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Abstract: Hemorrhagic stroke is one of the most devastating diseases worldwide due to a high rate of disability and mortality with
few effective treatments. Recent advances in nanomedicines to promote hemostasis, drug delivery, neuroprotection, and nerve
regeneration may provide insight into hemorrhagic stroke treatment. In this review, we first view the pathophysiology and conventional
therapeutics of hemorrhagic stroke. Second, we comprehensively summarize the current nanomedicines applied in hemorrhagic stroke,
including inorganic nanomaterials, polymer-based nanomaterials, lipid-based nanomaterials, self-assembling peptide-based hydrogel,
exosomes, and gel systems. Finally, the challenges, opportunities, and future perspectives of nanomedicines for hemorrhagic stroke are
discussed. Thus, this review promotes greater exploration of effective therapies for hemorrhagic stroke with nanomedicines.
Keywords: hemorrhagic stroke, nanomedicine, therapy, subarachnoid hemorrhage, intracerebral hemorrhage

Introduction
A hemorrhagic stroke occurs when a blood vessel rupture resulting in bleeding into the brain. It can be divided into two
types, namely intracerebral hemorrhage (ICH)—bleeding within the brain parenchyma—and subarachnoid hemorrhage
(SAH)—bleeding within the subarachnoid space.1 Hemorrhagic stroke accounts for 10–20% of all strokes and results in
40% of stroke-related deaths, which has drawn research attention due to its high mortality rate.2 The mortality rate of
hemorrhagic strokes is 25–30% in high-income countries and 30–48% in low- to middle-income countries.3 The effective
treatments for hemorrhagic strokes are scarce leading to poor clinical outcomes and heavy social burden. Supportive
therapy, hemostatic therapy, surgery, complication prevention, and rehabilitation treatment are conventional therapeutic
strategies for hemorrhagic strokes.4 However, the clinical benefits of hemostatic therapy or surgery for hematoma
removal are controversial.5–7 Moreover, many pharmacological agents failed to improve the prognosis of hemorrhagic
strokes in clinical trials due to their short half-life periods, poor specificity of biodistribution, and inability to cross the
blood-brain barrier (BBB).8,9

Since its conception in 1959, nanotechnology has opened a new area of study that involves creating and applying
systems or materials at the nanometer-scale, known as nanoparticles (NPs). The application of nanotechnology in
medicine (ie, nanomedicine) offers an exciting prospect for the diagnosis and treatment of many diseases.10 The
advantages of nanomedicine have made it an ideal candidate to improve disease treatment. NPs can ameliorate the
pharmacological and pharmacokinetic patterns of conventional drugs or achieve targeted delivery by acting as drug
carriers.11 Many kinds of nanomedicines, including metal NPs, graphene oxide, hydrophilic carbon clusters, polymeric
NPs, polymeric micelles, liposomes, lipid nanocapsules, nanoemulsions, self-assembly peptide based hydrogel, gel
systems, and exosomes have been applied in hemorrhagic stroke therapy. Recent advances in nanomedicines concerning
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their promotion of hemostasis, neuroprotection, complication prevention, and nerve regeneration, provide new ideas for
hemorrhagic stroke treatment.

In this review, we have provided an overview of the hemorrhagic stroke-associated brain injury mechanism, the
conventional diagnosis and therapy methods, as well as their challenges. We also summarized the application of
nanomedicines in the field of hemorrhagic stroke therapy (Figure 1). Finally, we addressed the challenges, opportunities,
and future perspectives of nanomedicines for hemorrhagic strokes.

Pathophysiology of Hemorrhagic Stroke
Hemorrhagic stroke induces a series of adverse events that cause primary and secondary brain injury. Primary brain
injury results from mass effect and mechanical disruption from extravasated blood, while secondary brain injury results
from toxic biochemical and metabolic effects in response to extravasated blood components. The pathophysiology of
hemorrhagic stroke is summarized in Figure 2.

Primary Brain Injury
As extravasated blood enters the brain parenchyma or/and subarachnoid space, it immediately increases the intracranial
pressure (ICP), which may lead to arterial compression resulting in intracerebral ischemia. In ICH, the initial hematoma
and hematoma expansion can result in mechanical compression of the peri-hematoma structures.

Figure 1 The nanomaterials used for therapy of hemorrhagic stroke. Created with Biorender.com.
Abbreviation: NPs, nanoparticles.
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Secondary Brain Injury
Edema and BBB Disruption
Peri-hematoma edema, intra-hematoma edema, and global edema occurring after ICH and SAH are associated with poor
clinical outcomes and could cause more severe secondary injuries.12,13 Blood components, such as thrombin, hemoglo-
bin, and its degradation products, can lead to brain edema through BBB disruption and toxic effects. Meanwhile, neuro-
inflammation after hemorrhagic stroke is responsible for initiating both vasogenic edema through BBB disruption and
cellular edema through toxic effects on the cells. Ischemic injury, dysfunction of autoregulation, and clot retraction are
also associated with brain edema after hemorrhagic stroke.

As mentioned above, degradation products of blood, inflammatory factors, and vasoactive substances are responsible
for BBB disruption after hemorrhagic stroke since they can lead to endothelial death.14,15 Matrix metallopeptidase
(MMP) is also related to BBB disruption after hemorrhagic stroke due to its ability to degrade the extracellular matrix of
the cerebral microvascular basal lamina.

Oxidative Stress
Oxidative stress (OS) refers to the overproduction of free radicals, mainly reactive oxygen species (ROS). OS in
hemorrhagic stroke results from mitochondrial dysfunction, blood cell decomposition products (iron ions and heme),
inflammatory cell infiltration and activation, activation of many peroxidases, and disruption of the anti-oxidative system
after hemorrhagic stroke.16,17 Excessive production of free radicals after hemorrhagic stroke is associated with neuronal
damage, brain injury, and inflammatory responses.

Figure 2 The pathophysiology of hemorrhagic stroke. Created with Biorender.com.
Abbreviations: ICP, intracranial pressure; ROS, reactive oxygen species.
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Inflammation
The degradation products of red blood cells, overproduction of free radicals, and pathways secondary to endothelial
injury are responsible for inflammation after hemorrhagic stroke.18 Substantial evidence indicates an inflammatory
response after hemorrhagic stroke, including activation of microglial cells and recruitment of other inflammatory cells,
such as neutrophils and macrophages.19 An increase in inflammatory mediators, including tumor necrosis factor,
adhesion molecules, and matrix metalloproteinases, is also monitored after hemorrhagic stroke.19 The inflammatory
response results in inflammation-related injuries, including BBB injury, edema, cell death, and vasospasm.

Cerebral Vasospasm
Cerebral vasospasm (CVS) has its onset on day 3 after SAH, peaks at day 7, and usually lasts for 2–3 weeks.20 CVS after
SAH is a severe complication and associated with poor clinical outcomes.20 CVS usually results from overexpression of
endothelin and hypoxia inducible factor-1, inflammation, overproduction of ROS, and endothelial cell apoptosis after
SAH.21

Conventional Therapies for Hemorrhagic Stroke Treatment and Their Challenges
The conventional therapies for hemorrhagic strokes include general therapy, hemostatic therapy, surgery, complication
prevention, and rehabilitation treatment.4

General therapy includes air protection, blood pressure (BP) management, and glycemic control.22,23 The use of these
general therapies is recommended in a balanced manner. For instance, many patients with hemorrhagic stroke undergo
endotracheal intubation for stroke intervention; however, the use of endotracheal intubation is subject to the risk of
complications. For BP management, high BP is associated with the risk of hematoma expansion, aneurysmal rupture, and
rebleeding, while hypotension may increase the risk of ischemia. Therefore, BP management should also consider risk
assessment. For glycemic control, both hyperglycemia and hypoglycemia are associated with worse outcomes, such as
CVS, higher short-term mortality, and hematoma expansion. Thus, blood glucose should be maintained at an appropriate
level.

Hemostatic therapy is used to control the expansion of hematoma.24 The use of prothrombin complex concentrates,
vitamin K, recombinant activated factor VII, and fresh frozen plasma is recommended. Nevertheless, one Phase III
randomized trial found no clinical benefit of hemostatic therapy in patients without coagulation disorder.6 Therefore,
current hemostasis should focus on patients with coagulopathy.

Various complications occur after hemorrhagic stroke, including cerebral edema, increased ICP, hydrocephalus,
epileptic seizures, and CVS. Some of these complications can be deadly. Therefore, managing these complications is
of great importance. Elevated ICP is commonly seen in patients with hemorrhagic stroke. It can be managed by simply
elevating the head of the bed, analgesia, and sedation, or using mannitol, hypertonic saline, and neuromuscular
paralysis.25 Concerning seizure prophylaxis, the guidelines recommend that anti-epileptic drugs (AEDs) should be
used in patients with ICH presenting with clinical seizures or electrographic seizures. Routine AED administration is
recommended for patients with SAH, especially for those with risk factors of developing onset seizures. Commonly used
AEDs include levetiracetam, valproate, and fosphenytoin. Furthermore, CVS is a deadly complication of SAH. The most
widely used prevention measure is the oral administration of nimodipine (NM) immediately after SAH. “Triple-H
therapy”, which means hypervolemia by volume expansion, hypertension with BP augmentation, and hemodilution for
reducing blood viscosity, is recommended after an incidence of CVS.26

Surgical evacuation is used in patients with ICH to decrease the mass effect and secondary injury caused by
hematoma. Brainstem compression, neurological deterioration, and hydrocephalus due to ventricular obstruction are
frequently used as indicators for emergent surgical intervention in patients with ICH.27 In patients with SAH, emergency
surgery of endovascular coiling or surgical clipping is needed to stop the bleeding from a ruptured aneurysm.28

Despite the benefit of conventional therapies, many challenges arise in managing hemorrhagic strokes. First, although
the pathophysiology of hemorrhagic stroke has been studied for years, no pharmacological agents are clinically available
to effectively treat hemorrhagic stroke, especially by targeting the secondary injury after hemorrhagic stroke. Many
clinical trials targeting neuro-inflammation, iron overload, and neuron injury after hemorrhagic stroke have failed to
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improve the prognosis of hemorrhagic stroke. Second, systemic administration of some drugs (eg, nimodipine), will lead
to unwanted adverse effects since it can affect non-targeting sites. Hence, site-specific delivery of drugs is urgently
needed. Another problem is that some therapeutic agents fail to reach the brain due to their short half-life and inability to
cross the BBB. Thus, promoting a longer circulation half-life and trans-endothelial transport can help increase the
therapeutic effects of drugs in hemorrhagic stroke.

Nanomedicines for the Treatment of Hemorrhagic Stroke
The use of nanomedicine is widely investigated in the field of hemorrhagic stroke therapy. Nano-dimensional particles
can be used as drug carriers to encapsulate both hydrophilic and hydrophobic drugs to improve their solubility and
stability. The surface of NPs can be modified with targeting ligands to aid the homing of drug-loaded carriers at the
hemorrhagic site. The use of stimuli-responsive drug nanocarriers also enables the controlled release of drugs at the target
sites. Small size and surface modification of drug-loaded NPs impart properties to permeate the BBB. Moreover, some
inorganic and polymeric NPs with ROS depletion and iron chelation abilities have also been developed to attenuate
secondary injury caused by iron overload and oxidative stress. Nanofiber-based scaffolds are also used in the field of
nerve regeneration and hemostasis. Table 1 contains a detailed summary of nano-inventions used for hemorrhagic
strokes. By improving pharmaceutical properties including solubility, stability, half-life period, and site-specific accu-
mulation, nanomaterials can reduce the required dose and increase the interval between dosing compared with conven-
tional medications. By achieving site-specific delivery, stimuli-responsive release, and improved BBB penetrability,
nanomedicine can also increase drug accumulation in hemorrhagic stroke sites and reduce unwanted distribution to
improve therapeutic efficacy while reducing adverse effects of pharmaceutical products. In addition, nanomaterials have
led to the emergence of new treatments (eg, nerve regeneration therapy for hemorrhagic stroke) filling a gap not
addressed by conventional therapies. Some nanomaterials have inherent therapeutic effects (eg, cerium oxide NPs),
offering new therapeutic mechanisms beyond conventional therapies for hemorrhagic stroke.

Inorganic Nanomaterials
Inorganic nanomaterials including cerium oxide NPs, selenium (Se)-NPs, iron oxide NPs, polyethylene glycol (PEG)
functionalized hydrophilic carbon clusters (PEG-HCCs), and graphene oxide nanosheets can be used for combating
hemorrhagic stroke.29–35 Cerium oxide NPs, Se-NPs, and PEG-HCCs have been shown to exert neural protective effects
by scavenging ROS.31–34 Furthermore, graphene oxide nanosheets were used to deliver neuroprotectant for neuropro-
tective therapy.29 Iron oxide NPs have been used in combination with stem cell therapy for neuroprotection.35

Metal NPs
Cerium oxide NPs may offer a new approach for neuroprotection after hemorrhagic stroke due to their ROS scavenging
properties. Cerium oxide NPs have two co-existing oxidative states (3+ and 4+) in transition which participate in ROS
decomposition.36 Ceria NPs have been widely used in the therapy of brain diseases with high levels of OS, such as
ischemic stroke, Alzheimer’s disease (AD), and Parkinson’s disease (PD).37–39 Jeong et al synthesized uniform, 3 nm,
water-dispersed, biocompatible, ceria NPs with aminocaproic acid coating (BA-CeNPs) and modified the NPs with PEG
for better biocompatibility.32 The BA-CeNPs exhibited potent ability to reduce OS and cytotoxicity in RAW264.7
macrophages. After the intravenous administration of NPs one hour post-SAH, the rats exhibited less neuronal death,
brain edema, neuronal inflammatory response, and better long-term clinical outcome. Accumulated ROS can activate the
immune cells, and ceria NPs can reduce inflammation-associated injury by scavenging ROS. Cha et al developed lipid-
coated magnetic mesoporous silica NPs doped with ceria NPs (LMCs) for theragnosis of ICH.33 LMCs consist of
mesoporous silica NPs coated by lipid bilayers, which are loaded with large amounts of ceria NPs in the pores of their
walls for ROS scavenging, and iron oxide NPs in their cores for magnetic resonance imaging (MRI) contrast. After
intracerebral injection of LMCs, they were found to be recruited throughout the peri-hematoma area and accumulated in
the intracellular space of active microglia/macrophages, indicating successful recruitment of LMCs to the target area and
cells to accentuate the inflammatory response in the ICH models. Taking advantage of the iron oxide NPs in LMCs,
researchers successfully achieved enhanced imaging of the peri-hematoma area using serial T2-weighted MRI. The
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Table 1 Nanomedicines for Hemorrhagic Stroke Therapy

Type Nanomaterials Modification Size Loaded
Drugs

Delivery Stroke Model Result Ref.

Inorganic
nanomaterials

Biocompatible, aminocaproic
acid-cerium NPs

Aminocaproic
acid and
PEGylation

3nm iv Endovascular
perforation in
rats

Antioxidant, Neuroprotective and Anti-Inflammatory effects;
Improved Survival and Neurological Outcomes

[32]

Lipid-coated silica NPs loaded
with cerium NPs and iron
oxide NPs

Lipid Brain injection Collagenase VII
injection in rats

Anti-inflammation effect; attenuating brain edema; improving
neurological outcomes

[33]

PEG- cerium NPs mPEG-DSPE iv Collagenase VII
injection in mice

Decreased M1 microglia and A1 astrocyte activation; promoting
remyelination and OPC differentiation

[31]

Iron oxide NPs iv Collagenase VII
injection in rats

Targeted delivery of SNMs; decreasing brain edema and
neuroinflammation; enhancing neurological outcome.

[35]

Se@SiO2 nanocomposite 55nm ip Collagenase IV
injection in mice

Antioxidant and antiapoptotic effects; better BBB integrin;
decreasing brain edema; better neurological outcomes

[34]

Hydrophilic carbon clusters PEG ip Autologous
whole blood
infusion model
in mice

DEF-HCC-PEG therapy exhibited better efficiency in preventing
hemin-induced genome damage and iron induced ferroptosis than
deferoxamine or PEG-HCC therapy alone both in vivo and in vitro.

[30]

Pirfenidone loaded graphene
oxide nanosheet
functionalized with Tat and
mPEG

Tat, PEG Pirfenidone iv Endovascular
perforation in
mice

Injection of pirfenidone loaded graphene oxide nanosheet
significantly reduced the gray matter lesion and brain edema after
SAH.

[29]
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Polymeric
nanomaterials

Res loaded MPEG-PLGA NPs MPEG 297.57 ±
7.07 nm

Resveratrol po Collagenase IV
injection in mice

Improving the oral bioavailability of Res; exhibiting better curative
effects on ICH injury

[48]

Curcumin loaded PLGA NPs Emulsified by
Poly vinyl
alcohol

Curcumin iv. Endovascular
perforation in
rats

Exhibiting excellent antiinflammation and antiapoptotic ability [45]

Curcumin loaded PLGA NPs Emulsified by
Poly vinyl
alcohol

220±25
nm

Curcumin ip Endovascular
perforation in
rats

Improving neurological function; alleviating brain edema; reducing
BBB permeability; suppressing inflammatory response; hindering
oxidative stress, blocking SAH-induced apoptosis after SAH

[46]

Rosuvastatin loaded PEG-
PCL nanomicelles

PEG 19.41
nm

Rosuvastatin po Collagenase VII
injection in mice

Reducing neuron degeneration; inhibiting the inflammatory cell
infiltration; reducing the brain edema; improving neurological deficits

[51]

Plasmid NT-3 containing HRE
with a cmv promoter loaded
in PBCA NPs

125.3 ±
2.5nm

cmvNT-3-HRE iv Collagenase
injection in mice

Increasing the expression of NT-3; inhibiting the expression of
apoptosis-inducing factor, cleaved caspase-3 and DNA fragmentation;
reducing the cell death rate after ICH in vivo

[49]

CGRP gene loaded Tat
peptide-decorated gelatin-
siloxane NPs

Tat peptide 172 ± 5
nm

CGRP plasmid Cisterna magna
injection

Cisterna magna
double injection
in rats

Tat-GS NPs exhibiting better gene transfection efficiency than
commercial transfection reagent; CGRP gene loaded Tat-GS NPs
significantly lead to higher sustained CGRP expression in endothelial
cells; leading to better neurological outcomes and reducing
vasospasm after SAH

[54]

O-dodecyl p-methylen-
ebisphosphonic calix [4]
arene micelles containing
dauricine

186.6 ±
16.5 nm

Dauricine iv Autologous
whole blood
double infusion
model in mice

The nanocarriers released drugs in a metal ion responsive fashion;
reducing brain water content; restoring BBB integrity; attenuating
neurological deficits by reducing inflammatory injury and inhibiting
apoptosis and ferroptosis.

[47]

Transferrin conjugated to
DSPE-PEG containing
Astaxanthin (ATX-NPs)

Transferrin 31±
11nm

Astaxanthin Compared to free ATX, ATX-NPs with lower ATX concentration
showed powerful neuroprotective effects on OxyHb-induced
neuronal damage.

[50]

NPs composed of PEGylated
poly(catechol) with high
deferoxamine loading

PEG 36.2 ±
7.6 nm

iv Collagenase VII
injection in mice

Down regulating the iron and ROS levels; reducing the cell death in
both iron overloaded RAW 264.7 cells and the ICH mice model.

[52]

PMNT and PMOT PEG iv Focused
ultrasound-
induced ICH in
rats

Ameliorating ICH-induced brain edema, neurological deficit and
oxidative damage

[53]

(Continued)
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Table 1 (Continued).

Type Nanomaterials Modification Size Loaded
Drugs

Delivery Stroke Model Result Ref.

Lipid based
NPs

Fasudil loaded liposomes Fasudil Intrathecal
injection

Cisterna magna
double injection
in rats and dogs

Safe for Intrathecal injection; attenuating cerebral vasospasm after
SAH

[67]

β-Caryophyllene loaded
liposomes

189.3 ±
3.8 nm

β-
Caryophyllene

ip Endovascular
perforation in
rats

Improving neurological function disorder, balance ability and cerebral
blood perfusion; reducing brain edema; promoting repairment of
BBB after SAH

[65]

Xenon-containing echogenic
liposomes

PEG Xenon iv Endovascular
perforation in
rats

Reducing bleeding; improving general neurological function;
alleviating motor function damage in association with reduced
apoptotic neuronal death and decreased mortality

[66]

NO-loaded echogenic
liposomes

PEG NO iv Endovascular
perforation in
rats

Attenuating arterial vasodilation in vivo resulting in improved
neurologic function after SAH.

[69]

Curcumin loaded
nanoemulsion

0.75 ±
0.89 nm

Curcumin ip Collagenase VII
injection in rats

Nano emulsified curcumin treatment further improved behavioral
recovery, reduced hematoma size, exhibited better antioxidation
ability and less adverse effect compared with free curcumin
treatment in rats after ICH.

[64]

QU -loaded nanoemulsion 19.25
±0.20nm

Quercetin ip Collagenase VII
injection in rats

The nano emulsified QU exhibit better bioavailability and antioxidant
capacity than free QU, leading to better neurological outcome,
smaller hematoma volume.

[63]

NM loaded lipid nanocapsules 35.94 ±
0.14 nm

Nimodipine Intranasal
administration

Intranasally administrated NM-LNCs can deliver the same amount of
NM to brain tissue with lower peak plasma concentration, slower
rate of elimination compared with i.v. administered NM solution.

[68]
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Self-
assembling
peptide

RADA16-I Intralesional
injection
following
Hematoma
aspiration

Collagenase IV
injection in rats

Reducing the brain edema, cerebral inflammation, apoptosis, cavity
volume; attenuating functional deficits; promoting axons and cells
regeneration near the hydrogel

[77]

RADA16-RGD and RADA16-
IKVAV(RADA16mix)

RGD and
IKVAV peptide

Intralesional
injection
following
Hematoma
aspiration

Collagenase IV
injection in rats

Injection of RADA16mix solution after hematoma aspiration in ICH
mice contributes to more cell survival, less neuron inflammatory
response, better functional recovery compared with RADA16-I
injection. Several nerve fibers were found inside the grafted
RADA16mix and cytoplasmic apophysis existed around the boundary
of the RADA16mix.

[78]

RGD peptide containing
elastin-like polypeptide fusion
protein

RGD peptide Right internal
carotid artery
administration

Collagenase VII
injection in rats

Reducing the hematoma volume; preventing the blood component
leakage; reducing the inflammatory response

[79]

Exosome Exosomes derived from
MSCs

iv Collagenase IV
injection in rats

Improved functional recovery; reducing lesion size and white matter
injury; increasing tract connectivity, axonal sprouting

[88]

Exosomes derived from miR-
133b transferred MSCs

miR-133b iv Collagenase
injection in rats

Reducing apoptosis and neurodegeneration induced by ICH [89]

(Continued)
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Table 1 (Continued).

Type Nanomaterials Modification Size Loaded
Drugs

Delivery Stroke Model Result Ref.

Gel system Intranasal gel containing
hydrochloride loaded NPs
and coated with a positively
charged film

Hydrochloride
loaded
chitosan NPs

Intranasal
administration

Autologous
whole blood
infusion model
in rats

Increasing accumulation of NPs in brain tissues; prolonging the
retention time; decreasing NPs deposition in lung; attenuating brain
edema after ICH

[93]

Core shell hydrogel with
BMSCs and PLGA NPs in
core and minocycline
hydrochloride in shell.

BMSCs, PLGA
NPs containing
EGF, bFHF, MH

Basal ganglia
injection

Basal ganglia
injection of
Fecl2

Reducing iron deposition area, brain atrophy, brain edema; improving
neurological recovery after ICH

[90]

Gelatin hydrogel containing
EGF

EGF Basal ganglia
injection

Collagenase
injection in rats

Filling ICH cavities;promoting immigration and differentiation of
neural precursor cells after ICH

[91]

Keratin hydrogel Intralesional
injection
following
Hematoma
aspiration

Collagenase VII
injection in rats

Reducing hematoma volume, neuroinflammation, cell apoptosis,
neurological deficits after ICH

[95]

Gelatin hydrogel Basal ganglia
injection

Collagenase VII
injection in mice

Reducing inflammation cell activation, inflammation cytokines
release; inducing polarization of anti-inflammatory phenotype
microglia

[94]

DFO loaded thermo sensitive
keratin hydrogels

N-isopropyl
acrylamide

DFO Basal ganglia
injection

Autologous
whole blood
injection in rats

Reducing iron deposits, brain edema, ROS level after ICH [92]

Abbreviations: ATX, astaxanthin; BBB, blood-brain barrier; BMSCs, bone marrow stromal cells; CGRP, calcitonin gene-related peptide; DEF, deferoxamine; DFO, deferoxamine mesylate; DSPE, Distearoyl Phosphoethanolamine; EGFs,
epidermal growth factors; HRE, hormone response element; ICH, intracerebral hemorrhage; LNCs, lipid nanocapsules; ip, intraperitoneal injection; iv, intravenous injection; MSCs, mesenchymal stem cells; NPs, nanoparticles; NT-3,
neurotrophin-3; OPC, oligodendrocyte progenitor cell; PCL, poly-y[ε-caprolactone]; PEG, polyethylene glycol; PEG-HCCs, PEG functionalized hydrophilic carbon clusters; PLGA, poly [lactic-co-glycolic acid; po, oral administration; QU,
quercetin; Res, resveratrol; RGD, Arg–Gly–Asp; SAH, subarachnoid hemorrhage; Se@SiO2, porous Se and SiO2 nanocomposite; SNMs, spherical neural masses.
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injection of LMCs reduced neuronal inflammation and inflammatory cell infiltration after ICH. By attenuating neuro-
inflammation after ICH, LMCs reduced brain edema and promoted a better neurological outcome. Furthermore, Zheng
et al developed ceria NPs modified with PEG (PEG-CeNP) and demonstrated that PEG-CeNP treatment attenuates
demyelination and white matter injury after ICH by ROS scavenging.31

Since Se is incorporated as selenocysteine in anti-oxidant enzymes, such as glutathione peroxidase, thioredoxin
reductase, and selenoprotein P, where it acts as the redox center of these enzymes, Se-NPs are widely used in anti-oxidant
therapy.40 Yang et al developed a porous Se and SiO2 nanocomposite (Se@SiO2), which has the ability of controlled Se
release to guarantee the beneficial effects and reduce the toxicity of Se.34 An in vitro test proved that Se@SiO2 protected
the neuroblastoma cell line SH- SY5Y from hemin-induced apoptosis by reducing the intracellular ROS level. Also, the
intra-peritoneal injection of Se@SiO2 in ICH mice reduced the ROS level, cell apoptosis, and brain edema, as well as
improved the BBB integrity compared with that in vehicle-treated ICH mice.

Ferrimagnetic iron oxide nanocubes (FIONs) can also be used for targeted drug delivery with the external magnetic
field guidance or fictionalized with targeting moieties.41 Ming et al synthesized FIONs to label human embryonic stem
cell-derived spherical neural masses (SNMs), which are known to have efficient differentiation ability.35 Researchers
created an external magnetic field by adopting a magnet attached to the hamlet after injecting FION-labeled SNMs into
the ICH models. They found that the guidance of the external magnetic field significantly increased the targeted delivery
of FION-labeled SNMs, leading to reduced swelling, inflammatory response, and brain atrophy, and improved neurolo-
gical function recovery after ICH.

Carbon-Based Nanomaterials
Carbon-based nanomaterials used in disease therapy and diagnosis include graphene, graphene oxide, nanodiamonds,
carbon nanotubes, and carbon nanofibers. PEG-HCCs are a newly developed anti-oxidant, which can eliminate ROS in
vitro and in vivo.42 Recently, Dharmalingam et al applied PEG-HCCs in the therapy of ICH.30 They found that PEG-
HCCs significantly reduced ROS accumulation and genome damage induced by hemin, leading to reduced senescence
phenotype. However, although PEG-HCC therapy reduced the senescence after exposure to hemin, it could increase the
sensitivity to iron-mediated ferroptosis, since senescent cells were resistant to iron-mediated ferroptosis. Therefore, they
developed PEG-HCCs covalently conjugated with well-known iron-chelating agent deferoxamine (DEF-HCC-PEG).
DEF-HCC-PEG exhibited better efficiency in preventing hemin-induced genome damage, iron-induced ferroptosis and
cell death than either DEF or PEG-HCCs alone (Figure 3). Graphene is a two-dimensional, one-atom-thick nanosheet
with a large specific surface area ideal as a drug nanocarrier.43 As an oxidized form of graphene, graphene oxide has an
oxygen-containing group on the surface which enables water dispersibility and easy modification.44 Yang et al synthe-
sized a pirfenidone-loaded functionalized graphene oxide (pirfenidone-FGO) nanosheet with Tat and methoxy poly-
ethylene glycol (mPEG).29 The functionalized nanosheet contributes to better BBB bypassing ability and stability in the
blood circulation of pirfenidone. Pirfenidone-FGO also exhibits high efficiency of drug release in an acidic environment,
which enables effective treatment of acidic inflammatory lesions after SAH. The researchers demonstrated that injection
of pirfenidone-FGO significantly reduced the gray matter lesion and brain edema after SAH.

Polymer-Based Nanomaterials
Polymer-based nanomaterials are used for neuroprotection by optimizing pharmacological properties or improving the
site-specific delivery of neuroprotectants and genes including resveratrol (Res), curcumin, rosuvastatin, dauricine (DRC),
astaxanthin (ATX), neurotrophin-3 (NT-3).45–51 Polymer-based nanomaterials with ROS scavenging and iron chelation
properties are also used for neuroprotection of hemorrhagic stroke.52,53 Polymer-based nanomaterials prevented compli-
cations after SAH by improving targeted delivery of the calcitonin gene-related peptide (CGRP) gene.54

Biodegradable polymeric NPs are one of the most widely used nanocarriers due to their low toxicity, good
biocompatibility, biodegradability, high encapsulation efficiency, and sustained release ability.55 Encapsulating drugs
with biodegradable polymeric NPs improve their solubility, bioavailability, and retention time.55 Poly(lactic-co-glycolic
acid) (PLGA)-based NPs are one of the most widely used polymeric nanocarriers for drug therapy. Furthermore, the US
Food and Drug Administration has granted approval for PLGA in human use.56 Mo et al developed PLGA NPs to
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improve the brain delivery and therapeutic efficacy of Res, which has been used as a neuroprotectant in many
neurological diseases.48 The group demonstrated that Res NPs have higher permeability to cross physiological barriers,
better oral absorption, and higher accumulation level in the brain, and exhibit a prolonged sustained release profile. Oral
administration of Res NPs showed significant neuroprotection effects in the ICH mouse models. Curcumin, an extract
from the plant Curcuma longa, can act as a candidate for hemorrhagic stroke therapy due to its anti-inflammatory and
anti-oxidative effects. Curcumin-capsulated PLGA NPs have been successfully developed. They exhibited enhanced
efficiencies for anti-neuronal apoptosis and anti-inflammation, inhibiting BBB disruption, hindering OS, as well as
reducing glutamate in the cerebrospinal fluid (CSF) after SAH.45,46 Poly y(ε-caprolactone) (PCL) is a biodegradable
polymer widely used in medical devices and tissue engineering.57 PEGylation of PCL results in amphiphilic PEG-PCL
copolymer, which has been widely applied in drug delivery.58 In a recent study, PEG-PCL formed nanomicelles with a
hydrophobic core to encapsulate rosuvastatin, a drug effective in inhibiting the inflammatory reaction after ICH.51

Rosuvastatin-loaded nanomicelles significantly improved the solubility and extended the half-life of rosuvastatin, thereby
allowing for administration at a lower dose and frequency to reduce toxicity and improve the curative effect. Oral
administration of the rosuvastatin-loaded nanomicelles relieved the inflammatory response in the ICH mouse models
compared with those only receiving free rosuvastatin treatment.

In addition to drug delivery, polymeric NPs can be used for therapeutic intracellular gene delivery.59 It was
demonstrated that poly(butyl cyanoacrylate) (PBCA)-NPs could act as effective vectors to deliver macromolecules to
the injured brain and as a non-viral system for gene delivery.60,61 Chung et al developed PBCA NPs to transport plasmid
NT-3, as an essential neurogenesis regulator, containing hormone response element (HRE) with a cytomegalovirus (cmv)
promoter for neuroprotective effects in ICH rats.49 Intravenous injection of PBCA NP/cmv NT-3-HRE complexes

Figure 3 ICH treatment with DEF-HCC-PEG. (A) The mechanism of DEF-PEG-HCC in combating ICH. Hemin can lead to senescence of neurons by inducing nuclear and
mitochondrial DNA damage. Although PEG-HCC therapy can reduce senescence and DNA damage after exposure to hemin, it simultaneously increases iron-mediated
ferroptosis. In contrast, DEF-HCC-PEG can prevent ferroptosis, DNA damage, and senescence with simultaneous iron chelation and ROS scavenging ability. (B) PEG-HCC-
DEF restores the viability of hemin-treated neurons beyond that of PEG-HCC or DEF alone. The cultured neurons were treated with 5 μM hemin and received
corresponding drugs. Total cell death was measured by MTT assay. (C) DEF-PEG-HCC exhibited higher efficiency in preventing hemin-induced DNA damage. The cultured
neurons were treated with 5 μM of hemin and received corresponding drugs. IB was used to measure the level of γH2AX and p-53BP1 as biomarkers of genome damage.
The histogram shows the quantitation results of IB. (D and E) The IB quantitation result of (D) GPX4 or (E) MDA levels in cultured neurons treated with 100 μM FeSO4
and in the presence or absence of hemin, PEG-HCC, DEF, or DEF-HCC-PEG. The reduction of GPX4 or increase of MDA levels can be markers of ferroptosis, respectively.
Results are represented as mean ± SEM from three independent experiments. Significant differences: *p < 0.01; **p < 0.05. Reprinted with permission from American
Chemical Society: ACS Nano, Pervasive Genomic Damage in Experimental Intracerebral Hemorrhage: Therapeutic Potential of a Mechanistic-Based Carbon Nanoparticle,
Dharmalingam P, Talakatta G, Mitra J et al. Copyright 2020 American Chemical Society.30

Abbreviations: DEF, deferoxamine; IB, immunoblotting; ICH, intracerebral hemorrhage; MDA, malondialdehyde; PEG, polyethylene glycol; PEG-HCCs, polyethylene glycol
functionalized hydrophilic carbon clusters; ROS, reactive oxygen species; SEM, standard error of mean.
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significantly increased the expression of NT-3 in the brain tissue and exhibited anti-apoptotic effects and neuron
protection after ICH. Gelatin NPs are biodegradable, biocompatible, non-toxic, and low-cost nanocarriers widely used
for gene delivery.62 CGRP is a potent arterial and venous vasodilator used for the relief of CVS after SAH. Tat peptide-
decorated gelatin-siloxane (Tat-GS) NPs were developed to transfer the CGRP gene for the treatment of CVS after
SAH.54 The Tat-GS NP-loading CGRP plasmid successfully increased the CGRP expression level in vitro and in vivo
and attenuated the neurological outcomes and CVS after SAH.

Polymeric NPs capable of controlled release and targeted drug delivery were also developed for the treatment of
hemorrhagic stroke. Recently, metal ion-responsive DRC-loaded micelles (DPM) based on O-dodecyl p-methylene-
bisphosphonic calix[4]arene for DRC delivery were successfully developed for ICH therapy.47 DRC is a drug isolated
from traditional Chinese herbal medicine, which has properties of anti-neuronal apoptosis and endoplasmic reticulum
stress relief. The DPM remained stable in the absence of ferrous ions and exhibited a ferrous ion-dependent DRC release
profile in the in vitro drug release test, as shown in Figure 4A. The treatment of ICH animals with micelles attenuated the
neurological deficits, BBB damage, apoptosis, ferroptosis, and neuro-inflammation after ICH47 (Figure 4). ATX is a
neuroprotectant with anti-oxidative, anti-inflammatory, and anti-apoptotic properties. You et al developed transferrin
functionalized PEG-encapsulated ATX-NPs for targeted delivery of ATX to neurons since transferrin receptors are highly
expressed in the neuronal membrane.50 They demonstrated that transferrin functionalized ATX-NPs accumulated more
significantly in primary cultured neurons than those without transferrin, and exhibited better neuroprotective efficiency
compared with free ATX after exposure to oxygenated hemoglobin.

More recently, NPs constituents of polymers with ROS scavenging and iron chelation abilities, were also developed
to overcome the iron toxicity and ROS destruction after ICH.52,53 Zhu et al developed dual-functional nanoscavengers

Figure 4 The treatment of ICH animals with micelles attenuated the neurological deficits, BBB damage, apoptosis, ferroptosis, and neuro-inflammation after ICH. (A) The
DRC release profile of DPM in the presence or absence of 5 mM Fe2+. The results of (B) modified neurological severity score assessment, (C) brain water content
measurement, (D) Evans blue extravasation assay, (E) Western blot of GPX-4 and Bcl-2, (F) Western blot of Bax and caspase-3, and (G) immunostaining of (a) Iba-1, (b)
GFAP, as well as (c) MPO in each group. Craniotomy was used to set up the sham group. The ICH groups were set up by autologous whole blood double infusion in mice
treated with vehicle (0.9% saline), free DRC, blank micelles (PM), or DPM. The mice were assessed 24 h after drug administration. Higher brain water content and Evans blue
leakage are used as markers of BBB disruption. The depletion of GPX-4 is a marker of ferroptosis. The lower level of Bcl-2/Bax ratio and a higher level of caspase-3 indicate
apoptosis. Iba-1, GFAP, and MPO are specifically expressed in microglia, astrocytes, and neutrophils, respectively. Values are presented as mean ± SD. *p < 0.05 was
considered as statistically significant. Reprinted with permission from Springer Nature: Journal of Nanobiotechnology, Metal ion-responsive nanocarrier derived from
phosphorated calix[4]arenes for delivering dauricine specifically to sites of brain injury in a mouse model of intracerebral hemorrhage, Li M, Liu G, Wang K et al. Copyright ©
2020, The Author(s)..47

Abbreviations: BBB, blood-brain barrier; DPM, DRC-loaded micelles; DRC, dauricine; ICH, intracerebral hemorrhage; SD, standard deviation.
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composed of DEF units and catechol moieties, with the former acting as iron chelators and the latter as ROS scavengers,
as shown in Figure 5A.53 They demonstrated that the NPs exhibited efficient iron and ROS depletion capacity in cells and
significantly attenuated the iron overload and OS caused by ICH in vivo (Figure 5). Redox polymers containing nitroxide

Figure 5 Dual-function nanoscavenger targeting iron chelation and ROS scavenging for hemorrhagic stroke therapy. (A) Dual-functional nanoscavenger consists of DEF units
and Cat moieties. The results of (B) iron staining, (C) total iron content measurement, (D) ROS staining, (E) ROS level measured by flow cytometry, (F) SOD measurement,
(G) MDA measurement, (H) total GSH content measurement, and (I) brain cell viability measurement in each group. ICH mouse model was set up by collagenase injection.
Each group received saline, free DEF (50 mg/kg), or P3 nanoscavenger (50 mg/kg equivalent DEF) twice a day. The normal group received no intervention. The mice were
sacrificed on the 4th day for evaluation. P3 refers to poly(DEF-PEG0.42)8. Values are presented as mean ± SD. Significant differences: *p < 0.05, **p < 0.01, and ***p < 0.001.
Adapted with permission from American Chemical Society: ACS Appl Mater Interfaces, Efficient Iron and ROS Nanoscavengers for Brain Protection after Intracerebral
Hemorrhage, Fang Zhu, Liu Zi, Peng Yang et al. Copyright 2021 American Chemical Society.52

Abbreviations: Cat, catechol; DEF, deferoxamine; MDA, malondialdehyde; PEG, polyethylene glycol; ROS, reactive oxygen species; SD, standard deviation; SOD,
Superoxide dismutase.
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radicals, which can act as ROS scavengers, were successfully developed and self-assembled into NPs.53 Moreover, redox
polymer self-assembled NPs with nitroxide radicals in the core showed great ROS depletion ability in an ICH rat model.

Lipid-Based NPs
Lipid-based NPs including liposomes, nanoemulsions, and lipid nanocapsules (LNCs) are used for drug delivery to
relieve complications and achieve neuroprotection effects after hemorrhagic stroke. Lipid-based NPs were used to
encapsulate neuroprotectants including β-caryophyllene, xenon (Xe), curcumin, and quercetin (QU) to optimize their
pharmacological properties and achieve controlled release.63–66 Lipid-based NPs have also been used to deliver fasudil,
nitric oxide, and NM to prevent CVS after hemorrhagic stroke.67–69

Liposomes are vesicular carriers consisting of amphipathic lipid bilayers. The use of liposomes in the treatment of
cerebral hemorrhage has been widely investigated, since liposomes have some desirable properties, such as low toxicity
and good encapsulation properties for both hydrophilic and hydrophobic drugs.70 Takanashi et al developed liposomal
fasudil which proved effective and safe as an intra-thecal treatment in preventing CVS after SAH.67 Another recent study
also successfully used liposomes to deliver β-caryophyllene, which has anti-inflammatory and anti-apoptotic effects in
attenuating neurovascular unit damage after SAH in rats.65 However, intravenously injected liposomes can absorb plasma
proteins, leading to rapid clearance of liposomes by the reticuloendothelial system.71 Surface modification with PEG can
prolong the circulation time of liposomes by suppressing protein absorption.72 Miao et al developed PEGylated
echogenic liposomes containing Xe, a well-known neuroprotectant, to attenuate early brain injury after SAH.66

Injection of Xe-containing echogenic liposomes with 1-MHz continuous wave ultrasound to trigger Xe release sig-
nificantly reduced the SAH-induced neurological defects and mortality. Nitric oxide-loaded PEGylated echogenic
liposomes with ultrasound-controlled nitric oxide release capacity have also been successfully developed for the
treatment of CVS following SAH.69

Nanoemulsions are biphasic dispersion of two immiscible liquids either oil–in–water or water–in–oil stabilized by an
amphiphilic surfactant. Nanoemulsions exhibited various advantages as drug nanocarriers, including enhanced semi-
permeable membrane transport, ability to improve drug solubility and bioavailability, high stability, and increased
interfacial area.73,74 Marques et al developed nanoemulsions to load curcumin for the therapy of ICH rats.64 They
demonstrated that intra-peritoneal administration of nanoemulsified curcumin exhibited better neuron protection, anti-
oxidant ability, and less adverse effects compared with free curcumin in Wistar rats after ICH. Galho et al synthesized
nanoemulsions to deliver QU for the treatment of ICH in rats.63 QU is known for its strong anti-oxidant activity, but its
application is limited due to its high lipophilicity. The nanomusiflied QU exhibits better bioavailability and anti-oxidant
capacity than free QU. Therefore, treating the ICH rats with nanoemulsified QU resulted in better neurological outcomes
and smaller hematoma volume.

LNCs are a type of lipid-based nanocarrier consisting of an oily core surrounded by a membrane made from a mixture
of lecithin and a PEGylated surfactant. LNCs are prepared by an organic solvent free phase-inversion method which adds
to their safety.75 Moreover, LNCs exhibit remarkably high stability and high efficiency for lipophilic drug encapsulation
making them an ideal drug nanocarrier.76 Mohsen et al developed optimized LNCs with small particle size, narrow size
distribution, high drug payload and stability, as well as a sustained drug release profile by using the solvent-free phase
inversion technique.68 Researchers used LNCs to deliver NM, an FDA-approved drug for treating SAH-induced
vasospasm via intranasal administration. The intranasally administered NM LNCs can deliver the same amount of NM
in the brain tissue with a lower peak plasma concentration and a slower rate of elimination compared with the
intravenously administered NM solution, which contributes to minimized cardiovascular side effects and a better curative
effect of NM.

Self-Assembling Peptide-Based Hydrogel
Self-assembling peptide-based hydrogels offer a nanofiber scaffold for nerve regeneration after hemorrhagic stroke.77,78

It also blocks the ruptured vessels after hemorrhagic stroke for hemostasis therapy.79 Self-assembling peptides are
biomedical materials that can form different structures by non-covalent interactions in response to different physical
conditions.80 They have been widely investigated in the field of nerve regeneration as a therapy for stroke, spinal cord
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injury repair, traumatic brain injury, and ICH.79,81 Furthermore, a self-assembling peptide-based scaffold offers the
following virtues for its application: 1) since a nanofiber scaffold is a kind of nanomaterial with enormous nanopores, it is
investigated as a drug carrier to achieve sustained drug release; 2) it can act as an extracellular matrix (ECM) mimic for
tissue cell culture, tissue repair, and tissue engineering; 3) hemostatic ability; and 4) high biocompatibility with low
immunogenicity.

One of the most widely used self-assembling peptides is RADA16-I (Ac-RADARADARADARADA-CONH2; R,
arginine; A, alanine; D, aspartate) which contains repeats of the hydrophilic and hydrophobic amino acid RADA peptide.
Under an aqueous acidic environment, RADA16-I appears to be able to flow with high viscosity and can become a
hydrogel structure in body fluids.82 It has been demonstrated that RADA16-I can provide a scaffold for neuronal cells to
grow, repairing spinal cord injury, and attenuating injured optical pathways.83–85 In a rat ICH model, Sang et al
demonstrated that local delivery of RADA16-I following hematoma aspiration significantly reduced brain edema,
cerebral inflammation, apoptosis, and cavity volume, as well as attenuated functional deficits compared with the
hematoma aspiration only group.77 After four weeks, they found that the RADA16-I hydrogel formed a tight interaction
with the surrounding brain tissue. Meanwhile, axons and cells were found in the brain tissue near the hydrogel. However,
few nerve fibers or cells were found in the grafted hydrogel, which might have resulted from the acidity of RADA16-I.
To overcome this limitation, another group of researchers modified RADA16-I with bioactive short peptide motifs to
develop RADA16 MIX, which consists of RADA16-RGD (Ac-RADARADARADARADA-DGDRGDS; G, glycine) and
RADA16-IKVAV (Ac-RADARADARADARADA-ARIKVAV; I, Isoleucine; K, lysine; V, valine; V, valine).78 The pH
value of RADA16 MIX is about 7.2, which is close to our physiological condition. RADA16-RGD is known to promote
cell adhesion in a 3D cell culture.86 Furthermore, IKVAV is proven to promote neurite outgrowth and cell differentiation
into neurons.87 They found that intra-lesion injection of RADA16 MIX solution after hematoma aspiration in ICH mice
contributed to greater cell survival, less neuron inflammatory response, and better functional recovery compared with the
RADA16-I injection. Several nerve fibers were found inside the grafted RADA16 MIX and cytoplasmic apophysis
existed around the boundary of the RADA16 MIX, while no fibers were found inside RADA16-I. This indicated that the
RADA16 Mix could act as a matrix for nerve fiber regeneration.

Elastin-like polypeptide (ELP) is a kind of self-assembling peptide with thermo-sensitive responsiveness. ELP
becomes insoluble above a specific temperature called transition temperature and conversely soluble below the transition
temperature. An Arg–Gly–Asp (RGD)-peptide-containing ELP fusion protein (REP) was developed to improve the cell
adhesion ability. Park et al treated ICH rats by administration of cold REP through the internal carotid artery assuming
that REP will assemble into gel-like aggregates and block the ruptured vessel at body temperature.79 They observed that
REP exhibited improved brain endothelial cell adhesion ability and injected REP specifically located at the lesion site
without occlusion of any intact microvessels. They also observed that administration of REP significantly reduced the
hematoma volume, prevented the blood component leakage, and consequently reduced the inflammatory response.

Other Types of Nanomedicines for Hemorrhagic Stroke
This section introduces exosomes and gel systems. Exosomes played a neuroprotective role in hemorrhagic strokes since
exosomes contain neuroprotective proteins and miRNAs.88,89 Gel systems can be used for in site delivery of bone
marrow stromal cells (BMSCs) and epidermal growth factor (EGF) and provide a matrix for cell growth, thus promoting
nerve regeneration after hemorrhagic stroke.90,91 Gel systems can also promote neuroprotection effects by delivering
deferoxamine mesylate (DFO) or nicardipine hydrochloride (NCD).92,93 Gel systems with anti-inflammatory and hemo-
static effects were used for neuroprotection and hemostatic therapy after hemorrhagic stroke.94,95

Exosomes are extracellular vesicles secreted by different cell types that have been used as carriers for drugs and
different types of molecules (mRNA, miRNA, and protein).96 Otero-Ortega et al used proteomics analysis to identify
protein in exosomes derived from mesenchymal stem cells (MSCs). They found that the exosomes contain various
proteins involved in the process of brain repair function.88 ICH rat models with tail vein administration of MSCs-derived
exosomes have exhibited improved functional recovery, reduced lesion size and white matter injury, increased tract
connectivity, and axonal sprouting. miR-133b has been proven to be a neuroprotectant in many brain diseases, such as
spinal cord injury and ischemic stroke. Shen et al used exosomes derived from miR-133b transferred MSCs, which
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contained enriched miR-133b.89 The injection of miR-133b enriched exosomes significantly reduced apoptosis and
neurodegeneration induced by ICH.

Gel systems have been used for nasal, topical, and transdermal drug delivery for many years.97 In the field of
hemorrhagic stroke therapy, it has been used in combination with nanomaterials. NCD has neuroprotective effects in ICH
due to its anti-inflammatory properties. However, the low BBB penetration ability and short plasma half-life limit its
bioavailability for oral administration. Guo et al prepared an intranasal gel made of blending hyaluronan and methyl-
cellulose (HAMC) to reduce the systematic exposure by intranasal drug delivery and to enhance the residence time of the
drug with mucoadhesive properties of the gelling drug delivery system.93 The HAMC gel was coated with a positively
charged polymethylmethacrylate (PMMA) film on one side and loaded with positively charged NCD-encapsulated NPs
to achieve charge-driven oriented drug migration to the nasal mucosa. In vivo tests proved that the NP-loaded gel
improved drug delivery to the brain tissue, prolonged the retention time, and reduced the side effects caused by intranasal
drug delivery on the lungs. The application of NPs and HAMC gel composites also attenuates brain injury after ICH by
relieving the mass effect and exhibiting anti-apoptosis properties. BMSCs transplantation therapy has been widely used
in tissue repair due to its high proliferative capacity. However, the transplant survival of BMSCs is limited by the
microenvironment. For example, iron overload which is common in many hemorrhagic injuries can induce damage to
transplanted BMSCs. Gong et al developed a core-shell hydrogel to enhance the efficiency of BMSC transplantation by
preventing iron overload.90 The shell hydrogel is made of low-molecular-weight keratin (LMWK) and encapsulated with
minocycline hydrochloride (MH) as an iron chelator. The core hydrogel is made of high-molecular-weight keratin
(HMWK) hydrogel loaded with BMSCs and PLGA NPs encapsulating the EGF and basic fibroblast growth factor
(bFGF). The core-shell hydrogel protects BMSCs by absorbing iron quickly and reducing the iron overload by MH. The
PLGA NPs exhibited a sustained release of bFGF, and EGF provided a condition suitable for long-term growth and
differentiation of BMSCs in vivo. The injection of the core-shell hydrogel collectively improved the transplant survival;
significantly reduced the iron deposition area, brain atrophy, and brain edema; and improved neurological recovery after
ICH. Gelatin and keratin-based gel systems have also been developed for hemorrhagic stroke therapy. They have been
developed to deliver EGF and DFO for neuron regeneration and iron chelation after ICH.91,92 Recently, researchers have
developed injectable gelatin hydrogel which can suppress neuroinflammation after ICH through regulation the polariza-
tion of immune cells by RGD-integrin interaction. Injection of the gelatin hydrogel reduced inflammation and attenuated
neurological deficits after ICH.94 Keratin-based hydrogel with hemostatic effect have also successfully been applied in
ICH therapy.95

Conclusion and Future Perspectives
In recent years, nanomedicines have been applied to the field of hemorrhagic stroke therapy since they not only improve
the therapeutic effect of conventional drugs but also provide a possibility for attenuating secondary injury and
regenerative therapy. Despite major progress made in nanomedicine research, many problems still need to be resolved
before their implementation in clinical practice. A list of advantages and disadvantages of the main nanomaterials for
hemorrhagic stroke therapy is presented in Table 2. In addition, the use of nanomedicines for hemorrhagic stroke therapy
lacks clinical trials essential for developing new drugs. Some of the major challenges faced in the transition from
preclinical to clinical trials include the heterogeneity of clinical conditions and animal models, difficulties in controlling
biodistribution, problems in large-scale and reproducible synthesis, and obstacles in high-throughput NP optimization.98

Significant efforts are needed for promoting clinical trials of nano-intervention in hemorrhagic stroke. It is expected that
the advantage of nanomedicines for hemorrhagic stroke therapy demonstrated by pre-clinical trials will provoke clinical
trials in this field.

There are many preclinical models of hemorrhagic stroke, including autologous whole blood infusion, collagenase
injection, cisterna magna blood injection, and endovascular perforation. Each of these mimics some aspects of the
pathophysiological process after hemorrhagic stroke but differs from clinical conditions in other features.99–102

Therefore, in studying nanomedicine for intracerebral hemorrhage, it is important to select an appropriate model with
potential translational purpose. A summary of the advantages and disadvantages of each model is presented in Table 3.
Moreover, different models of hemorrhagic strokes lead to a different time-course and severity of BBB disruption which
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in turn affects the accumulation of NPs. The previous study showed that autologous whole blood infusion-induced BBB
disruption peaked at day 5, while collagenase-induced BBB disruption peaked at day 3.103 Compared with autologous
whole blood infusion-induced ICH, collagenase injection-induced ICH exhibits a more severe BBB disruption at an
earlier stage.103 The BBB disruption in endovascular perforation started 30 min after SAH, lasted for one week, and
peaked at 3 and 72 h after surgery.104 In the case of cisterna magna blood injection, the BBB opening started 36 h after
SAH, peaked at 48 h, and lasted for 3 days.105 Compared with cisterna magna blood injection, endovascular perforation
exhibits an earlier and longer BBB disruption after SAH. Therefore, the collagenase injection and endovascular
perforation models of hemorrhagic stroke lead to higher BBB penetration and accumulation of NPs in the brain. The
time of administration of NP-based therapeutics should therefore be optimized according to the time of the BBB opening
in different models.

The use of nanomedicines also results in potential toxicity and deposition, since the toxicology and degradation
processes of many materials are not well known.106 Therefore, clinical use of nanomaterials in hemorrhagic stroke
requires further analysis of the safety issues. To avoid the issue of deposition, NPs with hydrodynamic diameters below 6
nm are being promoted for better renal clearance or alternative materials are being designed for intravenous injection
with full biodegradability and recyclability by the mononuclear phagocytic system.107,108

The intravenous injection of NPs may activate the platelets or other factors involved in blood coagulation, leading to
blood clotting.109 Moreover, intravenously injected NPs may be rapidly cleared from the bloodstream by circulating
phagocytic cells and macrophages.110 Biomimetic NPs, which are derived from cellular membranes, provide a solution to

Table 2 List of Advantages and Disadvantages for Nanomedicines Used in Hemorrhagic Stroke

Materials Nanomedicines Advantages Disadvantages

Ingornic Iron oxide NPs
Selenium NPs

Ceria NPs

HCCs
Graphene oxide

Low cost
Stability

Uniform and small size

Theragnostic use
Multifunctionality

Possible toxicity
Controversial biocompatibility

Lipid Liposomes
Nanoemulsions

Low toxicity
Biodegradable

High biocompatibility

High efficiency

Low stability
Fast systemic clearance

Drug leakage

Drug retention

Lipid LNCS Organic solvent free manufacturing
Ease of modification

Small and tunable size

High stability
Low toxicity

Biodegradable

High biocompatibility

Low loading capacity

Polymer Polymeric NPs

Polymeric micelles

Tunable size and shape

Ease of modification
High stability

High loading capacity and efficiency

Controlled and sustained release
Biodegradable

High cost

Complex manufacturing
Manufacturing involves organic solvent

Self-assembly peptide-based hydrogel RADA16-I
RADA16 MIX

Elastin-like Polypeptide

Responsive to stimuli
ECM mimic

biocompatibility biodegradability

Uncontrollable degradation speed

Abbreviations: ECM, extracellular matrix; LNCs, lipid nanocapsules; NPs, nanoparticles.
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this problem. Since they are “invisible” to the phagocytic system and coagulation system, they can prevent thrombo-
genicity and have a prolonged circulation time.111

Inflammation is an important process involved in secondary injury from hemorrhagic stroke. Targeting inflammation
offers new perspectives for developing new nanomedicines. As mentioned above, inflammation after hemorrhagic stroke
is featured by infiltration of blood-derived leukocytes and macrophages, activation of resident microglia and astrocytes,
and the release of inflammation mediators. Using inflammatory cell membrane-derived nanovesicles can be an effective
way to achieve targeted delivery by targeting active endothelial cells after hemorrhagic stroke. In a recent study,
neutrophil membrane-derived nanovesicles successfully delivered therapeutics in ischemic stroke.112 Nanomaterials
that are responsive to the inflammatory environment, such as to enzymes and pH, offer another direction for designing
nanomedicines for hemorrhagic stroke. Neutrophils, which result in brain tissue damage by producing ROS, releasing
pro-inflammatory proteases, and disrupting the BBB integrity, can be a valuable target for nanomedicines used in
hemorrhagic stroke. Recently, a study in ischemic stroke proved that doxorubicin-loaded albumin protein-formed NPs
could induce neutrophil apoptosis, thus preventing brain injury.113

Theragnostic nanomaterials that contain therapeutic drugs and imaging agents to achieve the diagnosis and therapies
in single NP platforms are another exciting application of nanomedicine in hemorrhagic stroke. For instance, NPs that
contain both cerium NPs and iron oxide NPs successfully achieved concurrent therapy and imaging of ICH.33 It is
imperative to develop more theragnostic nanomaterials for concomitant early diagnosis and therapy of hemorrhagic
strokes in the future.

Table 3 Advantages or Disadvantages of Preclinical Models for Mimicking Hemorrhagic Stroke in Humans

Advantages Disadvantages

Autologous whole blood
infusion

Consistent hemorrhage volume
No confounding factors

No rupture of cerebral small vessels
Not suitable for microvascular breakdown effects

evaluation

Not bleed spontaneously
Not suitable for rebleeding evaluation

Collagenase injection Imitating bleeding– rebleeding phenomenon
Simulating spontaneous bleeding

Simulating hematoma expansion

Dose-dependent hematoma size
Can be used for homeostasis therapy study

Can lead to hemorrhagic induced ischemic injury

Collagenase induced inflammation response
Neurotoxic effects of collagenase

Cisterna magna blood

injection

Consistent injected blood volume

General welling-being of animals
Simulating the delayed effects of CVS

Does not imitate aneurysmal rupture

Insufficient ICP elevation, not suitable for early
brain injury study

Endovascular perforation More suitable for early brain injury study
Simulating aneurysmal rupture related brain and vasculature

mechanical trauma

Replicating rebleeding process

Monofilament can obstruct vessels and lead to
transient ischemia

Higher mortality rate

Hard to control bleeding volume

Abbreviations: CVS, cerebral vasospasm; ICP, intracranial pressure AD, Alzheimer’s disease; AEDs, antiepileptic drugs; ATX, Astaxanthin; BA-CeNPs, biocompatible aminoca-
proic acid coating ceria NPs; BBB, blood brain barrier; bFGF, basic fibroblast growth factor; BMSC, bone marrow stromal cell; BP, blood pressure; CGRP, calcitonin gene-related
peptide; cmv, cytomegalovirus; CSF, cerebrospinal fluid; CVS, cerebral vasospasm; DEF, deferoxamine; DFO, deferoxamine mesylate; DEF-PEG-HCC, PEG-HCC covalently
conjugated with deferoxamine; DPM, DRC-loaded micelles; DRC, dauricine; ECM, extracellular matrix; EGF, epidermal growth factor; ELP, elastin-like polypeptide; FGO,
functionalized graphene oxide; FIONs, ferrimagnetic iron oxide nanocubes; HAMC, blending hyaluronan and methyl cellulose; HMWK, high-molecular-weight keratin; HRE,
hormone response element; IB immunoblotting; ICH, intracerebral hemorrhage; ICP, intracranial pressure; LMCs, lipid-coated magnetic mesoporous silica NPs doped with ceria
NPs; LMWK, low-molecular-weight keratin; LNCs, Lipid nanocapsules; MDA, malondialdehyde; MH, minocycline hydrochloride; MMP, matrix metallopeptidase; MSCs, mesench-
ymal stem cells; NCD, nicardipine hydrochloride; NM, nimodipine; NPs, nanoparticles; NT-3, neurotrophin-3; OS, oxidative stress; PBCA, poly [butyl cyanoacrylate; PCL, poly y(ε-
caprolactone); PD, Parkinson’s disease; PEG, polyethylene glycol; PEG-CeNP, ceria NPs modified with PEG; PEG-HCCs, PEG functionalized hydrophilic carbon clusters; PEG-PCL,
poly(ethylene glycol)-poly(ε-caprolactone) copolymer; pirfenidone-FGO, pirfenidone-loaded graphene oxide nanosheet; PLGA, poly(lactic-co-glycolic acid); PMMA, polymethyl-
methacrylate; QU, quercetin; Res, resveratrol; RGD, Arg–Gly–Asp; ROS, reactive oxygen species; SAH, subarachnoid hemorrhage; Se, selenium; Se@SiO2, Se and SiO2
nanocomposite; SNMs, stem cell-derived spherical neural masses; Tat-Gs, Tat peptide-decorated gelatin-siloxane; Xe, xenon;
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NPs with the ability of targeted delivery and controlled release is another direction of designing nanomedicines for
hemorrhagic stroke. Ultrasound responsive and iron ion sensitive NPs have been developed for targeted delivery of
therapeutics to the hemorrhagic site.66 Recently, an increasing number of stimuli-responsive nanomaterials have been
developed. The application of exogenous stimuli-responsive nanocarriers (ie, a magnetic field, ultrasound, light, or
electric signal) and endogenous stimuli-responsive nanocarriers (ie, pH, enzyme, or ROS) to hemorrhagic strokes can be
attractive since they achieve drug delivery in spatial- and temporal- controlled fashions.114 Moreover, after hemorrhagic
stroke, the expressions of many receptors on the BBB are up-regulated, which offers an opportunity for targeted delivery
of nanomedicines. Modifying NPs with ligands possessing strong specificity and affinity for these receptors enables the
accumulation of NPs at the hemorrhagic site.

Nanomedicines offers a new way for hemorrhagic therapy. However, studies of the application of nanomedicines are
still in their infancy and clinical trials involving nano-intervention for hemorrhagic stroke are urgently needed. The
animal models used in preclinical experiments should be aligned with appropriate translational research aims. More in-
depth studies are needed to focus on the safety of nanomedicines. Biomimetic NPs, NPs targeting inflammation,
theragnostic nanomaterials, and NPs with targeted delivery may offer promising directions for designing new nanome-
dicines for hemorrhagic stroke in the future.
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