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Overproduction of reactive oxygen species (ROS) following ischemic injury triggers an inflammatory re-
sponse, significantly impeding neurological functional recovery. Nanozymes with potent antioxidative and
anti-inflammatory effects thus offer great potential for ischemic stroke treatment. In this study, we de-
veloped an ischemia-homing nanozyme by combining melatonin (MT)-loaded honeycomb manganese
dioxide (MnO;) nanoflowers with M2-type microglia membranes to rescue the ischemic penumbra. The
surface-engineered M2-type microglia membranes provided intrinsic ischemia-homing and blood-brain
barrier (BBB)-crossing properties to the biomimetic nanozymes. This nanozyme can not only transforms
harmfulsuperoxide anion radicals (*0%") and hydrogen peroxide (H,0,) into harmless water and oxygen
but also scavenges highly toxic hydroxyl radicals (*OH), dramatically lowering intracellular ROS levels.
More importantly, the biomimetic nanoparticles reduce cerebral infarct areas and provide significant neu-
roprotection against ischemic stroke by lowering oxidative stress, inhibiting cell apoptosis, and decreas-
ing inflammation. This study may offer a viable approach for the use of nanozymes in treating ischemic

stroke.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Stroke is one of the most prevalent cerebrovascular diseases
worldwide, resulting in considerable disability and high mortal-
ity rates [1]. Ischemic stroke, accounting for approximately 80%
of all strokes, occurs when a blood vessel becomes occluded [2].
The standard approach to treating ischemic stroke involves the ad-
ministration of tissue plasminogen activator (tPA) to dissolve blood
clots and restore blood flow [3]. However, the use of thrombolytic
therapy is severely limited due to the narrow time window for ef-
fective intravenous administration [4]. Thrombolysis or thrombec-
tomy beyond the therapeutic window increases the risk of disrup-
tion of the blood-brain barrier (BBB), which can cause neuronal
damage and functional impairment, resulting in reperfusion injury.
Moreover, many therapeutic agents, including edaravone [5] and
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butylphthalide [6], face significant challenges in crossing the BBB,
limiting their effectiveness in treating brain disorders [7,8]. There-
fore, it is critical to discover new drug delivery systems that target
the pathophysiology of ischemic stroke and overcome the BBB bar-
rier.

Reperfusion can lead to an overproduction of reactive oxy-
gen species (ROS), including superoxide anion (‘0%~), hydroxyl
radical ("OH), and H,0, [9-12]. Excess ROS induces oxidative
stress, resulting in neuronal necrosis or apoptosis by oxidizing
bio-macromolecules and triggering the apoptotic pathways [10-
13]. Scavenging excess ROS has been shown to slow the process
of neuronal death and improve prognosis [14]. Recent research
has focused on oxygen delivery carriers in vivo. However, sys-
temic oxygen carriers, such as hemoglobin-based oxygen carriers,
suffer from low brain-targeted oxygen release efficiency [15,16].
Consequently, exploring innovative drug delivery platforms to re-
move excess ROS during ischemia-reperfusion and crossing the
BBB barrier is crucial. Recently, nanodrug delivery systems have
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shown potential for future therapeutics, particularly biomimetic
nanodrug delivery systems encapsulating cell membranes [17]. The
natural features acquired from cells help nanoparticles minimize
immunogenicity and extend half-life [18]. Microglia are activated
after ischemia and exist in two different functional phenotypes:
pro-inflammatory M1 and anti-inflammatory M2 [19-22]. It has
been reported that M2 microglia membranes can repolarize M1
microglia to an M2 phenotype and secrete anti-inflammatory cy-
tokines, functioning as a therapeutic agent [23].

Nanozymes have emerged as potential future therapeutics
[24,25]. Manganese dioxide (MnO,) nanoparticles, nanomaterial
with exceptional enzyme-like catalytic capabilities, are widely used
due to their simple production technique, low cost, high catalytic
performance, and low environmental impact [26]. MnO, nanoparti-
cles have been shown to react with low concentrations of H,0, to
create Mn%* and O, [27,28]. They can also lower oxidative stress
and inflammatory responses [29]. However, MnO, nanoparticles
exhibit a degree of systemic toxicity and have a limited capacity to
target disease locations [30]. Therefore, it is necessary to precisely
deliver MnO, nanoparticles to the ischemic brain to efficiently re-
store injured neurons.

In this study, we developed M2-type microglia membranes-
engineered Melatonin-loaded MnO, nanoparticles (M2-MnO,/MT
NPs) for the removal of various pathogenic components, in-
cluding overproduced ROS and inflammatory microglia, provid-
ing a targeted therapy for ischemic stroke. The M2-type microglia
membrane coating provides nanoparticles with intrinsic ischemia-
homing and BBB-crossing capabilities. Moreover, the M2 microglia
membranes can repolarize M1 microglia to an M2 phenotype and
secrete anti-inflammatory cytokines, enhancing their therapeutic
effect [23]. MnO, nanocrystals catalyze the decomposition of H,0,,
reducing ROS levels and generating oxygen, which can alleviate hy-
poxia and further protect nerve cells in the ischemic brain. Mela-
tonin (MT), a hormone released by the pineal gland with power-
ful antioxidant and free radical scavenging effects [31], was loaded
into the MnO, nanoparticles via electrostatic interactions. The ROS-
scavenging abilities of MT can mitigate the increase at ischemic
locations. MT is also recognized as a crucial molecule in cellular
physiology with protective effects on various cells and tissues, reg-
ulating inflammation and apoptosis in different pathophysiologi-
cal situations [32,33]. In conclusion, the developed nano delivery
system can reduce inflammation and protect neurons by reducing
oxidative stress, which is a promising therapeutic option for the
treatment of ischemic stroke.

Honeycomb-shaped MnO, nanospheres were synthesized using
a modified soft chemistry approach [29,34]. In this method, oleic
acid (OA) was employed to reduce KMnO,4 in distilled water at
room temperature. OA served dual roles as both a reductant and a
synthesis template, leading to the formation of MnO, core on the
surface of the oil/water emulsions. Transmission electron micro-
scope (TEM) images revealed that as-prepared MnO, nanospheres
exhibited a honeycomb-like spherical morphology with an average
diameter of approximately 160 nm (Fig. 1a). X-ray diffraction (XRD)
analysis further characterized the MnO, nanospheres (Fig. S1 in
Supporting information). Prominent XRD at (26) values of 12.25°,
24.48°, 36.76°, and 65.77° correspond to the (001), (002), (100),
and (110) planes of KxMnO, with a turbostratic structure [35]. MT
was then added to the MnO, colloid solution and sonicated for
2h to form MnO,/MT nanoparticles (NPs). High performance lig-
uid chromatography (HPLC) measurements indicated that the en-
capsulation efficiency and drug loading capacity of the MnO,/MT
NPs were 62.4% and 23.8 %, respectively.

To obtain M2-polarized microglia membranes, BV2 microglial
cells were incubated with interleukin 4 (IL-4) [36]. Flow cytometry
confirmed that the M2 group expressed higher CD206 on the cell
membrane surface compared to the MO group when stimulated
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Fig. 1. The TEM images of (a) MnO, NPs and (b) M2-MnO,/MT NPs. (c) SDS-
PAGE electrophoresis analysis of proteins in M2 microglia, M2 membrane and M2-
MnO,/MT NPs. (d) The elemental mapping images of MnO, NPs. (e) Membrane sur-
ficial proteins in M2 macroglia, M2 membrane vesicles and M2-MnO,/MT nanopar-
ticles, analyzed with Western blot. Scale bar: 50 nm. (f) The size and (g) zeta po-
tential of different samples (n=3). (h) The release profile of MT in vivo from M2-
MnO,;/MT NPs under conditions that mimic M1 microglia. Data are presented as
means + SD (n=3).

with IL-4 (Fig. S2 in Supporting information). To enhance the sta-
bility and ischemia-homing capability of the nanoparticles, the iso-
lated M2 microglia membrane was coated onto the surface of the
MnO,/MT NPs, resulting in M2-MnO,/MT NPs. TEM images pro-
vided further evidence of successful membrane coating, showing a
distinct shell surrounding the MnO, core (Fig. 1b). Sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis
revealed that the protein profiles of the M2-MnO,/MT NPs closely
matched those of pure M2 microglia membranes (Fig. 1c), indicat-
ing the presence of membrane proteins on the nanoparticle sur-
face. Additionally, Western blot analysis confirmed the presence of
the M2 microglial-specific membrane protein (CD206, CD163 and
ionized calcium binding adaptor molecule 1 (IBA1)) on the M2-
MnO,/MT NPs (Fig. 1e). Elemental mapping images obtained via
energy-dispersive X-ray spectroscopy (EDS) demonstrated the el-
emental composition of the MnO, core, showing the presence of
manganese (Mn), carbon (C), nitrogen (N), and oxygen (O) (Fig.
1d). Dynamic light scattering (DLS) and TEM were used to ana-
lyze the hydrodynamic size, zeta potential, and morphology of M2-
MnO,/MT NPs. DLS measurements showed that the M2-MnO, /MT
NPs had an average hydrodynamic diameter of approximately (Fig.
1f), indicating an increase in size due to membrane coating. The
zeta potential decreased to —15.59mV (Fig. 1g), suggesting suc-
cessful surface modification with negatively charged M2 microglia
membranes. The nanoparticles were well-formed and uniformly
dispersed in the solution, as confirmed by the zeta potential and
size distribution results. The M2-MnO,/MT NPs were stable in 10%
fetal bovine serum (FBS) for 3 days (Fig. S3 in Supporting informa-
tion), indicating the good colloidal stability of the M2-MnO,/MT
NPs in artificial physiological fluids.
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Fig. 2. ROS scavenging and antioxidative activity of M2-MnO,/MT NPs. (a) "OH, (b)
*0%-, and (c) H,0, scavenging ability of M2-MnO,/MT NPs. (d) The cell viability
of PC-12 cells after a treatment of 100 pmol/L CoCl, for 24h and then treatments
with various concentrations of M2-MnO,/MT for 24 h. (e) The level of intracellular
MDA after the administration of different NPs. n=3. (g) Representative images of
intracellular ROS levels found in PC-12 cells using DCFH-DA and (f) quantification
of mean fluorescence intensity (MFI). n=3. Scale bar: 100 pm. (h) Representative
images of the intracellular ROS levels found in PC-12 cells by using Flow cytometry.
Data are presented as the mean + SD (n=3). **P <0.01, ***P < 0.001.

Excessive production of ROS in ischemic regions leads to in-
creased oxidative stress and creates an acidic microenvironment in
the post-ischemic brain [37]. To simulate this environment, we in-
vestigated the drug release behavior of the M2-MnO,/MT NPs at
pH 5.5. Under normal physiological conditions (phosphate buffer
saline (PBS), pH 7.4), the release of MT was minimal, with only
about 10% released in the first 4h. In contrast, at pH5.5, the M2-
MnO,/MT NPs exhibited a significantly enhanced and accelerated
release of MT, reaching near-complete release within 24 h (Fig. 1h).
This acid-responsive release profile suggests that the nanoparti-
cles can effectively release their payload in the acidic microenvi-
ronment of the ischemic brain, enhancing therapeutic efficacy. In
summary, we successfully synthesized M2-MnO,/MT nanoparticles
with a core-shell structure, where the MnO,/MT core is effectively
coated with M2-polarized microglia membranes. The nanoparticles
exhibit suitable size and surface charge for biomedical applications
and demonstrate an acid-responsive release of MT, making them
promising candidates for targeted therapy in ischemic stroke.

M2-MnO,/MT NPs were successfully prepared and the safety
of nanoparticles was investigated. Our cytotoxicity experiments re-
vealed that M2-MnO,/MT NPs were non-toxic at doses ranging
from O to 6.25 pg/mL (Fig. S4 in Supporting information). Next, we
tested their ability to scavenge various ROS, including *OH, ‘02,
and H,0,. The scavenging ability of M2-MnO,/MT NPs increased
when its concentration increased from 0 to 3.13, 6.25, 12.5 and 25
pg/mlL, as illustrated in (Figs. 2a-c). The results showed that M2-
MnO,/MT could efficiently scavenge ‘OH, 02—, and H,0, and the
scavenging ability all reached about 80% at 25 pg/mL. The remark-
able antioxidant capabilities of M2-MnO,/MT were proven.
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Since one of the main factors leading to damage to brain cells is
ROS, we next study the capacity of M2-MnO,/MT NPs to scavenge
various ROS within cells. Hypoxia inducible factor-1ac (HIF-1x) and
HIF-2a were significantly stabilized by CoCl, in normoxic circum-
stances. Compared to hypoxia-induced hypoxia and other hypoxia
mimics, CoCl,-pretreatment led to an increase in intracellular hy-
poxia levels, and HIF-1a and HIF-2« stabilization lasted for sev-
eral hours [38]. PC-12 cells were treated with 100 pmol CoCl, to
replicate neurons experiencing ischemia and reperfusion (Fig. S5 in
Supporting information). We discovered that CoCl, induced consid-
erable cell death in PC-12 cells; however, cell viability was recov-
ered following treatment with MnO,/MT and M2-MnO,/MT NPs,
particularly in the M2-MnO,/MT NPs group (Fig. 2d). This find-
ing indicates that M2-MnO, /MT effectively restored PC-12 cells in-
jured by CoCl,. We also studied the cells’ level of lipid peroxida-
tion. We discovered that the malondialdehyde (MDA) content in
cells was dramatically raised following CoCl,-pretreatment dam-
age and decreased after incubation with M2-MnO,/MT NPs; there
was a significant difference in the MDA content compared with
the model group (Fig. 2e). We next employed the dichlorofluores-
cein diacetate (DCFH-DA) probe to determine the ability of M2-
MnO,/MT NPs to eliminate ROS from PC-12 cells. Treatment with
100 pmol/L CoCl, resulted in cellular shrinkage and increased in-
tracellular ROS levels, as seen by an elevated green fluorescence
signal (Figs. 2f and g). However, ROS levels were marginally re-
duced after MnO,/MT NPs treatment, and ROS levels were signif-
icantly reduced in the M2-MnO,/MT NPs group. As illustrated in
Figs. 2f and g, the relative amount of ROS increased to 85% after
24-h treatment with 100 pmol/L CoCl,. Compared with the group
treated with CoCl, alone, the group treated with 6.25 pg/mL M2-
MnO,/MT exhibited a 30% reduction in the fluorescence intensity
of ROS. Furthermore, flow cytometry data supported these findings
(Fig. 2h and Fig. S6 in Supporting information). To further investi-
gate the anti-apoptotic effect of M2-MnO,/MT NPs, we found that
apoptotic cells were significantly reduced in the M2-MnO,/MT-
treated group compared with the model group by TdT-mediated
dUTP nick-end labeling (TUNEL) staining analysis (Fig. S7 in Sup-
porting information).

The cellular uptake of MnO,/MT and M2-MnO,/MT NPs by PC-
12 cells and human brain microvascular endothelial cells (HBMECs)
was investigated using confocal laser scanning microscope (CLSM)
(Figs. 3a and b and Fig. S8 in Supporting information). Cy5.5-
labeled MnO,/MT and M2-MnO,/MT NPs were cultured with PC-12
cells and HBMECs for 2h. MnO,/MT NPs showed reduced cellular
absorption compared to M2-MnO,/MT NPs, obviously at both cells.
Furthermore, we found that M2-MnO,/MT NPs were rapidly taken
up within 2 h. Confocal imaging also revealed that PC-12 cells ab-
sorbed M2-MnO,/MT in a time-dependent manner.

The BBB is a key barrier to intracerebral drug delivery. It is
necessary for therapeutic preparations to effectively cross the BBB
and achieve full curative efficacy. To assess M2-MnO,/MT NPs’ abil-
ity to traverse the BBB, an in-vitro model was created. The in
vitro BBB model was created using a 24-well transwell membrane
with a pore size of 0.4 nm. HBMECs were seeded at a density of
5 x 10% cells/well and grown for 3 days. The upper HBMEC mono-
layer simulated the BBB barrier, whereas PC12 cells in the baso-
lateral bottom represented intracerebral cells (Fig. 3c). The ability
of M2-MnO,/MT NPs to traverse the BBB was tested in vitro using
CLSM. As we can see, M2-MnO,/MT NPs exhibits higher penetra-
tion across the BBB than MnO,/MT NPs (Fig. 3d). With increasing
time, the ability of MnO,/MT NPs and M2-MnO,/MT NPs to pene-
trate the BBB increased. Moreover, we tested the capacity of M2-
MnO,/MT NPs to target the ischemic brain in stroke rats. The an-
imal experiments have been reviewed and approved by the Ethics
Committee of Shanghai University (ECSHU 2024-112). As shown
in Fig. 3f and Fig. S9 (Supporting information), the fluorescence
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Fig. 3. (a) Uptake by HBMECs after coincubation with Cy5.5-labeled M2-MnO,/MT NPs and MnO,/MT NPs for 2h and (b) quantitative statistical analysis. (c) Schematic
illustration of the in vitro BBB model. (d) Uptake of M2-MnO,/MT NPs and MnO,/MT NPs by PC-12 cells as demonstrated by CLSM imaging at 4 and 12 h, and (e) quantitative
statistical analysis of associated fluorescence by using Image J. (f) The targeting results of M2-MnO,/MT NPs to the ischemic brain. The fluorescence intensity in the ischemic
brain observed 2 h after the labeled nanoparticles were injected and (g) the main tissues after injection of labeled nanoparticles (n=3). Results are reported as means + SD

(n=3). **P <0.001.

signals in the brain of the Cy5.5-loaded MnO,/MT NPs were rela-
tively weak. Cy5.5-loaded M2-MnO,/MT NPs treatment resulted in
stronger signal, indicating the M2 microglial cell membrane innate
inflammatory affinity and ability to target ischemia sites. More-
over, it indicates that M2-MnO,/MT NPs reach the brain and are
particularly abundant in the ischemic area. The distribution of NPs
in different organs was examined, and it was demonstrated that
the liver, spleen, and kidney were the metabolic organs where the
nanoparticles were most found (Fig. 3g).

Next, we investigated the protective properties of M2-MnO,/MT
NPs against stroke in vivo. MACO mice were admi-nistrated with
various groups (group 1: sham; group 2: saline; group 3: MT;
group 4: MnO,/MT NPs; group 5: M2-MnO,/MT NPs) in accor-
dance with the experimental procedure depicted in Fig. 4a. The
in vitro hemolysis testing indicated that the rate of hemolysis was
<5% after treatment with all the investigated dose forms, meeting
the criterion for drug hemolysis (Fig. S10 in Supporting informa-
tion). Brains were removed after various treatments and stained
with 2,3,5-triphenyltetrazolium chloride (TTC). The brain sections
of the normal group were completely red, while the rat middle
cerebral artery occlusion/reperfusion (MCAO/R) model group’s in-
farcted area was predominantly white. Compared to the saline
group, the M2-MnO,/MT-treated group had a reduced cerebral in-
farction size (Fig. 4b). In addition, the cerebral infarct volume of

the M2-MnO,/MT NPs treated group also decreased from 37.5% to
13.4% (Fig. 4c). M2-MnO,/MT NPs TUNEL assay was also conducted
to confirm the therapeutic effects. We discovered that the fluo-
rescence intensity of TUNEL labeling increased following ischemic
stroke while TUNEL stained fluorescence intensity reduced after
M2-MnO,/MT NPs therapy, indicating less apoptosis and more neo-
vascularization (Fig. 4d). We also examined astrocytes and mi-
croglia in the ipsilateral cortex, which are the two primary cell
types that respond positively to the inflammatory response [39-
41]. In M2-MnO,/MT group, the amount of IBA1-labeled microglia
and glial fibrillary acidic protein (GFAP)-labeled astrocytes were
clearly reduced in ischemic brain (Figs. 4e-h), showing the anti-
inflammatory effects of M2-MnO,/MT NPs. M2-MnO,/MT’s out-
standing ROS-scavenging activity may promote microglia polariza-
tion in the brain. Furthermore, compared to the control group, the
level of IL-6 and tumor necrosis factor-a (TNF-«) in the brain tis-
sue after being subjected to drug treatment were mostly reduced,
reducing the inflammatory infiltration of the brain tissue (Fig. S11
in Supporting information). These results imply that M2-MnO, /MT
NPs can protect nerve cells from ischemic stroke and effectively
accelerate the recovery of MCAO/R rats. Rat brain tissues were also
subjected to Hematoxylin and Eosin staining (H&E) and Nissl stain-
ing 24 h after injection, and the outcomes were consistent with
TTC staining (Fig. 4i). The cell morphology in the saline-treated
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group differed greatly from that of the sham-operated group, since
there was no intact cell structure. However, following MnO,/MT
and M2-MnO,/MT NPs treatment, the cell morphology tended to
resemble that of sham-operated group, demonstrating the devel-
oped nanoplatform has a good therapeutic effect on pathological
abnormalities of cerebral ischemic stroke. The following neurolog-
ical scores were also found using the Longa scoring criteria [42].
The neurological score in the M2-MnO,/MT group decreased con-
siderably (1 point, Fig. 4j) in comparison to the saline group (4
points).

Meanwhile, H&E staining of tissue sections revealed no ma-
jor abnormalities, suggesting that intravenous distribution of
nanomedicines did not result in any organ toxicity (Fig. S12 in Sup-
porting information). M2-MnO,/MT NPs did not result in an ab-
normal rise of alanine aminotransferase (ALT) or aspartate amino-
transferase (AST) (Fig. S13 in Supporting information). These find-
ings show that nanomedicines have a favorable safety profile.

In summary, we have developed an ischemia-homing nanozyme
by integrating MT-loaded honeycomb MnO, nanoflowers with M2-
type microglia membranes to rescue the ischemic penumbra in
stroke. The M2-MnO,/MT NPs exhibit acid-responsive properties,
enabling on-demand drug release in the acidic microenvironment
of ischemic brain tissue. The surface camouflage with M2-type
microglial cell membranes imparts the intrinsic ischemia-homing
and BBB-crossing capabilities to the biomimetic nanozymes. These
nanozymes accumulate in the ischemic penumbra and rescue neu-
rons by scavenging excess ROS, including *OH, *02-, and H,0,.

They also modulate pro-inflammatory milieu by promoting the
phenotypic transit of microglia from the pro-inflammatory M1
state to the anti-inflammatory M2 state. Our study demonstrates
that the as-prepared M2-MnO,/MT NPs significantly reduce cere-
bral infarct areas and provide substantial neuroprotection against
ischemic stroke by lowering oxidative stress, inhibiting cell apop-
tosis, and decreasing inflammation. Preliminary safety assessments
indicate that the use of M2-MnO,/MT NPs does not exhibit acute
toxicity; however, their long-term safety profile requires further
investigation. Overall, the application biomimetic cell membrane-
based nanozymes, as demonstrated in this study, may lead to new
strategies for multitargeted stroke treatment and open new av-
enues for the therapy of cerebral diseases [43,44].
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