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Abstract
Background  Intracerebral haemorrhage (ICH) is a devastating neurological disorder with high morbidity and 
mortality rates, largely owing to the lack of effective therapeutic strategies. Growing evidence has underscored the 
pivotal role of ferroptosis in intracerebral haemorrhage, and its contribution to neuronal death and exacerbation 
of brain injury, thus establishing it as a crucial target for therapeutic intervention. In recent years, polyoxometalate 
nanoclusters (NCs) have been applied in various neurodegenerative diseases, demonstrating neuroprotective effects. 
However, their impact on brain iron content and neurological function following ICH has yet to be reported. Here, we 
explored the potential of tungsten-based polyoxometalate (W-POM) NCs as ferroptosis inhibitors targeting the iron 
metabolic pathway mediated by S100A8/A9 for the treatment of ICH.

Results  We successfully synthesized ultra-small reduced W-POM NCs that can rapidly cross the blood-brain barrier 
and are cleared through the kidney. In vitro experiments demonstrated that W-POM NCs exhibit significant and stable 
ROS scavenging activity while effectively alleviating iron overload and associated neuronal damage. In vivo, W-POM 
NCs treatment restored iron metabolism homeostasis, suppressed neuroinflammation and oxidative stress, ultimately 
alleviating severe neurological damage and motor deficits in ICH mice. Proteomic combined with bioinformatic 
analyses identified two core genes, S100A8 and S100A9, most associated with W-POM NCs intervention in ICH. 
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Background
Intracerebral haemorrhage (ICH) is a severe type of 
stroke that is usually caused by the rupture of blood ves-
sels within the brain, leading to bleeding into brain tissue 
[1]. It has a very high incidence, disability, and mortality 
rates [2]. Current treatments for ICH include mainly sur-
gical interventions, haematoma evacuation, and symp-
tomatic management [3, 4]. However, although existing 
treatment measures can alleviate this condition, there 
are still several limitations. Surgical intervention may 
not be suitable for some patients with ICH, particularly 
in cases in which the haemorrhage is deep or is located 
in complex areas [5]. Furthermore, after surgery and 
evacuation of the haemorrhage, patients often experi-
ence significant secondary brain injury, which can affect 
the final outcome of treatment [3]. Existing pharmaco-
logical treatments focus primarily on controlling hyper-
tension, anti-coagulation, and improving cerebral blood 
flow. However, these methods often have limited efficacy 
and may result in certain side effects [6]. Therefore, new 
breakthroughs in ICH treatment strategies are needed, 
specifically the development of new drugs aimed at inter-
vening in secondary injury processes after ICH through 
multiple pathways, with the goal of more effectively 
protecting the brain tissue, reducing brain damage, and 
improving long-term functional recovery.

The breakdown of red blood cells leads to the release of 
haemoglobin and its subsequent degradation into haeme 
and iron, contributing to a toxic environment within the 
brain [7]. Iron accumulation catalyses the production of 
reactive oxygen species (ROS), thereby intensifying lipid 
peroxidation. Lipid peroxides, which are highly reactive, 
can severely damage cell membranes and organelles, 
thereby initiating ferroptosis [8]. Unlike apoptosis, necro-
sis, and autophagy, ferroptosis is characterised by ele-
vated intracellular iron levels and accumulation of lipid 
peroxides [9]. Furthermore, ferroptosis is often accompa-
nied by suppression or depletion of cellular antioxidant 
systems such as glutathione and peroxisomes, which 
reduce the ability of cells to counter oxidative stress [10]. 
Given the critical role of ferroptosis in the pathology of 
ICH, it is crucial to investigate the underlying mecha-
nisms and patterns of ferroptosis after ICH to develop 
potential therapeutic strategies.

In recent decades, nanomedicine has been widely used 
for the treatment of clinical diseases, including tumours, 

osteoarthritis, and diabetes [11–13]. Despite their prom-
ising potential, the application of nanomedicines in cen-
tral nervous system (CNS) disorders faces significant 
challenges. One main obstacles is the effective cross-
ing of the blood–brain barrier (BBB), which remains a 
major hurdle in delivering adequate drug concentra-
tions to the brain [14]. Furthermore, concerns have been 
raised regarding nanomaterial accumulation in the brain 
and other organs, which can lead to toxicity and adverse 
side effects [15]. These challenges highlight the need for 
continued research to optimise the safe and effective use 
of nanomedicines in CNS therapies. Polyoxometalates 
(POMs) are a class of polymers composed of transition-
metal oxides. In recent years, their application in CNS 
diseases has gained increasing attention [16, 17]. These 
nanoclusters demonstrate the potential for the treat-
ment and diagnosis of neurological disorders owing to 
their excellent three-dimensional structure, good bio-
compatibility, and unique electronic structure. Zhao et 
al. [18] designed and synthesised an organic platinum-
substituted polyoxometalate (PtII-PW11), which effec-
tively inhibited Aβ aggregation through interactions such 
as coordination bonds, electrostatic attraction, hydrogen 
bonds, and van der Waals forces. The PtII-PW11 treat-
ment prevented memory loss in amyloid precursor pro-
tein/ presenilin 1 (APP/PS1) transgenic Alzheimer’s 
disease mice. Li et al. [19] revealed that intrathecally 
injected POMs rapidly reached the ischaemic penum-
bra in a rat model of brain ischaemia–reperfusion injury 
and effectively scavenged ROS to inhibit oxidative stress. 
However, the application of POMs in the treatment of 
ICH remains unexplored, making it a potential area of 
innovation.

In this study, we successfully synthesised reduced 
tungsten (W)-based POM nanoclusters (W-POM NCs), 
which can interfere with ferroptosis-driven ICH progres-
sion through multiple pathways (Scheme 1). W-POM 
NCs are notably small, exhibit high safety profiles, 
and demonstrate an effective ability to cross the BBB. 
W-POM NCs with W5+/W6+ mixed valences are sus-
ceptible to changes in their valence state under certain 
conditions, which contributes to their significant ROS-
scavenging activity. Furthermore, given that ICH is char-
acterised by severe oxidative stress and secondary brain 
injury owing to iron overload, the antioxidant properties 
of W-POM NCs make them suitable for this condition. 

Further experiments confirmed that W-POM NCs act by modulating the toll-like receptor 4/hepcidin/ferroportin 
signaling pathway, thereby regulating iron metabolism and reducing secondary brain injury.

Conclusions  This study pioneers the application of polyoxometalates in intracerebral haemorrhage, offering a novel 
and promising therapeutic approach for the management of ferroptosis-related brain injuries.

Keywords  Ferroptosis inhibitor, Intracerebral haemorrhage, Iron metabolism, Neuroprotection
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Scheme 1  W-POM NCs for managing intracerebral haemorrhage. Schematic illustration of W-POM NCs inhibiting ferroptosis by modulating the S100A8/
A9-mediated iron metabolism pathway. The nanoclusters targeted oxidative stress and iron dysregulation to manage ICH, demonstrating their potential 
for neuroprotection and therapeutic efficacy. The figures were created using BioRender.com. ICH, intracerebral haemorrhage; W-POM NCs, tungsten-
based polyoxometalate nanoclusters; TFR1, Transferrin Receptor 1; DMT1, Divalent Metal Transporter 1; FPN, Ferroportin; TLR4, Toll-like receptor 4; ROS, 
Reactive Oxygen Species
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Our innovative approach involves leveraging these prop-
erties of W-POM NCs to not only target excessive ROS 
and iron accumulation in the brain post-ICH but also to 
mitigate subsequent neuronal damage and inflammation.

Furthermore, proteomic analysis and in vivo studies 
strongly confirmed that the therapeutic mechanism of 
W-POM NCs in an ICH mouse model is primarily linked 
to S100A8/A9, a heterodimeric complex of calcium-bind-
ing proteins involved in numerous pathological processes 
[20]. W-POM modulates S100A8/A9, thereby regulating 
the expression of toll-like receptor 4 (TLR4), ferropor-
tin (FPN), and hepcidin, which are key regulators of iron 
homeostasis [21]. This modulation ultimately improves 
post-ICH brain iron metabolism abnormalities, reduces 
secondary brain damage, and enhances cognitive and 
motor functions. This novel application could pave the 
way for new therapeutic strategies for ICH, potentially 
improving outcomes by comprehensively addressing the 
complex pathology of the disease.

Methods
Preparation of W-POM NCs
W-POM NCs were synthesised according to a previously 
reported method [22]. Gallic acid (100  mg, G131992, 
Aladdin, China) was dissolved in 6 mL of ultrapure water 
until the solution became clear and transparent. Then, 
1 mL of a 60 mg/mL aqueous solution of phosphotung-
stic acid (P829844, Macklin, China) was added and vig-
orously stirred at room temperature until the solution 
turned orange. Subsequently, 3 mL of 7.5% sodium car-
bonate solution (S818014, Macklin, China) was added, 
and the mixture was stirred at room temperature for 5 h. 
Finally, the dark green W-POM NCs solution was dial-
ysed at room temperature for 6–8  h, freeze-dried, and 
stored at 4 °C for further use.

Characterisation and in vitro evaluation of ROS-scavenging 
capacities
The morphology and size of the synthesised W-POM 
NCs were examined using transmission electron micros-
copy (TEM). The samples were prepared by placing a 
drop of the W-POM NCs suspension on a carbon-coated 
copper grid, followed by drying under ambient condi-
tions. The hydrodynamic size distribution and the zeta 
potential of W-POM NCs were measured using dynamic 
light scattering (DLS) (Zetasizer Nano S90, Malvern, 
UK). The samples were dispersed in deionised water, and 
each measurement was repeated three times to ensure 
consistency. Fourier-transform infrared (FTIR) spectros-
copy was performed to identify the functional groups 
present in W-POM NCs. The spectra were recorded 
using an FTIR spectrometer (IRTracer 100, Shimadzu, 
Japan) in the range of 4000–400  cm⁻¹. X-ray diffrac-
tion (XRD) analysis was conducted to determine the 

crystalline structure of W-POM NCs. The XRD patterns 
were recorded using an X-ray diffractometer (Ultima IV, 
Rigaku, Japan). The crystallite size was calculated using 
the Debye–Scherrer equation. Energy dispersive X-ray 
spectroscopy (EDS) (XFlash 6130, BRUKER, GER) was 
used to analyse the elemental composition of W-POM 
NCs. The EDS analysis was performed in conjunction 
with TEM to confirm the presence and distribution 
of elements within the samples. X-ray photoelectron 
spectroscopy (XPS) was used to investigate the sur-
face chemical composition and oxidation states of the 
elements present in W-POM NCs. XPS spectra were 
obtained using an XPS system (NEXSA, ThermoFisher, 
US) with Al Kα radiation as the X-ray source. Electron 
spin resonance (ESR) spectroscopy was used to detect 
and quantify unpaired electrons in the samples to assess 
the generation of ROS. ESR spectra were recorded at 
room temperature using an ESR spectrometer (Emx-
Plus, Bruker, GER) with the samples placed in quartz 
tubes. The optical properties and absorbance spectra of 
W-POM NCs were measured using an ultraviolet (UV)-
Vis spectrophotometer (UV-3600 Plus, Shimadzu, Japan). 
Measurements were made in the range of 200 to 800 nm, 
with the samples dispersed in a suitable solvent. The •OH 
scavenging capacity was tested following the procedure 
described in the Hydroxyl Radical Assay Kit instruc-
tions (A018-1-1, Njjcbio, China), with enzyme-labelling 
measured at 550 nm. The •O2- scavenging capacity was 
evaluated using the Superoxide Anion Detection Kit 
(AKAO001M, Boxbio, China), with enzyme-labelling 
measured at 595 nm.

Cell viability assay
Cell viability was assessed using the cell counting kit 
(CCK)-8 (C0038, Beyotime, China), following the manu-
facturer’s protocol. HT22 cells were seeded in 96-well 
plates at a density of 5 × 10³ cells per well in 100 µL of 
Dulbecco’s Modified Eagle Medium (DMEM, C11995-
500B, Gibco, US) supplemented with 10% foetal bovine 
serum and 1% penicillin-streptomycin (v/v). After over-
night incubation at 37  °C in a humidified atmosphere 
containing 5% CO2, the medium was replaced with fresh 
DMEM containing varying concentrations of W-POM 
NCs (0, 0.75, 1.5, 3.125, 6.25, 12.5, 25, and 50 µmol/L). 
The cells were then incubated for an additional 24  h 
under the same conditions. To evaluate the cytotoxicity 
of FAC-induced iron overload, HT22 cells were treated 
with different concentrations of ferric ammonium citrate 
(FAC, A100170, Aladdin, China) (0, 37.5, 75, 150, 300, 
600, 1200 µmol/L) for 24  h. Following treatment, the 
medium was removed, and 100 µL of fresh medium con-
taining 10 µL of CCK-8 solution was added to each well. 
The plates were incubated for 1  h at 37  °C. The absor-
bance was measured at 450 nm using a microplate reader.
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Haemolysis assay
The haemolytic activity of W-POM NCs was evaluated 
using freshly collected rabbit erythrocytes. Blood (20 
mL) was collected from the heart of healthy rabbits using 
a sterile syringe. Erythrocytes were isolated by centrifu-
gation at 1000 ×g for 10 min and washed three times with 
sterile phosphate-buffered saline (PBS, pH 7.4). A 2% 
erythrocyte suspension was prepared by diluting washed 
erythrocytes in PBS. W-POM NCs were diluted to vari-
ous concentrations (0, 0.75, 1.5, 3.125, 6.25, 12.5, 25, and 
50 µmoL/L) using PBS. A 200 µL aliquot of each W-POM 
NCs concentration was added to 800 µL of the 2% eryth-
rocyte suspension in a microcentrifuge tube, resulting in 
a total volume of 1 mL. The mixture was gently mixed 
and incubated at 37  °C ± 0.5  °C in a water bath for 3  h. 
Haemolysis was monitored at intervals of 15  min dur-
ing the first hour and hourly thereafter for the remain-
ing 2 h. After 3 h, the samples were centrifuged, and the 
absorbance was measured at 545  nm for each sample. 
Deionised water and PBS served as positive and negative 
controls, respectively.

ROS scavenging ability of W-POM NCs
The intracellular ROS levels were assessed using the 
ROS-sensitive fluorescent dye, 2’,7’-dichlorofluorescin 
diacetate (DCFH-DA, D6470, Solarbio, China). HT22 
cells were seeded in confocal dishes at a density of 5 × 10⁴ 
cells per well and cultured overnight. The cells were co-
incubated with 0.6 mM H2O2 for 2 h, then treated with 
W-POM NCs at different concentrations (0, 6.25, 12.5, 
25, and 50 µmoL/L) for 24  h. To evaluate the effects of 
FAC-induced iron overload on ROS levels in HT22 cells, 
the cells were treated with different concentrations of 
FAC (0, 150 µmoL/L) and W-POM NCs (0, 50 µmol/L) 
for 36  h. Following treatment, the cells were incubated 
with 10 µM DCFH-DA in serum-free DMEM for 30 min 
at 37  °C in the dark. After washing with PBS to remove 
excess dye, ROS generation was observed under a laser 
confocal microscope. Fluorescence intensity, which cor-
responded to intracellular ROS levels, was captured using 
a green fluorescence channel.

To quantify intracellular ROS levels, flow cytometry 
analysis was performed using DCFH-DA staining. After 
treatment with W-POM NCs, HT22 cells were tryp-
sinised, collected, and resuspended in PBS. The cells were 
incubated with 10 µM DCFH-DA at 37 °C for 30 min in 
the dark. Following incubation, the cells were washed 
twice with PBS and analysed using a flow cytometer with 
excitation at 488 nm and emission at 525 nm. The mean 
fluorescence intensity of DCF was used to quantify ROS 
levels in each sample.

To further assess ROS-mediated cytotoxicity, a live/
dead cell staining assay was performed using calcein-
AM and propidium iodide (PI) dual staining (CA1630; 

Solarbio, China). Following ROS induction by H2O2 
and subsequent W-POM NCs treatment, the cells were 
washed with PBS and incubated with 2 µM calcein-AM 
and 4 µM PI for 30  min at 37  °C in the dark. Live cells 
were identified by green fluorescence (calcein-AM), 
whereas dead cells were marked by red fluorescence (PI). 
Images were captured using a laser confocal microscope 
with the appropriate filter sets.

Mitochondrial ROS levels were assessed using the 
mitochondrial superoxide indicator Mito-SOX Red 
(M36008, Invitrogen, US). The cells were treated with 
different concentrations of FAC (0, 150 µmol/L) and 
W-POM NCs (0, 50 µmol/L) for 36  h. Following treat-
ment, the cells were incubated with 5 µM Mito-SOX Red 
in serum-free DMEM at 37  °C for 10  min in the dark. 
After incubation, the cells were washed twice with PBS to 
remove excess dye. Mitochondrial ROS levels were visu-
alised using a laser confocal microscopy, with excitation 
at 510 nm and emission at 580 nm. Images were captured 
in the red fluorescence channel to determine mitochon-
drial superoxide levels.

Iron content detection
In the in vitro study, approximately 1 × 10⁶ HT22 cells 
were collected after treatment with 150 µmol/L FAC, 
and the experiment was conducted according to the 
protocols of the Cell Total Iron Colorimetric Assay Kit 
(E-BC-K880-M, Elabscience, China) and the Cell Ferrous 
Iron Colorimetric Assay Kit (E-BC-K881-M, Elabscience, 
China). For the in vivo study, fresh brain tissue (n = 5) was 
extracted, thoroughly homogenised, and centrifuged at 
16,000×g for 10 min to remove insoluble materials. The 
supernatant was collected, and the iron content was mea-
sured and calculated according to the protocol of the Iron 
Assay Kit (MAK025, Sigma, GER).

JC-1 staining assay
To evaluate mitochondrial membrane potential (MMP) 
in HT22 cells, JC-1 staining (C2006, Beyotime, China) 
was performed according to the manufacturer’s instruc-
tions. Cells were treated with varying concentrations of 
W-POM NCs (0, 50 µmol/L) and FAC (0, 150 µmol/L) for 
36 h. After treatment, the culture medium was removed, 
and the cells were washed twice with PBS. The cells were 
then incubated with the JC-1 staining solution at 37  °C 
for 30  min in the dark. After incubation, the staining 
solution was removed, and the cells were washed with 
PBS to remove excess dye. Fluorescence was observed 
under a laser confocal microscope, using appropriate fil-
ter sets to detect red and green fluorescence. Images were 
captured, and the ratio of red to green fluorescence was 
analysed using image processing software to quantify 
changes in MMP.
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Animals
Eight-week-old C57BL/6 mice, weighing 20–24  g, were 
purchased from Jiangsu Wukong Biotechnology Co. All 
animal experiments were approved by the Welfare and 
Ethics Review Committee of Animal Experiments at 
the North Sichuan Medical College (Nanchong, China) 
[approval No. NSMC(A)2024(053)].

The animals were housed in a pathogen-free environ-
ment with a controlled temperature of 22 ± 2  °C, a 12-h 
light/dark cycle, and provided with ad libitum access 
to food and water. The mice were randomly assigned 
to the following experimental groups: sham, ICH (ICH 
model mice), and W-POM treatment (ICH model mice 
treated with W-POM NCs). ICH was induced in mice 
as described previously [23]. Briefly, ICH was induced 
by injecting collagenase IV (BS165; Biosharp, China) 
into the right striatum. The Sham group underwent the 
same surgical procedure without collagenase injection. 
The W-POM group received W-POM NCs adminis-
tered via intravenous injection in the tail 3 h after induc-
tion of ICH. Subsequently, W-POM NCs were injected 
into the tail vein every 24 h for 3 consecutive days. The 
animals were euthanised 3 days post-ICH induction for 
further analysis, including histological and biochemical 
assessments.

Behavioural tests
To assess neurological deficits following ICH, a 28-point 
scale for neurological disability scores (NDS) was utilised 
[24]. Higher scores indicated more severe neurological 
impairment. Mice were assessed 1- and 3-days post-ICH 
induction (n = 12). The tests were performed by a blinded 
investigator to minimise bias.

The open field test (OFT) was conducted to evaluate 
the general locomotor activity in mice. The open-field 
apparatus consisted of a square arena with high walls to 
prevent escape. The floor of the arena was divided into 
equal squares. Each mouse was placed in the centre of 
the arena, and its behaviour was recorded for 5 min using 
an overhead camera connected to an automated tracking 
system (n = 12).

Fluorine-18 Fluorodeoxyglucose (18FDG) micro-positron 
emission tomography/computed tomography (PET/CT) 
imaging
Mice were fasted for at least 12  h before imaging to 
reduce background glucose levels and enhance the con-
trast of the imaging results (n = 6). The animals were 
anaesthetised with isoflurane to minimise movement and 
stress during the imaging procedure. Anaesthesia was 
maintained throughout the imaging sessions to ensure 
consistent conditions. 18  F-FDG was administered via 
intravenous injection in the tail. Micro-PET/CT imag-
ing was performed using a dedicated small animal PET/

CT scanner. CT was used for anatomical localisation and 
attenuation correction, whereas PET was used to acquire 
functional imaging data. After injecting the radiotracer, 
the animals were positioned in the imaging system to 
ensure proper alignment and minimal movement. Post-
processing of PET images included attenuation correc-
tion, image co-registration, and normalisation. Regions of 
interest (ROIs) were defined based on anatomical land-
marks from the CT images, and a quantitative analysis 
was performed to assess 18 F-FDG uptake. Standardised 
uptake values (SUVs) were calculated to quantify meta-
bolic activity in the tissues of interest.

Brain water content assay
After the experimental intervention or treatment, the 
animals were euthanised according to ethical guidelines 
(n = 6). The brains were promptly removed and rinsed 
with cold PBS to remove blood or debris. Stereoscopic 
injections of the side tissue from each brain were then 
collected. The dissected brain tissue was immediately 
weighed to determine the wet weight. To ensure accurate 
measurements, the tissue samples were carefully blot-
ted with filter paper to remove excess surface moisture. 
The wet tissue samples were then placed in an oven set at 
100 °C for 24 h to ensure complete drying. After drying, 
the samples were cooled in a desiccator to room temper-
ature and weighed to obtain the dry weight.

Western blotting
Brain tissue (n = 3) was homogenised in ice-cold RIPA 
buffer supplemented with protease and phosphatase 
inhibitors. The homogenates were then centrifuged at 
12,000 ×g for 15 min at 4  °C to remove insoluble mate-
rials. The protein concentration in the supernatant was 
determined using a BCA protein assay kit (AR1189, 
Boster, China) according to the manufacturer’s instruc-
tions. For western blotting (WB), equal amounts of pro-
tein (30 µg per lane) were separated via sodium dodecyl 
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) 
using 10% or 15% polyacrylamide gels, depending on the 
molecular weight of the target proteins. Electrophoresis 
was performed at 120 V until the dye front reached the 
bottom of the gel. The proteins were transferred from 
the gel onto a polyvinylidene fluoride membrane using 
a wet transfer apparatus. The membranes were blocked 
with 5% non-fat dry milk in tris-buffered saline with 
0.1% Tween-20 (TBST) for 1  h at room temperature to 
prevent non-specific antibody binding. The membranes 
were incubated with primary antibodies specific to the 
target proteins, overnight at 4 °C. The following primary 
antibodies were detected via WB: rabbit anti-transferrin 
receptor 1 (TFR1) polyclonal antibody (1:1000, AF5343, 
Affbiotech, China), rabbit anti-FPN polyclonal antibody 
(1:1000, NBP1-21502, Novus, US), rabbit anti-divalent 
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metal transporter 1 (DMT1) polyclonal antibody (1:1000, 
20507-1-AP, Proteintech, US), rabbit anti-S100A8/
A9 monoclonal antibody (1:1000, ab288715, Abcam, 
UK), rabbit anti-hepcidin monoclonal antibody (1:200, 
ab190775, Abcam, UK), anti-TLR4 polyclonal antibody 
(1:1000, AF7017, Affbiotech, China). Secondary antibod-
ies (BA1054, Boster, China), conjugated with horseradish 
peroxidase, were applied for 1  h at room temperature. 
After washing with TBST, the protein bands were visu-
alised using an enhanced chemiluminescence detection 
reagent and captured using a digital imaging system.

Evaluation of neuronal damage
After the experimental procedures, the animals (n = 3) 
were deeply anaesthetised and transcardially perfused 
with cold PBS followed by 4% paraformaldehyde (PFA) 
diluted in PBS. Brains were carefully removed and post-
fixed in 4% PFA for 24  h at 4  °C. The fixed brains were 
then dehydrated through a graded series of ethanol con-
centrations (70%, 80%, 90%, 95%, and 100%) and cleared 
in xylene. After dehydration, the brains were embedded 
in paraffin wax. Paraffin-embedded brains were sec-
tioned at 3 μm thickness using a rotary microtome. The 
sections were allowed to float in a warm water bath to 
remove wrinkles and mounted on gelatine-coated slides. 
The slides were dried overnight in an oven at 37  °C to 
ensure proper adhesion of the sections to them.

Slides with paraffin sections were deparaffinised in 
xylene (two washes for 10  min each) and rehydrated 
through a series of decreasing ethanol concentrations 
(100%, 95%, and 70%), followed by rinsing with distilled 
water. The sections were then stained with Nissl staining 
solution (C0117, Beyotime, China) for 5–10  min. After 
staining, the sections were rinsed with distilled water and 
differentiated in 95% ethanol and acetic acid for a few 
seconds until the desired contrast was achieved. Finally, 
the sections were dehydrated through a graded series of 
ethanol concentrations, cleared in xylene, and covered 
with coverslips. Stained sections were examined under a 
bright-field microscope. Neuronal cell bodies were iden-
tified based on their characteristic dark-stained Nissl 
bodies.

Tissue preparation, sectioning, deparaffinisation, and 
rehydration were performed as described for Nissl stain-
ing. The sections were stained with Fluoro-Jade B solu-
tion (TR-150-FJB; Biosensis, AUS) for 20 min in the dark. 
After staining, the sections were rinsed three times with 
distilled water, air-dried, and covered with coverslips. 
FJB-positive cells, indicative of degenerating neurons, 
were visualised using laser confocal microscopy.

Enzyme-linked immunosorbent assay (ELISA)
Tissue homogenates (n = 5) were collected according 
to standard protocols. Commercial ELISA kits specific 

for the target, such as malondialdehyde (MDA, S0131S, 
Beyotime, China), interleukin (IL)-1β (IL-1β, E-EL-
M0037, Elabscience, China), IL-6 (IL-6, E-EL-M0044, 
Elabscience, China), and tumour necrosis factor-α (TNF-
α, E-EL-M3063, Elabscience, China), were used. The 
assay was performed according to the manufacturer’s 
instructions.

Immunofluorescent staining
Tissue preparation (n = 3), sectioning, deparaffinisation, 
and rehydration were prepared as follows. The sections 
were incubated in tris-EDTA antigen repair solution 
(C1037, Solarbio, China) at 95 °C for 20 min. After cool-
ing to room temperature, sections were rinsed with 
PBS. The sections were incubated in normal goat serum 
(SL038, Solarbio, China) for 1 h at room temperature to 
reduce non-specific antibody binding. The sections were 
then incubated with primary antibodies specific to target 
antigens, overnight at 4  °C. The following primary anti-
bodies were used: rabbit anti-Iba1 polyclonal antibody 
(1:500, GB113502, Servicebio, China) and rabbit anti-
glial fibrillary acidic protein (GFAP) polyclonal antibody 
(1:200, CL488-16825, Proteintech, China). Secondary 
antibodies conjugated with fluorophores were applied for 
1  h at room temperature in the dark. Images were cap-
tured using a confocal laser microscope.

Transmission electron microscopy
Perihaematomal brain tissues were carefully dissected 
and cut into small blocks (approximately 1  mm³) for 
optimal fixation. The tissue blocks were immersed in 
the same fixative solution (2.5% glutaraldehyde and 
2% paraformaldehyde) for an additional 3  h at 4  °C to 
ensure thorough fixation. The samples were then rinsed 
in 0.1 M phosphate buffer (pH 7.4) for 10 min each. For 
enhanced contrast, the tissues were post-fixed in 1% 
osmium tetroxide in 0.1  M phosphate buffer for 1–2  h 
at 4 °C. After fixation, the samples were rinsed with dis-
tilled water three times for 10 min each. The tissue sam-
ples were dehydrated through a graded series of ethanol 
concentrations (30%, 50%, 70%, 90%, 95% and 100%) at 
4  °C, with each step lasting 10–15  min. After ethanol 
dehydration, the samples were treated with propylene 
oxide (100%) for 10 min to prepare them for embedding. 
The dehydrated samples were infiltrated with a mixture 
of propylene oxide and epoxy resin (1:1) for 1  h, fol-
lowed by overnight incubation with pure epoxy resin at 
room temperature. The samples were then embedded in 
fresh epoxy resin and polymerised at 60 °C for 24–48 h. 
Ultrathin sections (approximately 70 nm) were cut from 
embedded samples using an ultramicrotome and col-
lected on a copper grid. The sections were stained with 
uranyl acetate for 10  min, followed by lead citrate for 
5  min to enhance contrast. The stained sections were 
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examined using an HT7700 transmission electron micro-
scope (Hitachi, Tokyo, Japan).

4D-label-free proteomic assay
The frozen tissue samples were homogenised in lysis buf-
fer using a tissue homogeniser. The lysates were centri-
fuged at 14,000 ×g for 20 min at 4  °C to remove debris, 
and the supernatants containing the proteins were col-
lected. Protein concentrations were determined using a 
BCA protein assay kit (AR1189, Boster, China), accord-
ing to the manufacturer’s instructions. Protein digestion 
with trypsin was performed according to filter-aided 
sample preparation, described by Matthias Mann. The 
digest peptides of each sample were desalted on C18 Car-
tridges (Empore™ SPE Cartridges C18 (standard density), 
bed I.D. 7 mm, volume 3 mL, Sigma, GER), concentrated 
by vacuum centrifugation and reconstituted in 40 µL of 
0.1% (v/v) formic acid. Next, 20 µg of protein from each 
sample were mixed with 5× loading buffer and boiled for 
5 min. Proteins were separated on 12.5% SDS-PAGE gel 
(constant current: 14  mA, 90  min). Protein bands were 
visualised by Coomassie Blue R-250 staining. Liquid 
chromatography–tandem mass spectrometry (MS)/MS 
analysis was performed using a timsTOF Pro mass spec-
trometer (Bruker) coupled to Nanoelute (Bruker Dalton-
ics) for 120 min. The peptides were loaded onto a reverse 
phase trap column (Thermo Scientific Acclaim Pep-
Map100, 100 μm*2 cm, nanoViper C18) connected to the 
C18-reversed phase analytical column (ThermoScientific 
Easy Column, 10  cm long, 75  μm inner diameter, 3  μm 
resin) in buffer A (0.1% formic acid) and separated with a 
linear gradient of buffer B (84% acetonitrile and 0.1% for-
mic acid) at a flow rate of 300 nL/min controlled by Intel-
liFlow technology. The mass spectrometer was operated 
in the positive ion mode. The mass spectrometer col-
lected ion mobility MS spectra over a mass range of m/z 
100–1700 and 1/k0 of 0.6 to 1.6, and then performed 10 
cycles of parallel accumulation serial fragmentation MS/
MS with a target intensity of 1.5k and a threshold of 2500. 
Active exclusion was enabled at a release time of 0.4 min. 
The identified proteins were subjected to bioinformat-
ics analysis, including functional annotation, pathway 
enrichment (e.g. KEGG, GO), and protein-protein inter-
action analysis (e.g. STRING).

Virus injection
S100A8/A9 overexpressing adeno-associated virus 
(AAV) and control AAV were customised and pur-
chased from Aiji Biotechnology Co., Ltd. (Guangzhou, 
China) and named AAV-S100A8/A9 and AAV-NC, 
respectively. For experimental validation, C57BL/6 mice 
were randomly injected with AAV-S100A8/A9 or AAV-
NC. After complete anaesthesia with 1% pentobarbi-
tal, the brains of the mice were fixed using a stereotaxic 

apparatus. The fur on top of the head was removed and 
the skin was cut with ophthalmic scissors to expose the 
skull. A cranial drill was used to drill into the bone cavi-
ties. A Hamilton microsyringe (1 µL) was used to inject 
1 µL of the virus into the right striatum area at a speed 
of 0.1 µL/min. After each injection, the needle was left in 
place for 10 min, and then slowly and evenly withdrawn. 
After completing the viral injection, the mice were fed for 
another 4 weeks until viral transfection reached its peak 
for subsequent experiments. The expression of enhanced 
green fluorescent protein (EGFP) in AAV-S100A8/A9 
and AAV-NC cells was used as a marker for successful 
viral transfection.

Statistical analysis
All experimental data were processed using SPSS sta-
tistical software and visualisations were generated 
using GraphPad Prism 9.5. Results are expressed as 
mean ± standard error of the mean. Group differences 
were evaluated using a one-way analysis of variance fol-
lowed by Tukey’s post-hoc test for multiple comparisons. 
Statistical significance was defined as P value < 0.05 (*), P 
value < 0.01 (**), and P value < 0.001 (***); ns represents no 
statistical significance.

Results
Characterisation and ROS-scavenging activity of W-POM 
NCs
W-POM NCs were successfully synthesised accord-
ing to previously reported strategies (Scheme 1). TEM 
images showed that W-POM NCs had uniform par-
ticle sizes, were evenly dispersed and did not aggregate 
(Fig. 1A). The diameter of the W-POM NCs was approxi-
mately 1.52 ± 0.43 nm (Additional file 1A). W-POM NCs 
were dispersed in deionised water, and their hydro-
dynamic sizes were analysed using DLS. The results 
showed that their hydrodynamic size was approximately 
6.66 ± 0.01  nm (Additional file 1B). The hydrodynamic 
size of the W-POM NC was small, which may allow them 
to effectively cross the BBB after intravenous adminis-
tration [25, 26]. The zeta potential of W-POM NCs was 
determined to be -22.3 mV (Additional file 1C). The 
negatively charged W-POM NCs exhibited greater sus-
pension stability, which may reduce non-specific bind-
ing with proteins and other molecules in biological fluids 
and may improve targeting to specific tissues. As shown 
in Fig.  1B, we measured the UV absorption spectra of 
W-POM NCs at different concentrations. The absorp-
tion peak was located at approximately 631 nm, and the 
absorbance was positively correlated with the concentra-
tion of the W-POM NCs. In the FTIR spectrum (Fig. 1C), 
the characteristic absorption of W-POM at 1060.6 cm⁻¹ 
and that of phosphotungstic acid at 1082.5  cm⁻¹ were 
owing to the stretching vibration of the P-Oa bond. The 
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symmetric and asymmetric stretching vibrations of the 
carboxyl group resulted in characteristic absorptions at 
1629.6  cm⁻¹ and 1373.7  cm⁻¹, respectively. The success-
ful fabrication of W-POM NCs was further confirmed 
through Raman spectroscopy and powder XRD (Fig. 1D, 
E). EDS revealed that Carbon (c), Oxygen (O), and Tung-
sten (W) were uniformly distributed in W-POM NCs, 
with C accounting for approximately 30.84%, O for 
approximately 40.53%, and W for approximately 28.63% 
of the space (Fig.  1F). XPS further confirmed the pres-
ence of chemical elements (O, C, P, and W) in W-POM 
NCs (Fig. 1G). High-resolution XPS spectra of W4f indi-
cated the presence of mixed valence states (W5+/W6+) in 
W-POM NCs (Fig.  1H), suggesting that W-POM NCs 
exhibit good reduction properties. In summary, these 
characterisations indicated that W-POM NCs were suc-
cessfully constructed and may serve as a promising nano-
medicine with a considerable potential for biomedical 
applications.

In addition, this study used ROS (superoxide radicals 
•O2−, hydroxyl radicals •OH) to evaluate the ROS scav-
enging activity of W-POM NCs at different concentra-
tions. After the addition of W-POM NCs, •O2 − and 
•OH were consumed, and their characteristic absorp-
tion peaks decreased, indicating that W-POM NCs could 
effectively scavenge excess ROS (Fig. 1I, J). According to 
electron spin resonance (ESR) spectroscopy, W-POM 
NCs effectively neutralised •OH (Fig.  1K) and •O2− 
(Fig.  1L), demonstrating a dose-dependent scavenging 
capability. Overall, W-POM NCs can effectively reduce 
excess ROS and exhibit excellent free radical scavenging 
performance.

Cell-killing and ROS-scavenging by W-POM in HT22 cell
Previous studies have demonstrated the low cytotoxic-
ity of POMs [22, 27–29], which is consistent with our 
CCK-8 assay results (Fig.  2A), indicating that W-POM 
NCs had minimal cell-killing effects. After incubation 
with 50 µmol/L of W-POM NCs for 24  h, the CCK-8 

Fig. 1  Characterisation and ROS-scavenging activities of W-POM NCs. (a) TEM image of W-POM NCs. (b) UV absorption spectra of W-POM NCs at dif-
ferent concentrations. (c) FTIR spectra of W-POM NCs, phosphotungstic acid and gallic acid. (d) Raman spectra. (e) XRD pattern. (f) EDS spectra. (g) XPS 
full survey spectrum. (h) W4f XPS spectra. (i) ·OH, (j) ·O2- scavenging activities of W-POM NCs with enzyme-labelling measuring instrument. (k) ·OH, (l) 
·O2- scavenging activities of W-POM NCs illustrated by ESR spectroscopy, respectively. EDS, energy dispersive spectroscopy; ESR, electron spin resonance; 
FTIR, Fourier transform infrared; ICH, intracerebral haemorrhage; ROS, reactive oxygen species; TEM, transmission electron microscopy; UV, ultraviolet; 
W-POM NCs, tungsten-based polyoxometalate nanoclusters; XPS, X-ray photoelectron spectroscopy; XRD, X-ray diffraction; •O2-, superoxide radicals; •OH, 
hydroxyl radicals
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Fig. 2  Characterisation of cell killing capacity of W-POM NCs and scavenging of ROS in HT22 cell. (a) CCK-8 assays performed after incubation with gra-
dient concentration of W-POM NCs. (b) Haemolysis assay. (c) Representative images of ROS staining with DCFH-DA in HT22 cells subjected to different 
treatments and the corresponding quantitative analysis of ROS levels (d). (scale bar, 100 μm) (e) Flow cytometry analysis with DCFH-DA staining and (f) 
the corresponding mean fluorescence intensity. (g) Representative images from the typical live/dead cell staining assay in HT22 cells subjected to differ-
ent treatments and (h) the corresponding quantitative analysis of cell survival rate. (scale bar, 100 μm). (*P < 0.05, **P < 0.01, ***P < 0.001, means ± SEM). 
CCK, cell counting kit; ROS, reactive oxygen species; W-POM NCs, tungsten-based polyoxometalate nanoclusters
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assay revealed that the survival percentage of HT22 cells 
remained at 91.88 ± 7.7%. With an increase in the concen-
tration of W-POM NCs, no significant decrease in the 
survival rate of HT22 cells was observed. The results of 
the haemolysis test indicated that W-POM NCs exhib-
ited low haemolytic activity (haemolysis rates were below 
4%), further demonstrating their good biocompatibility 
(Fig. 2B).

Next, we evaluated the protective effects of W-POM 
NCs on HT22 cells under H2O2-induced oxidative stress. 
Under stimulation of 0.6 mM H2O2, a large amount of 
ROS was produced in the cells. A DCFH-DA fluores-
cent probe was used to detect ROS levels. Non-fluo-
rescent DCFH-DA reacts within cells to generate DCF, 
which emits green fluorescence, allowing the observa-
tion of ROS content [30, 31]. After HT22 cells were co-
incubated with 0.6 mM H2O2 for 2 h, W-POM NCs were 
added and incubated for another 24 h. As the concentra-
tion of W-POM NCs increased, the intensity of green flu-
orescence gradually decreased (Fig. 2C, D, Additional file 
2), strongly demonstrating that W-POM NCs effectively 
scavenged intracellular ROS. Furthermore, we quanti-
fied ROS levels in HT22 cells using flow cytometry. As 
shown in Fig.  2E and F, the relative fluorescence inten-
sity in cells without H2O2 treatment was < 1.5. In con-
trast, after the addition of H2O2, the relative fluorescence 
intensity increased sharply to 12.09 ± 0.08. The relative 
fluorescence intensity gradually decreased with increas-
ing concentrations of W-POM NCs. When 50 µmol/L of 
W-POM NCs was added, the relative fluorescence inten-
sity decreased to 3.88 ± 0.16. These observations indicate 
that W-POM NCs can effectively scavenge intracellular 
ROS and that the scavenging rate is positively correlated 
with the concentration.

We used calcein-AM/PI co-staining HT22 cells to 
label live and dead HT22 cells, respectively. As shown in 
Fig.  2G and H, the W-POM NCs protected HT22 cells 
from H2O2-induced oxidative stress by scavenging ROS. 
Therefore, all these findings suggest that W-POM NCs, 
with their low cytotoxicity, have a good potential for 
scavenging ROS.

Anti-ferroptosis properties of W-POM in FAC-induced iron 
overload HT22 cells
Oxidative stress occurs owing to activation of the Fenton 
reaction by excess intracellular iron ions, causing dam-
age to mitochondrial morphology and function [32–34]. 
Based on previously reported methods [35], we used FAC 
to induce an iron-overloaded cell model in HT22 cells, to 
further validate the efficacy of W-POM NCs in inhibit-
ing ferroptosis in vitro. The CCK8 assay (Additional file 
3) revealed that the viability of HT22 cells decreased as 
the FAC concentration increased. We ultimately selected 
a 150 µmol/L FAC concentration to induce the iron 

overload cell model (cell viability = 54.58 ± 5.72%). FAC 
stimulation significantly increased iron levels in HT22 
cells, confirming the successful establishment of an iron-
overloaded neuronal model (Fig.  3A, B). Total and fer-
rous iron levels within the cells in the FAC group were 
significantly higher than those in the cells in the control 
group (which did not receive FAC or W-POM). After 
W-POM intervention, the iron content in the FAC group 
was significantly reduced. Subsequently, we measured 
the ROS content in each group of cells using DCFH-DA 
fluorescence staining (Fig.  3C, D). Compared with the 
control group, the FAC stimulation group exhibited sig-
nificantly elevated ROS levels; in contrast, the ROS levels 
in the cells treated with W-POM partially recovered.

Mitochondria play a critical role in ferroptosis as the 
primary site of iron accumulation and ROS generation, 
which drive lipid peroxidation and ultimately lead to cell 
death [36]. Mito-SOX Red is a fluorogenic dye that spe-
cifically targets mitochondria. As shown in Fig.  3E and 
F, W-POM treatment exhibited a satisfactory effect in 
inhibiting mitochondrial ROS production. These results 
strongly demonstrated that W-POM can target mito-
chondria, effectively eliminating ROS and counteract-
ing oxidative stress caused by iron deposition. JC-1 is a 
dual fluorescent dye that forms aggregates within mito-
chondria and emits red fluorescence at a high membrane 
potential. Conversely, at low membrane potentials, it 
remains in a monomeric form and emits green fluores-
cence. JC-1 staining showed that FAC stimulation sig-
nificantly inhibited red fluorescence and promoted green 
fluorescence (Fig.  3G-I). However, after W-POM NCs 
treatment, red fluorescent JC-1 aggregates were sig-
nificantly restored. TEM images revealed that after FAC 
stimulation, the mitochondrial membrane ruptured, and 
the number of mitochondrial cristae markedly reduced, 
to the point of complete disappearance (Fig.  3J). These 
results indicated that W-POM NCs improved oxidative 
stress and mitochondrial dysfunction induced by iron 
overload.

Neurological impairment and brain oedema ameliorated 
by W-POM in the ICH mouse model
We established a mouse model of ICH using collagenase 
IV to investigate the therapeutic effects of W-POM NCs. 
We randomly divided C57/BL6 mice into the follow-
ing three groups: sham group (C57/BL6 mice without 
collagenase injection), ICH group (ICH mouse model), 
and W-POM group (ICH mice treated with W-POM 
NCs). Based on previous studies [22], we conducted 
preliminary experiments using different concentrations 
of W-POM NCs (20, 40, and 80  mg/kg). As shown in 
Fig. 4A, W-POM NCs were administered via intravenous 
injection in the tail 3 h after successfully creating an ICH 
mouse model. Intravenous administration was continued 
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for 3 consecutive days and behavioural tests were per-
formed at 24 and 72 h. First, NDS [24] was obtained for 
the ICH mice. A higher NDS score indicated more severe 
neurological impairment. As shown in Fig.  4B and C, 

the NDS scores were lower for the of the W-POM group 
than for the ICH group 24 and 72 h after ICH, indicat-
ing that W-POM NCs treatment alleviated neurologi-
cal deficits in ICH mice. For subsequent evaluation of 

Fig. 3  W-POM NCs exert neuroprotective effects by inhibiting iron overload-induced oxidative stress and mitochondrial dysfunction. (a,b) Iron content 
detection in HT22 cells after various treatments. (c) Representative images of DCFH-DA staining and (d) quantitative analysis. (scale bar, 100 μm). (e) Rep-
resentative confocal fluorescence images of Mito-SOX staining and (f) quantitative analysis. (scale bar, 50 μm). (g) Representative images of JC-1 staining 
and (h,i) quantitative analysis. Red, JC-1 aggregates; green, JC-1 monomers. (scale bar, 50 μm) (j) Representative TEM images of mitochondrial morphol-
ogy in HT22 cells after various treatments. Red arrows indicate mitochondria. (scale bar, 500 nm). (*P < 0.05, **P < 0.01, ***P < 0.001, means ± SEM). TEM, 
transmission electron microscopy; W-POM NCs, tungsten-based polyoxometalate nanoclusters
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motor behaviour, we first conducted an OFT to assess 
the movement ability of the mice (Fig. 4D-F). Compared 
to untreated ICH mice, those treated with W-POM NCs 
exhibited a better average speed during the treatment 
period, with a significant difference observed 72  h after 
ICH (Fig.  4F). This indicated that W-POM NCs signifi-
cantly alleviated motor dysfunction in ICH mice. Fur-
thermore, we assessed the degree of brain oedema by 
measuring the water content in the brain tissue on the 
haemorrhagic lesion side (Fig.  4G), which when com-
pared with the sham group, had increased significantly 

72  h after ICH. On the contrary, the W-POM group 
showed reduced brain water content on the haemor-
rhagic lesion side, with the most significant reduction 
observed in the 40 mg/kg W-POM NCs treatment group. 
Based on the comparison of the therapeutic effects of 
different concentrations of W-POM NCs, we selected 
40 mg/kg for subsequent in vivo experiments.

After ICH, haematoma formation exerts mechani-
cal pressure on the surrounding neurons, causing direct 
damage. We used 18F-FDG micro-PET/CT to observe 
the location, morphology, and size of the haematoma 

Fig. 4  W-POM NCs alleviate ICH-induced neurologic impairment, haematoma volume, and brain oedema after ICH. (a) Schematic illustrating the treat-
ment schedule for ICH mice. Figure created with BioRender.com. NDS at 24 h (b) and 72 h (c) after intravenous injection with various doses of W-POM NCs. 
(d) Representative motion trajectories of the open field test. Average velocity during the open field test at 24 h (e) and 72 h (f) after intravenous injection 
with various dose of W-POM NCs. (g) Brain water content of the ipsilateral brain tissue at 72 h after surgery in ICH mice model. (h) PET-CT images of ICH 
mice model (coronal sections). The shadow represents the haemorrhagic focus. Quantitative analysis of the volume of the haemorrhagic focus (i) and 
glucose uptake in the peripheral area of the haemorrhagic foci (j) assessed on PET-CT scan. (*P < 0.05, **P < 0.01, ***P < 0.001, means ± SEM). CT, computed 
tomography; ICH, intracerebral haemorrhage; NDS, neurological disability score; PET, positron emission tomography; TEM, transmission electron micros-
copy; W-POM NCs, tungsten-based polyoxometalate nanoclusters
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in ICH mice model and to explore the metabolic activ-
ity at the haemorrhagic lesion site [37, 38]. As shown in 
Fig. 4H, 18F-FDG was uniformly distributed in the mice 
brain in the sham group, whereas in the ICH group, 18F-
FDG uptake was reduced or absent at the haematoma 
site on the right side of the brain. Using micro-PET/CT, 
ROIs were delineated to calculate the volume of brain 
haematoma in ICH mice model treated with or without 
W-POM NCs (Fig.  4I). PET and CT imaging analyses 
were performed to assess glucose uptake in haemor-
rhagic lesions in ICH mice model (Fig.  4J). The results 
showed that W-POM NCs treatment not only reduced 
the volume of the haematoma at 72 h after ICH but also 
improved glucose uptake by neural cells in the haema-
toma and perihaematomal regions. Overall, these behav-
ioural and imaging results confirmed that treatment with 
W-POM NCs rescued severely impaired behavioural and 
cognitive functions in ICH mice and alleviated direct 
damage caused by haematoma formation.

Multiangle therapeutic efficacy of W-POM in ICH mice 
model
Ferroptosis, a form of iron-dependent cell death centred 
on lipid peroxidation, plays an indispensable role in the 
pathology of ICH [39, 40]. MDA is a by-product of lipid 
peroxidation and can be an indicator of the extent of lipid 
peroxidation and oxidative stress within cells [41]. First, 
we measured the MDA levels in the perihaematomal tis-
sue. As shown in Additional file 4, the MDA content was 
significantly lower in the W-POM NCs-treated group 
than in the ICH group.

Iron regulatory proteins, such as transferrin receptor 1 
(TFR1), divalent metal transporter 1 (DMT1), and ferro-
portin (FPN), regulate iron storage and transport when 
iron ion levels are elevated [42]. However, these regula-
tory mechanisms may fail, leading to an excessive accu-
mulation of iron ions and ferroptosis. Therefore, WB was 
used to determine the expression of iron metabolism-
related proteins (TFR1, DMT1, and FPN). According to 
the results and the quantitative analysis via WB (Fig. 5A-
D), FPN levels in the brain tissue surrounding the hae-
matoma in ICH mice model increased significantly after 
W-POM NCs treatment, whereas TFR1 and DMT1 lev-
els decreased significantly. The detection of iron content 
based on brain tissue homogenates further confirmed 
the deposition of iron in perihaematomal tissue (Addi-
tional file 5A, B). These results indicate that W-POM 
NCs treatment effectively reduced brain iron deposi-
tion and improved abnormal iron metabolism after ICH. 
Additionally, TEM images showed prominent ferroptosis 
characteristics, including mitochondrial membrane rup-
ture and reduced or even vanished mitochondrial cris-
tae, in the perihaematomal tissue of the mice in the ICH 

group, whereas these features were notably alleviated in 
the W-POM NCs-treated group (Fig. 5E).

Having established that W-POM NCs treatment effec-
tively reduces iron deposition and protects the mito-
chondria, consequently inhibiting ferroptosis, further 
exploration of the broader impact of W-POM NCs treat-
ment on neuronal health and the inflammatory response, 
which are key factors in ferroptosis, is crucial. First, we 
investigated the impact of W-POM NCs on ICH-induced 
neuronal injury using Nissl and FJB staining. Nissl stain-
ing indicated significant neuronal injury in the perihae-
matomal region at 72  h post-ICH, characterised by a 
marked reduction in the number of neurons, shrinkage 
of neuronal cell bodies, and a significant decrease in Nissl 
body synthesis (Fig. 5F, H). Compared to the ICH group, 
the W-POM group showed a notable increase in the 
number of neurons, indicating that W-POM NCs treat-
ment could alleviate neuronal injury in perihaematomal 
tissue following ICH. Simultaneously, we examined neu-
ronal degeneration through FJB staining, which marks 
damaged or dead neurons. Compared to the W-POM 
group, the ICH group showed a significant increase in 
the number of damaged neurons, marked by bright green 
fluorescence, indicating that W-POM NCs treatment had 
a satisfactory effect in preventing neuronal degeneration 
(Fig.  5G, I). These findings suggest that W-POM NCs 
exert protective effects against ICH-induced neuronal 
damage.

Given that GFAP and ionised calcium-binding adapter 
molecule-1 (Iba-1) are markers of astrocytes and microg-
lia, respectively, their expression was assessed using 
immunofluorescence staining. As shown in Fig.  5J and 
K, the expression of GFAP and Iba-1 was significantly 
increased in the perihaematomal region in the mice in 
the ICH group than in the Sham group. After administra-
tion of W-POM NCs, the expression of Iba-1 was signifi-
cantly reduced (p < 0.05), whereas the expression of GFAP 
was not significantly different (p > 0.05). Semi-quantita-
tive analysis of GFAP and Iba-1 positive cells in the peri-
haematomal region further confirmed these changes in 
expression levels (Fig.  5L, M), indicating a decrease in 
the number of microglia after W-POM NCs treatment. 
Additionally, we measured the levels of inflammatory 
mediators using ELISA to assess inflammation in the 
affected area. The results showed that W-POM NCs sig-
nificantly reduced the TNF-α, IL-6, and IL-1β levels after 
ICH (Additional file 6 A-C). In summary, W-POM NCs 
simultaneously triggered multiple anti-ferroptosis path-
ways to treat ICH.

Intrinsic therapeutic mechanisms of W-POM against 
ferroptosis
To further evaluate the role of W-POM NCs in activat-
ing endogenous anti-ferroptotic pathways to combat 
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Fig. 5  W-POM NCs inhibit ICH-induced neuroinflammation, oxidative stress and ferroptosis in ICH mice model. (a) Protein expression of iron transport-
related proteins (TFR1, FPN, DMT1) assessed using western blot. (b-d) Statistical graph of grayscale values of TFR1, FPN, DMT1 protein expression. (e) 
Representative TEM images of mitochondrial morphology of the neurons in the perihaematomal area at 72 h after ICH. Red arrows indicate mitochondria. 
Representative images by Nissl staining (f) and FJB staining (g) in the perihaematomal tissue showing the effects of W-POM NCs on ICH-induced neuronal 
injury and neurodegeneration. Statistical analysis of Nissl staining (h) and FJB staining (i) results in the perihaematomal tissue. (j) Representative images of 
immunofluorescent staining for Iba-1 (red) and DAPI (blue) in the perihaematomal area at 72 h after ICH. (l) Quantitative analyses of Iba-1 positive cells in 
the perihaematomal area at 72 h after ICH. (k) Representative images of immunofluorescent staining for GFAP (red) and DAPI (blue) in the perihaemato-
mal area at 72 h after ICH. (m) Quantitative analyses of GFAP-positive cells in the perihaematomal area at 72 h after ICH. (*P < 0.05, **P < 0.01, ***P < 0.001, 
means ± SEM). ICH, intracerebral haemorrhage; TEM, transmission electron microscopy; W-POM NCs, tungsten-based polyoxometalate nanoclusters; 
TFR1, transferrin receptor 1; DMT1, divalent metal transporter 1; FPN, ferroportin
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ICH-induced secondary damage, proteomic analyses 
were conducted to identify potential targets and molecu-
lar regulatory mechanisms. We identified nine differen-
tially expressed genes (DEGs), among which one gene 
was downregulated in the ICH group and upregulated 
in the W-POM group (Fig.  6A), whereas eight genes 
were upregulated in the ICH group and downregulated 
in the W-POM group (Fig.  6B). Gene Ontology (GO) 
enrichment analysis of the DEGs revealed the potential 
biological significance of gene functions, including bio-
logical processes (BP), cellular components (CC), and 
molecular functions (MF). The results indicated that 
these target genes were involved in BP, such as cell death, 
defence response, immune response, and inflammatory 
cell migration, as well as in MF and CC, such as antioxi-
dant activity, TLR4 binding, arachidonic acid binding, 
long-chain fatty acid binding, and haemoglobin complex 
formation (Fig. 6C-E). Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway analysis indicated that DEGs 
were involved in biological processes, such as the IL-17, 
peroxisome, and p53 signalling pathways (Additional file 
7  A). These processes are directly linked to ferroptosis 
through the regulation of oxidative stress, lipid metabo-
lism, and cellular responses to damage. Additionally, 
heatmap analysis showed that the sample distribution 
between the W-POM NCs-treated and ICH groups was 
clearly separated (Fig. 6F). After treatment with W-POM 
NCs, the expression of key genes that promote ferrop-
tosis, such as S100A8 and S100A9, was significantly 
reduced.

Hub genes are central and highly connected genes 
within a gene regulatory network [43]. They play a criti-
cal role in maintaining the structure and function of 
biological networks. Hub genes were selected using the 
Cytoscape plug-in, Cytohubba. Six hub genes (S100A8, 
S100A9, Anxa1, Arg1, Lgals3, and Flrt3) were identified 
in the key module; their rankings and details are shown 
in Additional file 7B. These hub genes were then intro-
duced into the STRING online database to construct a 
visual protein-protein interaction network (Additional 
file 7  C). Bioinformatics research has shown that fer-
roptosis is closely related to the therapeutic mechanism 
of W-POM NCs. W-POM NCs may exert therapeutic 
effects by inhibiting the expression of the top-ranked hub 
genes (S100A8 and S100A9) and regulating ferroptosis-
related pathways, ultimately inhibiting ferroptosis.

S100A8/A9 functions as a damage-associated molecu-
lar pattern, which binds to receptors such as TLR4 and 
RAGE to activate downstream signalling pathways [44, 
45]. Next, we hypothesised that W-POM NCs regulate 
the expression of the TLR4/hepcidin/FPN signalling 
pathway by modulating S100A8/A9 expression, thereby 
improving abnormal brain iron metabolism, inhibit-
ing ferroptosis, and mitigating secondary brain injury 

after ICH. To verify whether W-POM NCs regulate the 
aforementioned pathways through S100A8/A9 involve-
ment in ferroptosis, we injected S100A8/A9 overexpress-
ing AAV or control AAV into the right corpus striatum 
of C57BL/6 mice. Four weeks after virus injection, auto-
fluorescence of AAV-encoded EGFP was detected in the 
right corpus striatum of the mice, confirming successful 
virus transfection (Additional file 8). Subsequently, we 
induced ICH in mice using collagenase IV and treated 
them with W-POM NCs following a previously estab-
lished method. Further validation and examination 
using WB (Fig.  6G) determined whether W-POM NCs 
could regulate the TLR4/hepcidin/FPN signalling path-
way involved in ferroptosis through S100A8/A9. The 
expression of S100A8/A9 proteins in the ICH + AAV-
S100A8/A9 and ICH + POM + AAV-S100A8/A9 groups 
was significantly higher than that in the ICH + AAV-NC 
and ICH + POM + AAV-NC groups, demonstrating the 
effectiveness of S100A8/A9 (Fig. 6H). As expected, com-
pared to the ICH + AAV-S100A8/A9 group, the W-POM 
NCs-treated group significantly reduced the expres-
sion of TLR4 (Fig. 6K) and hepcidin (Fig. 6I) proteins in 
the ICH + POM + AAV-S100A8/A9 group, significantly 
reducing the expression of FPN (Fig. 6J). Based on these 
findings, we believe that W-POM NCs can regulate the 
expression of multiple molecules involved in ferroptosis 
through S100A8/A9, thereby reducing brain iron deposi-
tion and neuronal ferroptosis and consequently improv-
ing neuronal damage in ICH.

In vivo distribution and biosafety of W-POM in C57BL/6J 
mice
The efficacy of nanomedicines is significantly influenced 
by their safety profiles. We demonstrated the limited 
cytotoxicity of W-POM NCs in HT22 cells. Next, we 
assessed the biological safety of W-POM NCs after intra-
venous injection into healthy male C57BL/6J mice. After 
3 days of continuous administration, we performed a 
systematic evaluation of the major organs (heart, liver, 
spleen, lungs, and kidneys) and biochemical markers 
of the blood in healthy mice. Haematoxylin and eosin 
staining findings showed that the major organ sections 
of the W-POM NC-treated mice did not exhibit signifi-
cant pathological features (Fig.  7A). Furthermore, com-
pared to untreated ICH mice, no significant changes in 
serum albumin (ALB) (Fig.  7B), alanine aminotransfer-
ase (ALT) (Fig.  7C), aspartate aminotransferase (AST) 
(Fig.  7D), creatinine (CREA) (Fig.  7E), globulin (GLO) 
(Fig.  7F), total bilirubin (Tbil) (Fig.  7G), total protein 
(TP) (Fig.  7H), or uric acid (UA) (Fig.  7I) levels were 
observed in ICH model mice treated with 40 or 400 mg/
kg W-POM NCs, indicating that the impact on liver and 
kidney function was negligible. These results indicated 
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Fig. 6  Intrinsic defence mechanisms of W-POM NCs in inhibiting ICH-driven ferroptosis were investigated by proteomic analysis. (a,b) Venn diagram 
showing the intersection of target genes in ICH mice model and the sham group, with or without W-POM NCs treatment. (c-e) GO enrichment analysis 
of the identified DEGs, including the biological process, molecular function and the cellular component. (f) Heat maps of DEGs between the W-POM 
NCs-treated and ICH groups. Significantly downregulated proteins are marked in blue, whereas significantly upregulated proteins are marked in red. (g) 
Protein expression of S100A8/A9 and its downstream molecules after overexpressing S100A8/A9 in the right striatum area, assessed using western blot. 
(h-k) Statistical graph of grayscale values of S100A8/A9 and its downstream molecules protein expression after overexpressing S100A8/A9. *P < 0.05, 
**P < 0.01, ***P < 0.001, means ± SEM. DEGs, differentially expressed genes; ICH, intracerebral haemorrhage; GO, gene ontology; W-POM NCs, tungsten-
based polyoxometalate nanoclusters
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the potential biocompatibility of W-POM NCs for future 
biomedical applications.

To analyse the biodistribution of W-POM NCs in the 
brain, we collected the main organs of ICH mice at dif-
ferent time points after administration of W-POM NCs 
and performed inductively coupled plasma-mass spec-
trometry (ICP-MS) analysis (Fig. 7J). The ICP-MS results 
indicated that the content of W-POM NCs in the brain 
remained stable throughout the experiment (1.77 ± 0.68 
ppm). Interestingly, most of the W-POM NCs adminis-
tered accumulated in the kidneys (13.69 ± 1.86 ppm). As 
a result of their small size, W-POM NCs were primarily 
excreted by the kidneys.

Discussion
ICH remains a major clinical challenge owing to the lack 
of effective treatments to directly reverse brain dam-
age or reduce haematoma. Surgical interventions have 

limited efficacy and are often associated with significant 
risks [46]. Despite advances in medical care, effective 
neuroprotective therapies for ICH are still lacking, high-
lighting the urgent need for novel therapeutic strategies.

Recent advances in nanomedicine have significantly 
enhanced the therapeutic strategies for ICH. The inte-
gration of nanomedicine into ICH treatment holds 
promise for enhancing therapeutic outcomes through 
improved drug delivery [47], effective antioxidative stress 
[48], anti-inflammatory [49], and other neuroprotective 
strategies. Continued research is necessary to achieve 
the full potential of these innovative approaches. Our 
study was the first to apply high-performance reduced 
W-POM NCs for the treatment of ICH, paving the way 
for new drugs, new approaches, and new mechanisms for 
ICH therapy. We demonstrated the efficacy of W-POM 
NC treatment, showing that it improved neurologi-
cal deficits and motor impairments caused by ICH, and 

Fig. 7  Biosafety and biodistribution. (a) H&E staining images of major organs and (b-g) Blood biochemical test of healthy male C57BL/6J mice that re-
ceived various treatments. (h) Biodistribution of W-POM NCs in major organs after intravenous injection in male C57BL/6J mice with W-POM NCs (40 mg/
kg) at different time intervals. *P < 0.05, **P < 0.01, ***P < 0.001, means ± SEM. H&E, haematoxylin and eosin; W-POM NCs, tungsten-based polyoxometalate 
nanoclusters; ALB, albumin; ALT, alanine aminotransferase; AST, aspartate aminotransferase; CREA, creatinine; GLO, globulin; Tbil, total bilirubin; TP, total 
protein; UA, uric acid
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provided neuroprotection from multiple perspectives. 
The mechanism may be achieved by regulation of ferrop-
tosis through the S100A8/A9-mediated iron metabolism 
pathway.

Within the first 24  h after acute ICH, approximately 
20% of patients experience haematoma expansion, which 
is closely associated with increased mortality and dis-
ability [50]. Additionally, haematoma expansion occurs 
predominantly within the first 6  h after the onset of 
ICH [51]. Therefore, early intervention to slow or pre-
vent haematoma expansion could potentially serve as 
an effective therapeutic strategy. During the first 7 days 
after onset, brain oedema and inflammatory responses 
gradually develop, typically peaking on the Day 3 [52], 
which serves as a critical time point, often marking the 
peak of inflammation and brain oedema, and potential 
for further exacerbation of neurological deficits. Cao et 
al. [53] administered edaravone immediately after induc-
tion of ICH in rats and continued treatment for three 
consecutive days, demonstrating that edaravone alle-
viated sensorimotor deficits and neuronal pathologi-
cal changes after ICH by reducing oxidative stress and 
mitochondrial damage. Gu et al. [54] also demonstrated 
that early intervention to suppress the immune response 
could mitigate neurological deficits after ICH, provid-
ing a promising neuroprotective strategy. Our study also 
demonstrated that early treatment with W-POM NCs led 
to a significant improvement in motor function in ICH 
mice, compared to those treated with saline. In addition 
to behavioural improvements, we also demonstrated the 
effects of W-POM NCs on haematoma development and 
cerebral metabolism. These results are crucial, as the 
formation of a haematoma after ICH creates mechani-
cal pressure that directly damages the surrounding neu-
ral tissue. By reducing the size of the haematoma and 
improving metabolic activity, W-POM NCs likely reduce 
this direct damage and promote recovery. Above all, early 
intervention and monitoring during this stage are crucial 
to prevent worsening of the condition and to improve 
treatment outcomes.

Red blood cells rupture, releasing haemoglobin, which 
is further degraded to haeme and iron ions after ICH 
[55]. The accumulation of excess free iron ions gener-
ates a large amount of ROS through the Fenton reaction, 
triggering oxidative stress responses and catalysing lipid 
peroxidation [56]. The high mortality and disability rates 
associated with ICH are closely related to the irreversible 
death of neurons [57]. Previous studies had found that 
ferroptosis was crucial in the pathophysiology of ICH 
and is associated with dysregulated expression of vari-
ous iron transport proteins [58, 59], such as FPN, TFR, 
and DMT1, induced by excessive iron deposition follow-
ing ICH. TFR1 is a cell membrane receptor that binds 
to transferrin, an iron transporter protein in the blood 

[60]. Elevated TFR1 levels increase iron import into cells, 
which can lead to an overload of intracellular iron. DMT1 
is responsible for the transport of divalent metal ions, 
including ferrous iron (Fe2+), across cellular membranes 
[61]. Increased activity or expression of DMT1 can lead 
to higher intracellular iron levels. Similarly to TFR1, this 
can facilitate the accumulation of free iron, promoting 
ROS generation and lipid peroxidation, thus driving fer-
roptosis [62]. FPN is the only known iron exporter in 
mammalian cells, responsible for transporting iron from 
the inside of the cell to the extracellular space [63], and 
helps to maintain iron homeostasis by regulating iron 
efflux. Our study showed that ICH mice treated with 
W-POM NCs exhibited higher expression of FPN and 
lower expression of DMT1 and TFR1 proteins com-
pared with ICH mice treated with saline. This indicated 
that W-POM NCs could promote the expression of iron 
export proteins and inhibit the expression of iron import 
proteins, thereby reducing intracellular iron deposition. 
At the same time, we demonstrated that the intervention 
of W-POM NCs reduced the total iron and ferrous iron 
content in iron-overloaded cell models and ICH mouse 
models. This suggested that W-POM NCs may reduce 
ICH-induced iron deposition by simultaneously regulat-
ing multiple iron transporters and modulating the multi-
directional transport of iron ions.

Mitochondria are essential in ferroptosis, particularly 
since they serve as the primary sites for iron accumula-
tion and ROS generation, which drive lipid peroxidation 
and result in ferroptosis [64]. ROS production promotes 
lipid peroxidation, particularly targeting polyunsaturated 
fatty acids in the mitochondrial membrane, resulting in 
membrane damage and loss of mitochondrial function 
[65]. Mitochondrial dysfunction further exacerbates 
oxidative stress, depletes ATP, and disrupts the mito-
chondrial membrane potential, ultimately driving the 
cell toward ferroptosis. Therefore, mitochondria act as 
initiators and amplifiers of the ferroptosis process [66]. 
Our study provided compelling evidence that W-POM 
NCs not only target mitochondria to reduce ROS levels 
but also restore mitochondrial function compromised by 
iron-induced oxidative stress. At the same time, neuro-
nal degeneration and damage, along with neuroinflam-
mation, are important factors in the ferroptosis process 
[67, 68]. These elements contribute to the deterioration 
of neuronal integrity and amplify the effects of oxidative 
stress, leading to cell death and exacerbating neuroin-
flammatory responses [69]. This relationship underscores 
the complexity of ferroptosis and its implications for 
ICH. In our study, W-POM NCs demonstrated a pro-
tective effect against ICH-induced neuronal injury, as 
evidenced by the preservation of normal neuron count 
and reduction of damaged neurons in the perihaemato-
mal region compared to saline intervention in ICH mice. 
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Furthermore, W-POM NCs effectively reduce microglial 
activation and lower inflammatory mediator levels, such 
as those of TNF-α, IL-6, and IL-1β, in the perihaemato-
mal region of ICH mice, indicating their potential to acti-
vate multiple antiferroptosis pathways for the treatment 
of ICH.

To further explore the anti-ferroptosis mechanism of 
W-POM NCs, we conducted proteomics analysis com-
bined with bioinformatics analysis to identify drug tar-
gets. We found that among all DEGs, S100A8/A9 showed 
the strongest correlation with the regulation of second-
ary injury induced by iron overload after ICH. S100A8 
(Calgranulin A) and S100A9 (Calgranulin B) are calcium-
binding proteins that belong to the S100 protein family 
[70]. They typically form a non-covalent heterodimer 
known as calprotectin. This heterodimer (S100A8/A9) 
is biologically active and is more stable compared with 
individual monomers [71]. Their presence exacerbates 
brain injury by promoting infiltration and activation of 
immune cells, which release pro-inflammatory cyto-
kines and chemokines, leading to secondary brain dam-
age [72, 73]. However, they play a role in the regulation 
of oxidative stress by modulating ROS production [74]. 
S100A8/A9 can interact with TLR4, activating down-
stream signalling pathways [75]. Xiong et al. [76] had 
demonstrated that the TLR4/MyD88 signalling path-
way can increase hepcidin levels in the brain and serum 
subsequent to ICH. The elevated hepcidin binds to FPN, 
thereby inhibiting iron export from the brain to the cir-
culation following ICH. Hepcidin is a crucial iron regula-
tory protein that controls cellular iron export through the 
only known iron export channel, FPN, playing a signifi-
cant role in iron metabolism regulation [77]. On Day 3 
after ICH onset, the serum hepcidin levels of the patient 
reach a peak, which mirrors the inflammatory response 
trend following ICH [78]. Yang et al. [79] intervened 
using the AAV virus to overexpress hepcidin in the brains 
of ICH rats. They found that this significantly inhibited 
the ICH-induced increase in brain iron content and 
effectively improved behavioural and cognitive deficits in 
ICH rats. Hepcidin plays a complex role in ICH, and dif-
ferent studies have drawn varying conclusions about its 
effects on brain iron metabolism after ICH. Variations in 
experimental models, hepcidin expression levels, and the 
timing of interventions could lead to different outcomes. 
Therefore, it is necessary to further investigate the impact 
of W-POM NCs on hepcidin during the acute phase of 
ICH intervention. According to the above, targeting the 
inflammatory response not only helps reduce inflamma-
tory damage but also alleviates the accumulation of brain 
iron caused by oxidative damage after ICH. Subsequently, 
we overexpressed S100A8/A9 in ICH mice using AAV to 
verify whether W-POM NCs regulate ferroptosis-related 
pathways through activation of S100A8/A9, and the 

results aligned with our expectations. Therefore, based 
on the above the experimental results, we confirmed 
that W-POM NCs could regulate the expression of the 
TLR4/Hepcidin/FPN signalling pathway by modulat-
ing S100A8/A9, thereby improving abnormal brain iron 
metabolism, inhibiting ferroptosis, and mitigating sec-
ondary brain injury after ICH.

Safe nanomedicines are more likely to be administered 
at therapeutic doses without causing harm, thereby max-
imising their therapeutic potential. Ensuring biocompat-
ibility minimises the risk of side effects and enhances the 
overall safety profile of the treatment, making it a viable 
option for clinical applications [80–82].

Our study also focused on the effects of W-POM NCs 
on vital organs. The results indicated that the W-POM 
NCs did not have an adverse impact on the functions 
of the heart, liver, spleen, lungs, and kidneys, suggesting 
that the intervention is relatively safe for the treatment 
of ICH. Furthermore, according to the ICP-MS results, 
we confirmed that W-POM NCs can effectively cross the 
BBB, which is essential for the drug to reach the site of 
the lesion and exert its therapeutic effects.

Our study has some limitations. While our findings 
suggested that W-POM NCs can effectively cross the 
BBB, the precise pathways through which W-POM NCs 
selectively target specific cell types, such as neurons, 
astrocytes, or microglia, remain unclear. Future stud-
ies could provide valuable insights into their intracellu-
lar trafficking and cell-specific effects. Exploring these 
aspects will deepen our understanding of their mecha-
nism of action and enhance their therapeutic potential. 
Although we conducted bioinformatics analysis to iden-
tify S100A8/A9 as a key target gene, the functional sig-
nificance of other DEGs in ICH still requires further in 
vitro and in vivo experimental investigation. Addition-
ally, the long-term effects of these NCs on brain func-
tion and overall health require further investigation. 
Future studies should focus on the long-term safety pro-
file of W-POM NCs and on their potential application in 
clinical settings. Furthermore, exploring the synergistic 
effects of W-POM NCs with other therapies may further 
enhance their therapeutic efficacy.

Conclusion
In this study, we successfully synthesised a NC using 
W-POM with high ROS scavenging efficiency, which 
showed excellent performance in alleviating ICH dam-
age. W-POM NCs can modulate ferroptosis by improv-
ing abnormal brain iron metabolism and antioxidant 
activity, inhibiting neuronal damage, and reducing neu-
roinflammation. In particular, W-POM can effectively 
penetrate the BBB, significantly reduce brain oedema, 
and improve neurological function deficits in ICH mice. 
Our results further demonstrate that W-POM activates 
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the S100A8/A9-regulated TLR4/hepcidin/FPN signal-
ling pathway, which is crucial to counteracting secondary 
damage induced by ferroptosis after ICH. In conclu-
sion, the application of W-POM provides a promising 
therapeutic strategy for mitigating ICH damage, opening 
new prospects for nanomedicine-based interventions to 
improve ICH treatment.
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