Zhu B, Xu M, Dai D, Xin H (2023) 
Smart Liposomal Nanocarrier Enhanced the Treatment of Ischemic Stroke through 
Neutrophil Extracellular Traps and Cyclic Guanosine Monophosphate-Adenosine 
Monophosphate Synthase-Stimulator of Interferon Genes (cGAS-STING) Pathway Inhibition 
of Ischemic Penumbra. ACS Nano 17:17845–17857. 

Tang TY, Howarth SPS, Miller SR, Graves MJ, Patterson AJ, U-King-Im J-M, Li ZY, Walsh SR, Brown AP, 
Kirkpatrick PJ, Warburton EA, Hayes PD, Varty K, Boyle JR, Gaunt ME, Zalewski A, Gillard JH 
(2009) The ATHEROMA (Atorvastatin Therapy: Effects on Reduction of Macrophage Activity) 
Study. Evaluation using ultrasmall superparamagnetic iron oxide-enhanced magnetic 
resonance imaging in carotid disease. J Am Coll Cardiol 53:2039–2050. 

Voros E, Cho M, Ramirez M, Palange AL, De Rosa E, Key J, Garami Z, Lumsden AB, Decuzzi P (2015) 
TPA Immobilization on Iron Oxide Nanocubes and Localized Magnetic Hyperthermia 
Accelerate Blood Clot Lysis. Adv Funct Mater 25:1709–1718. 

Vos EM, Geraedts VJ, van der Lugt A, Dippel DWJ, Wermer MJH, Hofmeijer J, van Es ACGM, Roos 
YBWEM, Peeters-Scholte CMPCD, van den Wijngaard IR (2022) Systematic Review - 
Combining Neuroprotection With Reperfusion in Acute Ischemic Stroke. Front Neurol 
13:840892. 

Wang C, Sun J, Chen Q, Chen J, Wan H, Ni Q, Yuan H, Wu J, Wang Y, Sun B (2023) Application of 
Nanotechnology-Based Products in Stroke. ACS Chem Neurosci 14:2405–2415. 

Wang S, Guo X, Xiu W, Liu Y, Ren L, Xiao H, Yang F, Gao Y, Xu C, Wang L (2020) Accelerating 
thrombolysis using a precision and clot-penetrating drug delivery strategy by nanoparticle-
shelled microbubbles. Sci Adv 6:eaaz8204. 

Wang Z, Zhao Y, Jiang Y, Lv W, Wu L, Wang B, Lv L, Xu Q, Xin H (2015) Enhanced anti-ischemic stroke 
of ZL006 by T7-conjugated PEGylated liposomes drug delivery system. Sci Rep 5:12651. 

Waris A, Ali A, Khan AU, Asim M, Zamel D, Fatima K, Raziq A, Khan MA, Akbar N, Baset A, Abourehab 
MAS (2022) Applications of Various Types of Nanomaterials for the Treatment of 
Neurological Disorders. Nanomaterials 12:2140. 

Wen X, Wang Y, Zhang F, Zhang X, Lu L, Shuai X, Shen J (2014) In vivo monitoring of neural stem cells 



 

22 

after transplantation in acute cerebral infarction with dual-modal MR imaging and optical 
imaging. Biomaterials 35:4627–4635. 

Wu H, Peng B, Mohammed FS, Gao X, Qin Z, Sheth KN, Zhou J, Jiang Z (2022) Brain Targeting, 
Antioxidant Polymeric Nanoparticles for Stroke Drug Delivery and Therapy. Small 
18:2107126. 

Xu J, Wang X, Yin H, Cao X, Hu Q, Lv W, Xu Q, Gu Z, Xin H (2019) Sequentially Site-Specific Delivery of 
Thrombolytics and Neuroprotectant for Enhanced Treatment of Ischemic Stroke. ACS Nano 
13:8577–8588. 

Xu J, Zhang Y, Xu J, Liu G, Di C, Zhao X, Li X, Li Y, Pang N, Yang C, Li Y, Li B, Lu Z, Wang M, Dai K, Yan R, 
Li S, Nie G (2020) Engineered Nanoplatelets for Targeted Delivery of Plasminogen Activators 
to Reverse Thrombus in Multiple Mouse Thrombosis Models. Adv Mater 32:1905145. 

Yu W, Yin N, Yang Y, Xuan C, Liu X, Liu W, Zhang Z, Zhang K, Liu J, Shi J (2022) Rescuing ischemic 
stroke by biomimetic nanovesicles through accelerated thrombolysis and sequential 
ischemia-reperfusion protection. Acta Biomater 140:625–640. 

Yuan J, Li L, Yang Q, Ran H, Wang J, Hu K, Pu W, Huang J, Wen L, Zhou L, Jiang Y, Xiong X, Zhang J, 
Zhou Z (2021) Targeted Treatment of Ischemic Stroke by Bioactive Nanoparticle-Derived 
Reactive Oxygen Species Responsive and Inflammation-Resolving Nanotherapies. ACS Nano. 

Zenych A, Fournier L, Chauvierre C (2020) Nanomedicine progress in thrombolytic therapy. 
Biomaterials 258:120297. 

Zenych A, Jacqmarcq C, Aid R, Fournier L, Forero Ramirez LM, Chaubet F, Bonnard T, Vivien D, 
Letourneur D, Chauvierre C (2021) Fucoidan-functionalized polysaccharide submicroparticles 
loaded with alteplase for efficient targeted thrombolytic therapy. Biomaterials 277:121102. 

Zhang H, Lin S, McElroy CL, Wang B, Jin D, Uteshev VV, Jin K (2021a) Circulating Pro-Inflammatory 
Exosomes Worsen Stroke Outcomes in Aging. Circ Res 129:e121–e140. 

Zhang S, Peng B, Chen Z, Yu J, Deng G, Bao Y, Ma C, Du F, Sheu WC, Kimberly WT, Simard JM, Coman 
D, Chen Q, Hyder F, Zhou J, Sheth KN (2022) Brain-targeting, acid-responsive antioxidant 
nanoparticles for stroke treatment and drug delivery. Bioact Mater 16:57–65. 

Zhang Y, Liu Y, Zhang T, Wang Q, Huang L, Zhong Z, Lin J, Hu K, Xin H, Wang X (2021b) Targeted 
Thrombolytic Therapy with Metal–Organic-Framework-Derived Carbon Based Platforms with 
Multimodal Capabilities. ACS Appl Mater Interfaces 13:24453–24462. 

Zhang Y, Zhong Y, Ye M, Xu J, Liu J, Zhou J, Wang S, Guo D, Wang Z, Ran H (2019) Polydopamine-
modified dual-ligand nanoparticles as highly effective and targeted magnetic 
resonance/photoacoustic dual-modality thrombus imaging agents. Int J Nanomedicine 
14:7155–7171. 

Zhao Y, Jiang Y, Lv W, Wang Z, Lv L, Wang B, Liu X, Liu Y, Hu Q, Sun W, Xu Q, Xin H, Gu Z (2016) Dual 
targeted nanocarrier for brain ischemic stroke treatment. J Controlled Release 233:64–71. 

Zhao Y, Xie R, Yodsanit N, Ye M, Wang Y, Gong S (2020) Biomimetic fibrin-targeted and H2O2-
responsive nanocarriers for thrombus therapy. Nano Today 35:100986. 


